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(57) Abrégé/Abstract:

The present invention provides a fluorescent silica-based nanoparticle that allows for precise detection, characterization,
article has a range of diameters, has a fluorescent compound
positioned within the nanoparticle, and has greater brightness and fluorescent quantum yield than the free fluorescent compound,
exhibits high biostability and biocompatibility, may be coated with an organic polymer, such as poly( ethylene glycol) (PEG). The
small size of the nanoparticle, the silica base and the organic polymer coating minimizes the toxicity of the nanoparticle when
administered in vivo. The nanoparticle may further be conjugated to a ligand. A therapeutic agent may be attached to the
nanoparticle. Further, magnetic resonance imaging (MRI), radionuclides/radiometals or paramagnetic ions may be conjugated to

monitoring and treatment of a disease such as cancer. The nanop

the nanoparticle.
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(57) Abstract: The present invention provides a fluorescent silica-based nanoparticle that allows for precise detection, characteriza-
tion, monitoring and treatment of a disease such as cancer. The nanoparticle has a range of diameters, has a fluorescent compound
positioned within the nanoparticle, and has greater brightness and fluorescent quantum yield than the free fluorescent compound, ex-
hibits high biostability and biocompatibility, may be coated with an organic polymer, such as poly( ethylene glycol) (PEG). The
small size of the nanoparticle, the silica base and the organic polymer coating minimizes the toxicity of the nanoparticle when ad -
ministered in vivo. The nanoparticle may further be conjugated to a ligand. A therapeutic agent may be attached to the nanoparticle.
Further, magnetic resonance imaging (MRI), radionuclides/radiometals or paramagnetic ions may be conjugated to the nanoparticle.
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MULTIMODAL SILICA-BASED NANOPARTICLES

Cross Reference to Related Applications
This application claims priority to U.S. Provisional Application No. 61/794,414
filed March 15, 2013, and U.S. Patent Application No. 14/215,879 filed March 17, 2014.

Statement Regarding Federally Sponsored Research or Development
This invention was made with government support under NIH-NRRA, Clinical
and Translational Science Center Grant; NIH-NCI RO1CA161280-01A1, NSF STC
Program Agreement No. ECS-9876771; ICMIC P50 CA86438; NIH SAIRP Grant No
R24 CA83084; and NIH Center Grant No P30 CA08748.

Field of the Invention
The present invention relates to fluorescent silica-based nanoparticles, and

methods of using the nanoparticles to detect, diagnose, or treat diseases such as cancer.

Background of the Invention

Early tumor detection and treatment selection is paramount to achieving
therapeutic success and long-term survival rates. At its early stage, many cancers are
localized and can be treated surgically. However, in surgical settings, the evaluation of
metastatic disease spread and tumor margins, particularly in areas of complex anatomys, is
limited by a lack of imaging technologies. This has led to a disproportionate number of
invasive biopsies. Molecularly-targeted probes incorporating contrast-producing (i.c.,
optical, PET) labels and offering improved specificity are needed for early imaging
detection of molecular differences between normal and tumor cells, such as cancer-
specific alterations in receptor expression levels. When combined with higher-sensitivity
and higher-resolution imaging tools, specific molecular-targeted probes will greatly

improve detection sensitivity, staging, and the monitoring and/or treatment of cancer.

Date Regue/Date Received 2020-10-19
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Current fluorescence imaging probes typically consist of single conventional
fluorephore {e.g., organic dyes, {luorescent proteins), fluorescent proteins (e.g., GFP) and
sericonductor quantum dots (Q-dots). Single fluorophores are usually not stable and
have limited brightness for imaging. Similar to dyes, the fluorescent proteins tend to
exhibat excited state mnteractions which can lead to stockastic bhsking. quenching and
photobleaching. Q-dots are generally made from heavy metal jons such as Pb** or Cd**
and, therefore, are toxic. Burns et al. “Fluorescent core-shell silica nanoparticles:
towards “Lab on a Particle™ architectures for nanobiotechneology”, Chem. Soc. Rev.,
2006, 35, 10281042,

Fluorescent nanoparticles having an electrically conducting shell and a silica core
are known and have vtility in modulated delivery of a therapeutic agent. U.S. Patent Nos,
6,344,272 and 6 428 811, A shortcoming of existing fluorescent nanoparticles is their
tinited brightness and their low detectability as fluorescent probes in dispersed systems.

The present multifunctional fluorescent silica-based nanoparticles offer many
advantages over other typically larger diameter particle probes. The nanoparticles are
non-toxic, exhibit excellent photophvsical properties (including fluorescent efficiency
and photostability), , and demonstrate enhanced binding affinity, potency, as well as a

distinct pharmacokinetic signature- one in which bulk renal clearance predominates

without significant reticuloendothelial system (RES) uptake. Their relatively small size,
and surface PEG coating facilitates excellent renal clearance. The Huorescent
nanoparticles of the present mvention contaim a flporescent core and silica shell. The
core-shell architectures, the proat surface area and diverse surface chemistry of the
navoparticle permit multiple functionalities simultaneously delivered 1o a target cell. For
example, the nanoparticle can be functionalized with targeting moieties, contrast agents
for medical imaging, therapeutic agents, or other agents. The targeting moieties on the
surface of the nanoparticle may be tumor ligands, which, when combined with
nasoparticle-conjugated therapeatic agents, makes the nanoparticle an ideal vehicle for
targeting and potentially treating cancer. Webster et al. Optical caleium sensors:
development of a generic method for their intraduction to the cell using conjugated cell
penetrating peptides. Analyst. 2005,130:163-70. The silica-based nanoparticle may be

tabeled with contrast agents for PET, SPECT, CT, MRY, and optical imaging.

2
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Summary

The present apphication provides for & method for detecting tumor cells
comprising the steps of: {a) admunistering to a patient a plurality of fluorescent silica-
based nanoparticles in a dose ranging from about 0.¢1 nanomole’kg body weight to about
1 manomeledky body weight, the nanoparticle compnising: a silica-based core comprising
a fluorescent compound positioned within the silica-based core; a silica shell surrounding
at least a portion of the cote; an organic polymer attached to the nanopasticle; a ligand
attached to the nanoparticle and capable of binding a tumor marker; and at least one
therapentic agent; and (b) detecting the nanoparticles,

The nanoparticle may be administered subdermally, peritumerally, orally,
intravenously, nasally, subcutaneously, intramuscularly or transdermally,
A flnorescent silica-based nanoparticle comprising:

The present invention also provides for a fluorescent silica-based ranopanicle
comprising: a silica-based core comprising a thuorescent compound pogsitioned within the
silica-based core: a sitica shell surrounding at least a portion of the core; an organic
polymer attached fo the nanoparticle; and a higand attached to the nanoparticle, wherein
the panoparticle has a diameter between about 1 nun and about 15 mm, and after
administration of the nanoparticle 1o a subject, renal clearance of the nanoparticle ranges
from about 80% 1D (initial dose) to about 100% 102 in about 24 howrs, or from about 90%
1D to about 100% 1D n about 24 houss.

The present invention provides a fluorescent sihica-hased nanoparticle comprising
a silica-based core having a fluorescent compound positioned within the stlica-based
core; a silica shell surronndang at least a portton of the core; an organic polvmer attached
to the nanoparticle; from about T to about 30 ligands, or from about 1 to about 20 higands
attached to the nanoparticle; and a contrast agent or a chelme attached to the nanoparticle.

The diameter of the nanoparticle ranges from about | nm to about 25 nm, or from
about 1 nra to about 8 nm. The orgamic polymers that may be attached to the nanoparticle
include poly(ethylene glycol) (PEG), polvlaciate, polylactic acids, sugars, lipids,
polygintamic acid (PGA), polvglycolic acid, polv{lactic-co-glycolic acidy (PLGA),

Polyvinyl acetate (PVA), or the combinations thereof.
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The higand may be capable of binding to at least one cellular component, such as a
tumeor warker, The number of ligands attached to the nanoparticle may also range from
about 1 to about 30, from about 1 to about 23, or from about I to about 10. Examples of
the hgand include peptide, protein, biopolymer, synthetic polymer, antigen, antibody,
THCFOOL gAMSTY, Vinus, receptor, hapten, enzyme, hormone. chemical compound,
pathogen, toxin, surface modifier, or combinations thereof. Peptides such as tripeptide
RGD, cyclic peptide ¢RGD, cvelic peptide cRGDYC, octreotate, EPPTT and peptide
analogs of alpha~MSH are encompassed by the present invention. Any lingar, cyclic or
branched peptide contamng the RGD or alpha-MSH sequence 1s within the scope of the
present mvention,

A contrast agent, such as a radiennchide inclading YZr, ¥Cu, ®Ga, Y, ¥ and
Y74, may be attached to the panoparticle. The nanoparticle may be attached to a
chelate, for example, DFO, DOTA, TETA and DTPA that is adapted to bind a
racionuctide,

The nanoparticle of the present invention may be detected by posttron emission
tomography (PET), single photon emission computed tomography (SPECT),
computerized tomography (CT), magnetic resonance imaging (MRI), optical imaging
{such as fluorescence ymaging mclnding near-infrared fluorescence (NIRF) imaging),
bioluminescence imaging, or combunations thereof,

A therapeutic agent may be aitached w the nanoparticle. The therapeutic agents
inchude antibiotics, antinticrobials, antiproliferatives, antineoplastics, sntiowdants,
endothelial cell growth factors, thrombin inhibiters, iImmunosuppressants, anti-plateles
aggregation agents, collagen synthesis inhibitors, therapeutic antibodies, nitric oxide
donors, antisense ohigonucleotides, wound healing agents, therapeutic gene transfer
constructs, extracelialar maix components, vasodialators, thrombolytics,
antimetabokites, growth factor agonists, antimitotics, statin, steroids, steroidal and now-
sterordal anti-tnflammatory agents, angiotensin convertmg enzyme (ACE) intubutors, free
radical scavengers, PPAR-gamma agowists, small interfering RNA (siRNA), microRNA,
and anti-cancer chemotherapentic agents. The therapeutic agents encompassed by the
present fnvention also include radionuclides, for exanple, Py Y and YL The

therapeutic agent may be radiolabeled, such as labeled by binding to radiofluerine 'SF.

4
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After administration of the nanoparticle to a subject, blood residence half-time of
ihe nanoparticle may range from about 2 hours to abowt 25 hours, from about 3 hours o
about 18 hours, or from about 4 hours to about 10 bours. Tumor residence half-time of
the nanoparticle after administration of the nanoparticle o a subject may range from
about 5 hours to about 5 davs, from aboat 10 bowrs to about 4 days, or from about 15
hours to about 3.5 davs. The ratio of tumor residence half-time to blood residence
halftime of the nanoparticle after administration of the nanoparticle to a subject may
range from about 2 to about 30, from abeout 3 to about 20, or from abeut 4 to about 15
Renal clearance of the nanoparticle after administration of the nanoparticle to a subject
may range from about 10% 1D (initial dose) o about 100% 1D in about 24 howrs, from
about 30% 1D to about 80% 1D in about 24 howrs, or from about 40% ID to about 70% 1D
in about 24 hours. In one embodiment, after the nanoparticle is administered to a subject,
blood residence hali~tinie of the nanoparticle ranges from abowm 2 hours to about 25
hours, tumor residence halftime of the nanoparticle ranges from about 3 hours to aboat 5
davs, and renal clearance of the nanoparticle ranges from about 30% 1D to about B0% ID
in about 24 hours.

When the nanoparticles in the amount of about 100 times of the human dose
equivalent are administered to a subject, substantially no anemia, weight loss, agitation,
increased respiration, G disturbance, abnormal behavior, neurological dysfunction,
abnormalities i hematology, abnormalities in clinical chemistries, drug-related lesions in
organ pathology, montality, or combrations thereof, 13 observed m the subject 1n about
10 to about 14 days.

The present mvention also provides a fluorescent silica-based nanopariicle
comprising a silica-based core comprising a norescent campound positioned within the
silica-based core; a sthea shell surrounding at least a portion of the core; an organic
polymer attached to the nanoparticls; and a ligand attached to the nanopaticle, wherein
the nanoparticle has & diameter between about 1 am and about 15 ane After
administration of the nanoparticle to a subject, blood residence half-time of the
nanoparticle may range from ghout 2 hours to abour 25 hours, orfrom about 2 hours to
about 15 hours; tumor residence half-iime of the nanoparticle may range from about 3

hiours to about 2 days; and renal clearance of the nanoparticle may range from about 30%

3
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D to about 80% ID in about 24 hours. The number of ligands attached to the
nanoparticle may range from about 1 to about 20, or from about | to about 10, The
diameter of the nanoparticle may be between about I mm and about 8 nm. A contrast
agent, such as a radionuclide, may be attached to the nanoparticle. Alternatively, a
chelate may be attached to the nanoparticle. The nanoparticle may be detected by PET,
SPECT, CT, MRI, optical imaging, bioluminescence maging, or combinations thereof. A
therapeutic agent may be attached to the nanoparticle. Afler administration of the
nanoparticle to a subject, blood residence half-time of the nanoparticle may also range
from about 3 hours to about 15 houss, or from sbout 4 hours to gbouot 10 howrs, Tumor
residence half-time of the nanoparticle after administration of the nanopasticle to a
subject may also range from about 10 hours 1o about 4 davs, or from about 15 hours to
about 3.3 days. The ratio of tumor residence half-time to blood residence half-time of the
nanoparticle after admimistration of the nanoparticle 1o a sibjest may range from about 2
to about 30, from abowt 3 to about 20, or from about 4 o about 15, Renal cleasance of the
nanoparticle may also range from about 45% 1D 1o about 90% 1D in about 24 hours after
administration of the nanoparticle to a subject.

Also provided in the present invention is a fluorescent silica-based nanoparticle
comprising a sthca-based core comprising a Tuorescent compound positioned within the
silica-based core; a sitica shell surrounding at least a portion of the core; an organic
polymer attached to the nanoparticle; and a ligand attached 1o the vanoparticle, wherein
the nanoparticle has a diameter between about 1 nm and about 8 nm. After administration
of the nanoparticle 10 a subject, the ratio of tumnor residence half-time to blood residence

ues from aboat 2 o about 30, and renal clearance of the

24

halt-time of the nanoparticle ran
nagoparticle ranges from about 30% 1D to about 80% ID in about 24 hows.

The present invention further provides a method for detecting a component of a
cell comprising the steps of! {3) contacting the vell with a fluorescent silica-based
nagoparticle comprising a silica-based core comprising a floorescent compound
postioned within the sitica-based core; a sihea shell surrovnding at least a portion of the
core; an organic polymer attached to the nanoparticle; from abount | 10 about 30 ligands

attached to the nanoparticle; and a contrast agent or a chelate attached to the nanoparticle;

G
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and {b) momitoring the binding of the nanoparticle to the cell or a cellular component by
at least one imaging technigque.

The present invention further provides a method for targeting a wmor cell
comprising administering o a cancer patient an effective amoont of a fluorescent silica
based nanoparticle comprising a silica-based core comprising a fluorescent compound
positioned within the sibca-based core; a silica shell surrounding at least a portion of the
core; an organic polymer attached to the nanoeparticle; a higand attached to the
nanoparticle and capable of bindmg a tumor marker; and at least one therapeutic agent.
The nanoparticle may be radiolabeled. The nanoparticle may be administered to the
patient by, but not restricted to, the following rontes: eral, infravenous, nasal,

subcutaneous, local, intramuscular or wansdermal.
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Brief Description of the Drawings
The patent or application file contains at least one drawing executed in color,
Copies of this patent or patent application publication with color drawings will be

provided by the Office upon request and payment of the necessary fee.

Figare Ya shows a dynamic light scantering (DLS) plot {(number average) of particle size

for bare silica {(gray) and PEG-coated (black) CyS-comtaining silica nanoparticles.

Figare 1b shows & vive imaging of spectrally demixed Cy3 particle fluorescence
{pseudocolor) overlaid on visible light imaging of nude mice 45 min post-injection with

bare silica nanoparticles,

Figure ¢ shows i vive unaging of spectrally denuxed Cy5 particle flaorescence
{pseadocolor) overlaid on visible light tmaging of nade mice 43 min post-nyection with

PEG-viated CyS panoparticles.

Figure 1d shows iz vive biodistribution study using co-registered PET-CT. Upper row is
serial co-registered PET-CT image 24-hr after injection of *Y-labeled PEG coated
nanoparticle, flanked by the independently acquired microCT and microPET scans.

Lower row is serial microPET imaging.

Figure 2a shows fluorescence correlation spectrascopy {FOS) data and single exponential
fits for Cy3 dye thght gray), 3.3 1+0.06 nm dameter {dark gray, mean + standard
deviation, #=9} and 6.0 + 0.1 nm diameter (black, mean + standard deviation, #=6) Cy5-
containing PEG-coated nanoparticles showing the differences in diffusion time resulting

from the different hydrodvnamic sizes of the different species.

Figure 2b shows absorption and emission spectra of Cv3 dye {light grav}, 3.3 nm

digmeter (dark gray) and 6.0 nm diameter (hlack) PEG-coated nanoparticles.

8
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Figure 2¢ shows relative brightness comparison of free dye {light gray) with 3.3 nm (dark
gray} and 6.0 nm diameter {(black) nanoparticles, measwed as count rate per

molecule/particle as determined from the FCS curves.

Figare 2d shows photobleaching data for Ov§ dye (light gray), 3.3 nm diameter (dark
grav}, and 6.0 mm diamerer (black) PEG-coated nanoparticles under ~3.5 mW laser

exeHation.

Figare 3a shows percent of initig] particle dose (%D} retained by blood {black) and
tissues: liver (light gray), lung (mid-low gray), spleen {midgray), and kidney (mid-high
gray} for 6.0 nm diameter nanoparticles at various time points from 10 nun to 48 b post-

injection (#=3 mice, mean + standard deviation).

Figare 3b shows plot of retained particle concentration for 3.3 nm {light gray) and 6.0 nm

{black) diameter nanoparticles aud the associated loganthmic decay fits and half-lives.

Figure 3¢ shows plot of estimated particle excretion for 3.3 am (light gray) and 6.0 nmn
{black) diameter nanoparticles and the associated logarithnme fits and half-lives (mean

standard deviation, # = 9 {three mice per time point)).

Figwre 4 shows i vivo biodistribution of the nanoparticles in non-temor-bearing and
tumor-bearing mice with subcutaneous C6 xenografts. (A) Bare silica particles; (B)

PEGylated RGD particles.
Figure 5 shows total spectfic bindmg data for ¢cRGD- and PEG-ylated dots {ie,,
nanoparticles) using flow cytometry in the Cv3 channel as a fanction of thase (a) and

particle concentration {b).

Figure 6 shows multimodal € dot design for afs-tntegrin targeting and characterization.

9
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Figure 6. Schematic representation of the " «cRGDY-PEG-ylated core-shell silica
nanoparticle with surface-bearing radiolabels and peptides and core-containing reactive
dye molecules (insets).

Figure 6b. FCS results and single exponential fits for measurements of Cv3 dves in
solution {(black), PEGeoated (PEG-dot, red), and PEG-coated, eRGDY -labeled dots {blue,
underneath red data set) showing diffusion time differences as a result of varying
hydrodynamic sizes.

Figure 6c. Hydrodynamic sizes {mean & s.d., w=13), and relative brightness comparisons
of the free dye with PEG-coated dots and cRGDY-PEG dots derived from the FCS

curves, along with the corresponding dye and particle concentrations.

Figure 7 shows parification and quality control of ¥4 -RGDY-PEG-dots nsing size
exclusion colymn chromatography, Radioactivity {right colyma) of **f -RGDdots and
HPEG-dots detected by y-counting and corresponding fluorescence signal intensity

(Cy5, left column) of * -RGDY-PEG-dots and **1 -PEG-dots in each eluted fraction.

Figure § shows comapetitive integrin receptor binding studies with ' -cRGDY-PEG-
dots, cRGDY peptide, and anti-a Pz antibody using two cell types.

Figure Ra. High affinity and specific binding of T -cRGDY-PEG-dots to M21 cells by
y-counting. Inset shows Scatchard analysis of binding data plotting the ratio of the
concentration receptor-bound (B) to vabound {or freg, F) radioligand, or bound-to-free
ratio, B/F| versus the receptor-bound receptor concentration, B; the slope corresponds to
the dissociation coustant, Kd.

Figure 8b. onfl-integrin receptor blocking of M21 cells using fow evtometry and excess
unradiolabeled cRGI or anti-onfis antibody prior to meubation with cRGDY-PEG-dots.
Figure &. Spectfic binding of cRGDY-PEG-dots to M21 as against M211L cells lacking
sutface integrin expression ustng flow cvtometry.

Figure 8d. Specific binding of cRGDY-PEG-dots to HUVEC cells by How eytometry.

Each bar represents mean + s.d. of three rephicates.

10
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Figare 9 shows pharmacokinetics and excretion profiles of the targeted and non-targeted
particle probes.

Figure %a. Biodistribution of "1-cRGDY-PEG-dots in M21 umor-bearing mice at
vatious times from 4 1o 168 h p.i. The inset shows a represemative plot of these data for
blood to determine the residence half-time {Tin).

Figure 9b. Biodistribution of '**[-PEG-dots from 4 10 96 h postinjection,

Figure 9¢. Clearance profile of urine samples collected up to 168 hy p.a. of unradiclabeled
cRGDY -PEG-dots (=3 muce, mean + s.d.).

Figure 9d. Corresponding cumulative %DV g for feces at intervals up to 168 b p.i. (n=4

mice). For biodistribution studies, bars represent the mean *+ s.d.

Figure 10 shows acute toxicity testing reselts.

Figure 10a. Representative H&E stained liver at 400x (upper frames) and stained Kidnevs
at 200x (lower frames). Mice were treated with g single dose of etther non-radiolabeled
BT -RGDY-PEG-dots or ™1 -PEG-coated dots {control vehicle) via intravenous injection
and organs collected 14 davs later.

Figure 10b. Average daily weights for each treatment group of the toxicity study. Scale

bar in Figure 10a corresponds to 100um.

Figure 11 shows sertal tn vivo PET imaging of tamor-selective targeting,

Figwre 11a. Representanive whole-budy coronal mucroPET images at 4 hus pi.
demonstrating M21 (left, arrow) and M21L (middle, arrow) tumor uptakes of 3.6 and 0.7
%eiD/g, respectively, and enbanced M21 tumor contrast at 24 hrs (night).

Figure 11b. fa vivo uptake of ***I-cRGDY -PEG-dots in a.f): integrin-overexpressing
M21 (black, p=7 mice) and non-expressing M21L (light gray, n=5 mice} tumors and '*41-
PEG-dots m M21 tamors (dark gray, n=5),

Figure 11c. M21 tumor-to-muscle ratios for "cRGDY -PEG-dots (black) and ' L-PEG-
dots (gray).

Figawe 1d. Correlation of in vive and ex~vivo M21 fumor uptakes of cRGDY labeled

and unlabeled probes. Each bar represents the mean +s.d.
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Figare 12 shows nodal mapping using nulti-scale near-infraved optical fluorescence
inlaging.

Figure 122, Whole body fluorescence imaging of the tumaot site {1} and draining inguinal
{ILN) and axillary (ALN} nodes and comnunicating vmphatics channels (bar, LC) -l
p.1 in a swgically-exposed hving animal.

Figare 12b. Corresponding co-registered white-light and high-resolution fluorescence
tmages (upper row) and fluorescence images only (fower row) revealing nodal
mnfrastructure of local and distant nodes, mncluding hugh endothelial venules (HEV). The

farger scale bar in (b) corresponds to S00um.

Figure 13a shows the experimental setup of using spontangons miniswme melanoma
maodel tor mapping tymph node basins and regional vmphatics draining the site of a
known primary melanoma tumor,

Figare 13b shows small field-ofeview PET tsge § minvtes after subdermal injection of

multimodal particles (1-RGD-PEG-dots) about the tumor site.

Figure 14a shows whole-body dvnamic F-fluoredeoxyglucose (*F-FDG) PET scan
demonstrating sagittal, coronal, and axial images through the site of nodal disease in the
neck.

Figure 14 b shows fused "F-FDG PET-CT scans demonstrating sagittal, coronal, and
axial roages throogh the site of nodal disease in the neck.

Figure ¢ shows the whole body miniswine image.

Figure 13 shows the same mmage sets as in Figure 14, bat at the level of the primary

melanoma tesion, adjacent to the spine on the upper back.

Figure 16a shows high resolation dynanne PET images following subdermal, 4-guadrant
injection of " LRGD-PEG-dots about the tumor site over a | hour time period.
Figure 16b shows fused PET-CT images following subdermal, 4-quadrant injection of

EH-RGD-PEG-dots about the tumor site over a | hour time period.

12
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Figare 16c shows CyS imaging (top image), the resected node (second to top tmage), and
H&E staming (lower two images).

Figure 17 shows a scheme for a nanoparticle with a fluorescent dye within the core and »
PEG swrface-coating. The nanoparticle 1s decorated with taple bonds for subsequent

“click chemistry™ with both DFQ and Tyr3-cctreotate functionalized with azide groups.

Figure 18 shows structures of PEG derivative. Standard chennical veactions are used for
the production of the functionalized PEG with triple bonds, which will then be covalently

attached to the nanoparticle via the silane group.

Figure 19 shows structures of DFO derivatives,

Figare 20a shows structures of Tyr3-octreotate.

Figure 20b shows synthests of the azide-containing acid for ncorporation inte Tyr3-

Octreotate,

Figure 21a shows a scheme of the production of functionahized nanoparticle with an NIR
fluorescent dye within its core, a PEG surface-coating, DFO chelates and Tyr3-octreotate.
Figure 21b shows a scheme of the production of a multimodality ¥*Zr-labeled
nanoparticle (PET and {luorescence) decorated with Tyrd-octreoiate,

Figare 21¢ shows the tetrazine-norborene lgation,

Fignre 21d shows a scheme of the strategy for the creation of radiolabeled core~-shell
nanoparticles using the tetrazine-norbornene higation.

.

Figure 21e shows a scheme of the strategy for the creation of peptide-targeted
radiolabeled core-shell nanoparticles nsing the tetrazine-norborene ligation. Both one-
step (in which the pre-metallated chelator-norborpene complex s reacted with the
particle) and two-step (in which the chelator is metallated after conjugation) pathways are

shown,

I
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Figare 22 shows nucroscopic images demonstrating co-localization between cRGF-PEG-
nanoparticles and tysotracker red in the endocyviotic pathway,

Figures 23a -~ 231 Image-guided SLN (sentinel lymph node) Mapping: Pre-operative PET
mmaging. {a,b} Axial CT unages reveal a left pelvic soft tissue mass (a, arrow} and left
flank SLN (b, arrow). {c.d) Axial ""F-FDG PET images show localized activity within the
tumer (¢, arrow) and {efl flank SEN {d, arrow) following Lv. tracer injection. (e} Axial
and (1} coronal 'FLeRGDY PEGC dot co-registerad PET-CT images show site of local
injection about the pelvie lesion (e, mrow). {g) Corresponding axial and (h) coronal co-
registered PET-CT images localize activity to the SLN {g, arrow). {{) Radioactivity levels
of the primary tomor, SLN {(in vivo, ex vivo), and a site remote from the primary tumor

{L.e., background), using a handbeld gamma probe.

Figares 24a - 24¢q Image-gaided S1.N mapping: Real-time intraoperative optical imaging
with correlative stology, Intraoperative SLN mapping was performed on the animal
shown in Figures 234 - 231 {-1) Two-channel NIR optical imaging of the exposed nodal
basin. Local mgection of Cy3 S-incorporated particles displaved i dual-chanpel model
{a) RGB color and (b NIR fluorescent channels {white). {c-f) Draming lvmphatics distal
to the site of injection. Fluorescence signal within the main draining proximal (c.d), mid
(¢}, and distal (£} lymphatic channels {arrows) extending toward the SLN {"N7}. Smaller
caliber channels are also shown (avowheads). Images of the SLN displaved in the (@)
color and (h) NIR channels. (1) Image of the exposed SLN. (j-m) Images of SLN in the
color and NIR channels during (3.k} and followmg (1,m) excision, respectively. {n} Low
power view of H&E stained SLN shows cluster of pigmented cells (black box) (bar=1
mm). {0} Higher magnification of (n) reveals rounded pigmented melanoma cells and
melanophages (har=30 pm), {p) Low power view of HMB43-stained SLN confirms
presence of metastases {(black box, bar=500 jan). {g) Higher magnification in {p) reveals

clusters of HMBAS expressing melanoma cells (bar=100 gm).

Figures 28a ~ 25k Diserimination of inflammation from metastatic disease: Comparison

of WF-FDG and ' -cRGDY-PEG C dot tracers. (a-d) Imaging of inflammatory changes

14
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using “FFDGPET with tissue correlation. (a) Axial CT scan of the “F-FDG PET study
shows calcification within the left posterior neck {arows). (b) Fused axial “F-FDG PET-
CT reveals hypermetabolic activity at this same site (arrows). Increased PET signal is
also seen i metabolically active osseous structures (asterisks). {¢) Low- and (d) high-
power views of H&E-stained calcified tissue demonstrate extensive infiltration of
inflammatory cells. {e-k) Metastatic disease detection following injection of **-cRGDY-
PEG C dots about the tumor site. (e} Preinjection axtal CT sean of ¥H-cRGDY-PEG-C
dots shows calcified soff tissues within the posterior neck (arrows). () Co-registered
PET.CT shows no evident activity corresponding to calcified areas {amow), but
demonstrates a hvpermetabolic node on the right (arrowhead). (2) Axial CT at a more
superior level shows nodes {arrowheads) bilaterally and a caloified focus (arrow). (k)
Fused PET-CT demonstrates PET-avid nodes (N} and lymphatic dramage (carved arrow).
Calcification shows no activity (wrow), {1} Low- and {j) high-power views confirm the
presence of nodal metastases. (k) Single frame from a three-dimensional (3D) PET image
reconstraction shows multiple bilateral metastatic nodes {arrowheads) and lvmphatic
channels {arrow). Bladder activity ts seen with no significant tracer accumulation in the

liver. Scale bars: S00 um {c.d); 100 um (1,}).

Figures 26a ~ 26¢ show 3D Integrated ¥F-FDG and “-cRGDY-PEG-C dot PET-CT. (a~
¢} 3D Volume rendered tmages were generated from CT and PET imagmg data shown in
Figures 7a - 7k {a) PET-CT fusion image {coronal view) shows no evident nodal
mietastases (asterisks). Increased activity within bony structores is identified. (h, ¢) High-
resolution PET-CT faston mmages showing coronal {b) and superior views {c} of bilateral
metastatic nodes (open arrows) and Iymphatic channels (curved arrows) withia the neck
following local particle wracer injection.

Figures 27a - 270 Assessment of treatment response atter radiofrequency ablation (RFA)
using "LeRGDY-PEG-C dots. (a-c) Single-dose particle radiotracer localization of the
SLN. (a) Baseline coronal CT (white arrowhead), () PET (black arrowhead), and ()
fused PET-CT images {white arrowhead) following a peritumoral injection. (b~d} Tumor

particle tracer activity. {b) PET-avid exophytic left pelvic mass (black arrow). (¢, d)

)
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Combined PET-CT images showing a hypermetabolic lesion {white arrow) and particle
tracer {low within a draining lymphatic channel {asterisk) towards the SLN (curved
arrow). (e,f) Pre-ablation axial CT images locate the SLN (e, white arrowhead) prior to
RFA electrode placement (f, arrow) into the node (below crosshairs). {g} Pre-gblation
fused PET-CT reveals increased SLN activily {posterior to cross-hairs). (h) Post-ablation
PET-CT scan shows mildly reduced activity at the SLN site, anterior to the needle tip. (i)
Corresponding pre-ablation H&E staining of core biopsy tissue from the SLN confirms
pigmented tumor mfiliration (bar = 200 wm). (§) High wmagnification of boxed area i (1)
reveals large, rounded pigmented clusters of melanoma cells (bar=50 um). (k) Post-
ablation H&E staining shows necrotic changes within a partially tumor-infiltrated node
{box) ansd multifocal hemorrhages (bar=500 wm). {1) High magnification of (k) reveals
significant tissue necrosis (arrowheads) within the metastatic node. in addition to
tymphoid tissue (har=50 pm). {m) TUNEL staining of metastatic SLN before ablstion
{bar=20 gm). (1) Post-ablation TUNEL staiming demongtrating focal areas of necrosis
with adjacent scattered tumaor foct and nonmal nodal tissae (NT} (bar=500 wm). {0) High
magnification of boxed area in (1) shows positive TUNEL staining, consistent with

necrosis {bar=20 pm).

Figures 28A - 28C. Core-shell hybrid silica nanoparticle platform (' 1-cRGDY-PEG-C
dots) and overview of study design. {(A) Schematic of the hybrid {PET-optical} organic
imaging probe {right) showing the core-containing deep-red dve and swface-attached
potvethylene glycol (PEG) chatns that bear cRGDY peptide ligands and radiolabels for
detecting human onfl integrin-expressing tumors {eft). (B) Absorption-matched specira
{left: red, black cerves) and enussion spectra {right) for free (bluwe curve} and
encapsulated {green curve) dves revealing increased fluorescence of encapsulaied
fluorophores. {C} Timehine of clinical trial events. Biod specs, biological specimens
{blood, urme).

Figures 28D - 28E. Whole body distribution and pharmacokinetics of Y -cRGDY-PEG-
C dots. (D) Maximum intensity projection (MIP) PET images at 2- (left), 24- (middle)
and 72- (right) hours p.i. of "-cRGDY-PEG-C dots reveal activity in bladder (*}, heart

{vellow arrow), and bowel (white arrowhead). (£} Decay-corrected percent injected dose
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per gram {%6ID/g) of urine and plasma collected at approximately 30 nun, 4 h, 24 b and
72 h following injection of the particles was determined by gamma-counting; individual
plots were generated for each patient. ROls were drawn on major organs for each

patient’s PET scans for each patient to derive standardized upiake values and %6ID/g.

Figure 29 Mewabolic analyses of biological specimens. (A, B) Time-dependent acuvity
concentrations (%olD/g x 100} in plasma and anine, respectively, decay-corrected to the
e of iyection. {C-H) RadioT1L.C (4:1 acetic acidmethanol as mobile phase) of plasma
and orine specimens (decay-corrected counts per minute, cpm). {C-E) Chromatograims of
plasma show a single peak at 0.5- {C}, 3- (D) and 24- (E) hours p.1. (F-H).
Chromatograms of urive specimens reveal two peaks at 0.5- (F), 3- (G}, 24- (H) hours pi.
Insets {G, H) show respective data scaled 1o a maximum of 50 cpm. (1K)
Chromatograms of standards: injectate (1), radio-iodinated (**'1) peptide (I} and free '
(K} Verucal hnes discriminate peaks corresponding to the particle tracer (long dashes; Ry

=0 04), "I-cRGDY (short dashes; Re= 0.2} and B (dotted: Re= 0.7).

Figure 30 Whole-body PET-CT imaging of particle biodistribution and preferential tumor
uptake following systemic injection of '*l-¢RGDY-PEG-C dots {A) Reformatted coronal
CT demonstrates a well-defined, hvpodense left hepatic lobe metastasis {arrowhead}. (B)
Coronal PET image at 4 hours pi. demonstrates increased activity along the peripheral
aspect of the wmor (arrowhead), in addition 1o the bladder, sastromtestinal tract
{stomach, intestines), gallbladder, and beart. (C) Co-registered PET-CT localizes activity

to the tumor margin.

Figure 31 Multimodal imaging of particle uptake in a pituitary lesion. (A-B) Multiplanar
contrast-enhanced MR axial {A) and sagitral (B} images at 72 hours p.i. demonsirate a
subcentimeter cystic focus (atrows) within the right aspect of the anterior pituitary gland.
(C-D) Coregstered axial (C)and sagittal (D) MRI-PET inages reveal ncreased focal
activity (red) localized to the lesion site. (E-F) Axial (E) and sagittal (F) PET-CT images
localize activity to the right aspect of the sella. {G-1) Axial PET tmages at 3 hours {3}, 24

bours (H) and 72 houwrs (1) p.1. demonstrate progressive accumulation of activity

1
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(SUVmax) wathin the seltar region along with a correspondimg decline tn background
activity about the lesion. {J) Tumor-to-brain (T/B) and wumor-to-Hver (T/L) activity ratios

increasing as a function of post-injection times.

Figure 32 Structure of N-Ac-Cys-(Aljz-D-Lys-ReCCOMSH (or alpha MSH} peptide

used for nanoparticle conjugation.

Figure 33 Structure of the onginal ReCUMSH targeting molecule.

Figures 344 and 34B. Competitive binding studies using a melanocortin-1 receptor
agonist (*“LNDP). NoAc-Cys-{ Al )z-D-Lys-ReCCMSH (or alpha-MSH) conjugated
partictes (Fig. 34A) had stronger affinity for cultured B16F 1 melanoma cells than a

scrambled sequence version of the molecule (Fig. 34B).

Figures 35A and 35 B, Dose-response data was obtained as a function of targeted particle
concentrations {Fig. 35A) and incubation times (Fig. 35B) for both B16F10 and M21

melanoma cell lnes.

Figure 36, Human M21 cell survival studies, performed over a range of particle
coneentrations for g fixed weubation time of 48 hy demonstrated no significant loss of

cell viabulity,

Figures 37A and 37B. "I radiolabeled alpha-MSH conjugated navoparticles
demonstrated bulk renal excretion over a 24 b period in both B16F 10 and M21 murine

xenograft models.

Figares 38A and 38B. Nerther B16F10 or M21 xenograft models showed significant
accumulation of the targeted particle probe in the reticuloendothelial system {i.e., not an

RES agent), nor i the kidney.
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Figare 39, Competitive integrin receptor binding and temperature-dependent uptake using
cRODY-PEG-C dots and anti~o.B2 antibody for 2 cell types. A. Specific binding and
uptake of cRGDY-PEG-C dots 1n M21 cells as a function of temperature (4°C, 25°C,
37°C) and concentration (250M, 100nM) nsing anti-afs mtegrin receptor antibody and
flow eytometry. Anti-onfls integrin receptor antibody concentrations were 250 times (L&,
250x) the particle concentration. B. Uptake of cCRGDY-PEG-C dots in M21 cells, as
against M2 1L cells tacking normal surface integrin expression by flow eviometry. €.
Selective particle uptake m HUVECs using anti-.{s integrin teceptor antibody and flow
cytometry. DL cRGDY-PEG-C dot (1 pM, red) colocalization assay with endocytic
{(transferrin-Alexa-488, FITC-dexiran, green} and lysosomal markers {LysoTracker Red)
after 4h particle incubation using M21 cells. Colocahzed vesicles {yellow}, Hoechst
counterstam {blue). Scale bar = 15 pm. Each data pownt (A-C) represeats the mean 2 SD

of 3 replicates.

Figure 40, Expression levels of phosphorviated FAK, Sre, MEK, Exk12, and Akt in M21
celis. A, FAKSre complex transduce signals from itegrin cell surface receptors via
activation of downstream signaling pathwavs (PI3K-Akt, Ras-MAPK) 1o elicit a range of
biological responses {boxes indicate assayed protein intermediates). B, Western blots of
phosphorylated and total protem expression levels of key pathway mtermediares after
exposure {2h, 37°C) of Go/Gs phase-synchronized M21 cells to 100 nM ¢RGDY-PEG-C-
dots relative to cells in serum-deprived (0.2% FBS) media (i.2.. control). Aftex
trypsinization of cells and re-suspension of the pellet in ysis bufter, proteing were
resolved by 4-12% gradient SDS-PAGE and analvzed by anti-FAK 397 pFAK 576/377,
p-Sre, pMEK, pErk1/2, and pAkt antibodies. Antibodies against FAK, Sre, MEK, Bk,
and Akt were also used to detect the amount of total protetn. €. Graphical summary of
percent signal intensity changes {n phosphorviated to total protein (Adobe Photoshop
82, see Methods) for particle-exposed verses serum-deprived cells. GF, growth factors;
EC, endothelial cell; ECM, extracelinlar mamix.

Figure 41, Signaling induction and inhibition studies in M21 cells using PF-573228 (PF-

228}, 1 FAK miubitor, A. Western blots of phosphorvlated and total protein expression
19
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tevels usmng the foregomg process of Figure 2 with the addition of 250 nM or 300 nM PF-
228 {0.5h, 37°C) to cells prior to particle exposure. B, Summary of percent intensity
changes of phosphorylated to total protetn expression levels in particle-exposed versus

control cells with and withow PF-228.

Figure 42. Bffect of ¢RGDY -PEG-C dots on M2 1 cellular nugration using time lapse
mmaging. A, Time-dependent changes in cell migration asing ORIS™ caollagen coated

plates for a range of particle concentrations {0 4000 37°C) in RPMI 1640 medhia
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were captured at fime t=0 {pre-migration) and at subsequent 24k intervals following
stopper removal by a Zeiss Axiovert 200M inverted microscope (5x/.25NA objective)
and a scan stide module (Metamorph® Microscopy Automation & Image Analysis
Software} for a total of 96 hrs. B. Graphical plot of changes in the mean area of closure
{%e} as a function of concentration using Image) software. Mean area of closure
represents the difference in the arsas demarcated by the border of advancing cells {pixels)
at arbitrary time pomts and after stopper removal (10), divided by the latter area.
Quadruplicate samples were statistically tested for each group using a one-tatled t-test; ¥,
p=0HL *F p= 040, ¥ p=036. Scale bars = 100 yum and 33 pm (magnified mmages of'x

and xv).

Figure 43, Effect of cRGDY-PEG-C dots on the migration of HUVEC cells. A, Serial
HUVEC migration was assaved using the same process in Figure 4 over g 24-ty time
miterval. The displaved images and area of closure values indicated are representative of a
single experiment. B, Mean areas of closure (%) were determined over this tme mterval
for a range of particle concentrations (01 ~ 400 nM) using Imagel software. Triplicate
assays were performed for each concentration and time point, One-tailed t-test ¥, p~0.05.

Scale bar = 76 gm.

Figure 44. Inhibition of HUVEC cell migration using PF-228. A, Same process as in
Figure 3, except cells were exposed to 250 nM and 300 oM PF-228 (0.5h, 37°C) prior to

particle exposure or mcubation i 0.2% FCS supplemented media. B, Mean area closure
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(%4} for cells wcubated under the foregoing condrtions. €. Tabulated p values for each
exposure condition using a one-tailed ttest. Quadruplicate samples were yun for each

inhibitor concentration. Scale bar = 50 yn.

Figare 45, Modulation of M2 1 cell spreading and adbesion using cRGDY-PEG-C dots.
A, Time-lapse imaging showing changes in cellular attachment and spreading, Cells were
pre-incubated 1 0.2% FBS-supplemented RPMI (0.5h, 25°C), without and with particles
{400 nM), followed by seeding in (5 ug'mi) fibronectin-coated 96-well plates. Images
were captured at 10, 0.5h, Th, and Zh vsing a Zewss Axiovert 200M verted mucroscope
{(20x/ 4NA objective) and a scan slide module in Metamorph®. B. Graphical plot
showing the mean number of rounded and elongated cells within two groups as a function
of tme: non-particle exposed {elongated, graph #1) and particle exposed (rounded, graph
#2}. Cells in cach of three wells of a 96-well plate were manually counted in 2 minimum
of three high power fields (x200 maunification) and averaged. C. Absorbance (A=650
iy, SpectroMax M3 microplate reader values for 4% paraformaldelvde fixed cells,
exposed o media or 400 nM cRGDY-PEG C-dots, and treated with methylene blue
reagent (1 ml; 1h, 37°C), as a measure of cellular attachment. Scale bar = 30 um.

Quadruplicate samples were ran for each groop.

Figwre 46 Influence of eRGDY-PEG-C dots on cell cvele. AL Percentage (%) of viable
cells i the G, S, and G phases of the cell evele as a function of particle concentration
{0, 100, 300 nM) added to Go/Gi-phase-synchronized M21 cells incobated for a total of
96 hours. falicized numbers above each bar represent the percentage of vells (particle-
incubated, control} in §, G and Ga phase, determined by flow eytometry, B,
Representative cell gyale histograms are shown for cells under control {L.e., ne particle)
conditions and after incubation with 100 and 300 aM particles. One-way ANOVAS*,
P03, ¥ p<l 003 relative to S-phase control. Insets: Group mean valoes (n=3}+ 8D for

each cell evcle phase. Experiments were performed in tniplicate.

Figure 47, Dose-response eftects and saturation binding kinetics using ¢cRGDY-PEG-C
dots and ol mtegrin-expressing cells. A, B, Cellular bindingfuptake as a fonction of
21
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~

particle concentration (A} and meubation time {B) by flow cvtometry. Monolayers of
M21 and HUVEC cells were incobated (4l 25°C) with increasing concentrations of
particles (5 ~ 000 nM), as well as over a vange of meubation times (0.5 ~ 4h; 100 aM)
and assayed by fluorescence-activated cell sorting {(FACS) analysis. The percentage of
the total events detected is displayed. Each data point represents mean + 8D of 3

replicates.

Figare 48, Competitive integrin receptor binding with '*1¢RGDY-PEG-C dots and
cRGDY peptide in two cell tvpes, A, Specific binding of “*1-cRGDY-PEG-dots to M21
and HUVEU cells following meubation with excess cRGDY peptide using gamma
counting. Monolayers of M21 and HUVEC cells were incubated (4h, 25°C) with 25 oM
of "HI-cRGDY-PEG-dots in the presence and absence of ¢cRGDY peptide (£5, 170 aM).
Binding 1s expressed as a percentage of the control (1.2, radiotodinated ¢RGDY-PEG-
dots). B. Tumor-directed binding of non-radiolabeled cRGDY-PEG-C dots. M21 and
HUVEC cells were incubated for 4h at 2570 with two targeted particle concentrations (25

nM, 100 nM) or panticle controls {(PEG-C dats) and assaved by How eyvtometry.

Figare 49, Vigbility and proliferation of M21 and HUVEC cells as a function of particle
concentration and incobation time. A, B. Absorbance (Rec=440 nmy) as a measure of
viabiliy in subconfluent, Go/Gi-phase-synchronized M21 {A) and HUVEC (B) cells over
a 24 hour period using media supplemented with 10% or 2% FBS alone, respectively, or
with addition of particles (25 - 200 aM). €, D, Cellular proliferative actieity in M21 {C)
and HUVEC (D) cells over a 93h time nterval using etther media alone or particle-

contarmng media, as specified in A, B

Figure 50. Cell signaling changes as a function of particle mcubation time in M21 cells.
Western blots of selected phosphorviated and total protein mtermediates over an §h time
period. Normalized intensity ratios {t.e., difference of phospho-protein and total protemn

divided by the latter) ave graphically dlostrated.
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Figare 51, Cell signaling modulation as a function of particle concentration in M21 cells.
Western blots of selected phosphorylated and total protein intermediates over a range of

particle concentrations {i.e., 0 - 400 nM).

Figare 52, Cell signaling imhibition studies i M21 cells. A, Western blots of selected
phosphorylated and total protein intermediates (serum-deprived media, 100 nM particles
alone, or 100 nM particles after addition of 250 oM or 300 nM inhibitor). B, Relative

intensities of phospho-protein and f-actin blots in A relative to control cells (0.2% FBS).
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Detailed Description of the Invention

The present invention provides a fluorescent sihea-based nanoparticle that allows
for precise detection, characterization, monitoring and treatment of a disease such as
cancer. The invention also provides for a method for detecting tumor cells. The method
mway contain the following steps: (a) administening to a patient a plurahty of Huorescent
silica-based nanoparticles in a dose ranging from about 0.01 nanomole/kg bodv weight 1o
about 1 nanomole’kg body weight, from about 0.05 nanomole’ke body weight to about
.9 nanomole’kg body weight, from about 6.1 nanomole/kg body weight to about 0.9
nanomoledg body weight, from about 8.2 nanomele/kg body weight to abowt 0.8
sanomoledkg body weight, from about £.3 nanomole’kg body weight to about 0.7
nanomoledkg body weight, from about 0.4 nanomolekg body weight to about 0.6

ght, or from aboat 0.2 nanomolekg body weight to about 0.3

&

nanomolekg body war
nanomole’ky body weight, and {b) detecting the nanoparticles, In one embodiment, the
nanoparticle comprises a silica-based core having a fhuorescent compoand positioned
within the silica-based core; & silica shell surrounding at feast a portion of the core; an
organic polymer attached to the nanoparticle; a ligand ahtached fo the nanoparticle and
capable of binding a tumor marker; and at least one therapeutic agent.

The nanoparticle has a range of diameters including between about 0.1 nm and
about 100 mm, between about 0.5 nm and about 30 nm, between about | ni and about 25
nm, between about 1 nm and about 15 nm, or between about 1 nm and about 8 nin. The
nanoparticle has a Buorescent compound positioned within the nanoparticle, and has
greater brightuess and fluorescent quantum yield than the free fluorescent compound.
The nanopariicle alse exhibits high biostability and biocompatibility. Te facilitate
efficient urinary excretion of the nanoparticle, it may be coated with an organic polymer,
such as poly{ethviene glveoly (PEG). The small size of the nanoparticle, the sthica base
and the organic polymer coating minimizes the toxicity of the nanoparticle when
administered i vive, In order to target a spectfic cell type, the nanoparticle may further
be conjugated 1o a igand, which is capable of binding to a cellular component (e.g., the
cell membrane or other intracetular component) associated with the specific cell type,
such as a tumor marker or a signaling pathway intermediate. 13 one embodiment, a

therapeutic agent may be attached to the nanoparticle. To permit the nanoparticle to be
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detectable by not only optical inaging {such as fluorescence nnaging}, but also other
intaging techuiques, such as positron emission tomography (PET), single photon
emission computed tomography (SPECT), computerized tomography (CT), and magnetic
resonance imaging (MR, the nanoparticle may also be conjugated to a contrast agent,
such as a radionuchde.

The properties of the panoparticles lead to bulk excretion through the kidneys,
increased potency relative to a pative peptide ligand, enbanced uptake, and preferential
accuntlation m tumors compared with normal tissues. This, along with the fack of in
vive toxicity, has resulted in & unigoe product resulting in its ranslation to the clinic,

The present particles can be used 1o preferentially detect and localize tumors. For
example, nanomolar particle wacer doses admimstered in a microdosing regime
accumulate and preferentially locatize at sites of disease, although not optimized for
targeted detection.

The present nanoparticles may exhibit distinet and reproducible human
pharmacokinetic signatures in which renal clearence predotumates {e.g., renal clearance
of the nanoparticle is greater than about 90% 1D in about 24 hours after administration of
the panoparticle 1o a subyect) without significant RES uptake (e.g., less than about 10%:),

The present nanoparticles are excellent diagnostic probes, exhibiting optimal
physicochemical properties in humans that enable them to "target and clear” the body
over relatively short time intervals {e.g., hours, davs, ete).

The present particles bearing nudtiple actively targeted ligands (e.g., ¢RGDY and
alpha-MSH) demonstrate enhanced binding affinity to the cellular targets compared to
the affinity of a higand alone. In some emsbodiments, the present particles binds to a
celtular target from about 2 o about 20 fold greater, from about 3 to about 15 fold
greater, fromt sbout S to about 10 fold greater than a Heand alone.

In certain embodiments, dual-modality, tarpeted particles specifically assess
tumot burden and can discriminate metastatic tamaor from chrome inflammatory disease
in targe animal models of metastatic melanoma.

Targeted particles may enhance receptor binding affinity and avidity, increase
plasma residence times, bioavailability and tumer retention, andfor premote intraceliular

delivery via internalization. The wilization of such targeted probes within sorgical {or
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medical) oncology settings may enable highly selective treatment of cancer-bearing
tissues, potentially reducing attendant complication rates. The present particles may be
advantageous over passively targeted nanocattiers, as the latter penetrate and non-
specifically accumulate within the tumor interstitinm by enhanced permeability and
retention {EPR}) effects.

Particle-based imaging systems for cancer diagnostics should be non-toxic, and
selectively detect sites of primary and metastatic disease while exhibiting relatively rapid
renal clearance. Under these conditions, the hikelihood of potential toxscity will be
reduced given the smaller ares under the plasma concentration-time curve. In one
embodiment, these renal clearance properties may be achieved by ulirasmall particle-
hased platforms or macromolecular svstems that meet effective renal glomerular filtration
size cutofts of 10 nm or less. Absence of single-dose acute toxicity and the minimization
of such risks will also be tmportant. A platform desiga should maximize satety through
rapid whole-body clearance and the selection of biokinetic profiles that minimize non-
specific uptake in the reticnloendothelial svstem (RES), thus reducing potential adverse
EXPOSUTES.

In one embodument, the present particles are safe and stable i vive. The particles
exhibit distinetly wnique and reproducible PK signatures defined by renal excretion.
Coupled with preferential uptake and localization of the probe at sies of disease, these

particles can be used 1n cancer diagnostics.

The sanoparticle may have both a higand and a contrast agent. The higand allows
for the nanoparticle to target a specific cell type through the specific binding between the
ligand and the celiular component. This targeting, combined with multimodal imaging,
has multple uses. For example, the nanoparticles can be used to map metastatic disease,
such as mapping seatinel ymph nodes (SLNJ, as well as identifing tumor margins or
newral structures, enabling the surgeon to resect malignant lestons under direct
visualization and to obviate complications during the surgical proceduare. The Hgand may
also facilitate enirv of the nanoparticle into the cell or barrier transport, for example, for

assaving the intracelinlar environment.
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The nanoparticle can be coupled with a ligand and a therapeutic agent with or
without a radiolabel. The radiolabel can additionally serve as a therapeutic agent for
creating a theranostic platform. This coupling allows the therapeutic particle to be
delivered to the specific cell type through the specific binding between the ligand and the
cellular component. Thas spectfic binding of the therapeutic agent ensures selective

treatment of the disease site with mummum side effects.

Nanoparticle structure

The fluorescent nanoparticle of the present invention includes a silica-based core
comprising a fluorescent compound positioned within the core, and a silica shell on the
core. The silica shell may surronnd at least a portion of the core. Alternatively, the
nanoparticie way have only the core and no shell. The core of the nanoparticle may
contain the reaction product of a reactive fluorescent compound and a co-reactive organo-
silane compound. In another embodiment, the core of the nanoparticle may contain the
reaction product of a reactive fluorescent compound and a co-reactive organo-silane
compoand, and silica, The diameter of the core may be from about 0.05 nm to about 100
nm, from about 0.1 nm to about 30 num, from abowt 0.5 nm to about 25 nm, fram abowt
0.8 nm to about 15 nm, or from about 1 nm to about § nm. The shell of the nanoparticle
can be the reaction product of a silica forming compound. The shell of the nanoparticle
may have a range of lavers. For example, the sthica shell may be from about 1 to about
28 favers, from about 1 1o about 13 lavers, from about 1 to about 10 layers, or from about
1 to about § layers. The thickness of the shell may range fromt about 0.61 nn to about 90
am, from about 0.02 nm to abowt 40 nm, from about 0.03 nm 1o abowt 20 o, from about
0.05 nm to about 10 nm. or from about (.05 nm to about 5 nm.

The silica shell of the nanoparticle may cover only a portion of nanoparticle or the
entire particle. For example, the silica shell may cover about | to about 100 percent,
from about 10 to about 80 percent, from about 20 to ghout 60 percent, or from about 30 to
about 30 percent of the nanoparticle. The sihiea shell can be either sohd, ie.,

substantially non-porous, meso-porous, such as seni-porous, Or pOroLs.
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Svnthesis of nanoparticle
The present fluorescent nanoparticle may be synthesized by the steps off
covalently conjupating a fluorescent compoand, such as a reactive fluorescent dye, with

the reactive moeties inchuding, but not limited to, maleimide, jodoacetarmide, thiosulfate,

LA

amine, N-Hydroxysuccimde ester, 4-sulfo-2,3 3 6-tetraflluorophenyl (STP} ester,

sulfosuccimmmidyl ester, sutfodichlorophenol esters, sulfonyi chloside, hydroxyl,

isothiocyanate, carboxyl, to an organo-silane compound, such as a co-reactive organo-
silane compound, to form a fluorescent silica precursor, and reacting the fluorescent silica
precursor to form a Huorescent core; covalently conjugating a fluorescent compound,

10 such as a reactive fluorescent dve, 1o an organo-silane compound, such as a co-reactive
organo-silane compound, to form a fluorescent silica precursor, and reacting the
[tnorescent silica precarsor with a silica forming compound, such as tetraalkoxysilane, to
form a fluorescent core; and reacting the resulting core with g silica forming compound,
such as a tetraalkoxysilane, to form a silica shell on the core, to provide the fluorescent

15 nanoparticls.

The synthesis of the fluorescent monodisperse core-shel] nanoparticles is based on
a two-step process. First, the near-mfrared organic dye molecules {e.g.,
tetramethylrhodamine isothiocynate (TRITCY) are covalently conjugated to a silica
precursor and condensed to form a dye-rich core. Second, the silica gel monomers are

20 gdded to form a denser sihica network around the fluerescent core material, providing

shielding from solvent interactions that can be detrimental to photostabiltity. The

versatility of the preparative route allows for the fncorporation of different fluorescent
compounds, such as fluorescent organic compoeunds or dyes, depending on the ntended

nanoparticle application. The flnorescent compounds that may be mcorporated in the
particle applicat The {1 t compounds that may b porated in th

[
1% 4]

dye-rich core can cover the entire UV-Vis to near-IR absorption and emission spectrum.

U.S. Patent Application Nos. US 8,298,677 B2, US 8,084,001 B2 and WO 2009/029870.

For the syathesis of the compact core-shell nanoparticle, the dye precursor is
3 added to a reaction vessel that contains appropriate amounts of ammounia, water and

solvent and allowed 1o react overnight. The dve precursor is synthesized by addition
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reaction between a specific nearinfrared dye of interest and 3-
anunopropyliriethoxvsilane in molar ratio of 130, in exclusion of moisture. After the
synthesis of the dye-rich compact core Is completed, tetrasthylorthosilicate (TEOS) is
subsequently added to grow the silica shell that surrounded the core.

The synthesis of the expanded core-shell nanoparticle i3 accomplished by co-
condensing TEOS with the dye precursor and allowing the mixture 1o react overnight.
After the synthesis of the expanded core s completed, additional TEOS is added to grow
the silica shell that surrounded the core.

The synthesis of the homogenous nanoparticles s accomplished by co-condensing

all the reagents, the dyve precursor and TEOS and allowing the mixture to react overnight.

Fluorescent compound

The nanoparticles may incorporate any known fluerescent compound, such as

fluorescent organic compouxd, dyes, pigments, or combinations thereof. A wide vaviety
of suttable chemically reactive fluorescent dyves are known, see for exanmple
MOLECULAR PROBES HANDBOOK OF FLUORESCENT PROBES AND
RESEARCH CHEMICALS, 6th ed., R. P. Haugland, ed. {1996}, A typical flucrophore
18, for example, a fluorescent aromatic or heteroaromatic compound such as is a pyrene,
an anthracene, a naphthalene, an acnidine, a stilbene, an indole or benzindole, an oxazole
or henzoxazole, a thiazole or benzothiazole, a 4-amino-T-nitrobenz-2-oxa-1 3-diazole
{NBD}, a cyvanine, a carbocyaning, a carbostyryl, a porphyrin, a salicvlate, an
anthranilate, an azulene, a perylene, a pyndine, & quinohne, & coumarin {including
hydroxycoumarms and ammocoumaring and fluoninated denvatives thereof), and Iike
compounds, see for exanple U.S. Patent Nos. 5,830,912, 4,774,339, 5,187,288,
5,248 782, 5.274.113, 5,433,896, 4,810,636 and 4,812,409, In one embodiment, Cy3, a
near infrared {luorescent {NIRF) dys, is positioned within the silica core of the present
nasoparticle. Near infrared-emiting probes exhibit decreased tissue attenuation and
autofluorescence. Burns et al. “Fluorescent silica nanoparticles with efficient wrinary
excretion for nanomedicing”, Nano Letters, 2009, 9 (1), 442-448

Non-limiting fluorescent compound that may be ased in the present invention

mchude, Cy5, Cva.5 (also known as CyS++), Cy2, fluorescein sothioovanate (FITC),
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tetramethylthodamine sothiocyanate (TRITC), phycoerythrin, Cy7, flworescem (FAM),
Cy3, Cv3.5 (also known as Cy3++), Texas Red, LightCycler-Red 640, LightCycler Red
705, tetramethyithodamine (TMR), rhodamine, rhodamine derfvative (ROX),
hexachiorofluorescein {HEX), rhodamine 6G (R6G), the rhodamine derivative JAT33,
Alexa Fluorescent Dyes {such as Alexa Fluor 488, Alexa Fluor 546, Alexa Floor 633,
Alexa Fluor 555, and Alexa Fluor 647}, 4 6-diamidino-2-phenvlindole (DAPL,
Propidium iodide, AMCA, Spectrum Green, Spectrum Orange, Spectrum Agua,
Lissamine, and fluorescent transition metal complexes, such as europium.  Fluorescent
compound that can be used also include Buorescent proteins, such as GFP (green
fhiorescent protein), enhanced GFP (EGFP), blue fluorescent protein and derivatives
(BFP, EBFP, EBFP2, Azurite, mKalamal), cvan fluorescent protein and derivatives
{CFP, ECFP, Cerulean, CyPet) and vellow fluorescent protein and dertvatives (YFP,
Citrine, Venus, YPet), WO2008142571, WO2009036282, WO9922026,

The silica shell surface of the nanoparticles can be modified by using known
cross-linking agents to introduce surface fmctional groups. Crosstinking agents include,
but are not limited to, divinyl benzene, ethylene glyeol dimethacrylate, timethylol
propane trimethacryviate, N N-methylene-bis-acrvlamude, alkyl ethers, sugars, peptides,
DNA fragments, or other known functionally equivalent agents. The ligand may be
conjugated to the nanoparticle of the present mvention by, for example, through coupling
regctions using carbodiinuide, carboxylates, esters, alcohols, carbanudes, aldehydes,
anmines, sulfur oxides, nitrogen oxides, halides, or any other suttable compound known in

the art. US. Patent No. 6,268 222,

Organic polymer

An organic polymer may be attached to the present nanoparticle, e.g.. attached to
the surface of the nanoparticle. An organic polvmer may be attached to the silica shell of
the present sanoparticle. The organic polymer that may be used o the present mvention
include PEG, polvlactate, polylactic ackds, supars, lipids, polvalutamic acid {(PGA),

polyvaiyeolic acid, poly{lactic-co-glyenlic acid) (PLGA), polyvinyl acetate (PVA), and the

combinations thereof The attachment of the organic polymer to the nanoparticle may be

accomplished by a covalent bond or non-covalent bond, such as by tonic bond, hydrogen
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bond, hydrophobic bond, coerdination, adhesive, and physical absorption. In one
embodiment, the naneparticle is covalently conjugated with PEG, which prevents
adsorption of serwn proteins, facilitates efficient urinary excretion and decreases
aggregation of the nanoparticle. Burns et al. “Fluorescent silica nanoparticles with
efficient urinary excretion for nanomedicine”, Nano Letters, 2009, 9 (1), 442448

The surface of the nanopanicle mav be modified to incorporate at least one
functional group. The organic polymer (e.¢., PEG) attached to the nanoparticle may be
modified to meorporate at feast one functional group. For example, the functional group
can be a maletmide or VeHydroxysuccinimide (NHS) ester. The incorporation of the
functional group makes it possible to attach various ligands, contrast agents and/or

therapeutic agents to the nanoparticle.

Ligand

A tigand may be attached to the present nanoparticle. The lizand is capable of
binding to at least one cellolar component. The cellular component may be associated
with specific cell types or have elevated levels m specific cell types, such as cancer cells
or cells specific to particular tissues and organs. Accordingly, the nanoparticle can target
a specific cell type, andfor provides a targeted delivery for the treatment and diagnosis of
a disease. As used herein, the term “ligand” refers 1o a molecule or entity that can be
used to dentify, detect, target, monitor, or modify a physical state or condition, such as a
disease state or condition. For example, a hgand may be used (o detect the presence or
absence of a particolar receptor, expression level of g particular receptor, or metabolic
tevels of a particolar receptor. The ligand can be, for example, a peptide, a protein. a
protein fragment, a peptide hormone, a sugar (1.e., lectins}, a biopolvmer, a synthetic
polymer, an antigen, an antibody, an antibody frapment {e.g., Fab, nanobodies}, an
aptamer, a virus or viral componaat, a receptor, a hapien, an enzymg, 3 hormone, a
chemical compound, & pathogen, a mucroorgamism of a component thereot, a toxi, &
surface modifier, such as a swiactant to alter the surface properties or nastocompatability
of the nanoparticle or of an analyte when a nanoparticle assceiates therewith, and

combinations thereof In one embodiment, the ligands are antibodies, such as
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monoclonal or polyclonal antibodes. In another embodiment, the ligands are receptor
Ligands. In still another embodiment, the ligand is poly-L-lysine (pLysine).

An antigen may be attached to the nanoparticle. The antigen-attached nanoparticle
may be used for vaccination,

The terms Yeomponent of a cell” or “cellular component” vefer to, for example, a
receptor, an anttbody, a hapten, an enzyme, a hormone, & biopolymer, an antigen, a
nucleic acid (DNA or RNA), a microorganism, a virus, a pathogen, & toxin, combinations
thereof, and hike components. The component of a cell may be positioned on the cell
(e.g., a ransmembrane receptor) or inside the cell. In one embodiment, the component of
a cell is a tumor marker. As used herein, the ferm “tumor marker” refers to a molecule,
entity or substance that 1s expressed or overexpressed in a cancer cell but not normal cell.
For example, the overexpression of certam receptors is associated with many types of
cancer. A ligand capable of binding to a tumor marker may be conjugated to the surface
of the present nanoparticle, so that the nanoparticle can specifically trget the tumor cell.

A ligand may be attached to the present nanoparticle directly or through a tmker.
The attachment of the ligand to the nanoparticle may be accomplished by & covalent bond
or non-covalent bond, such as by tonie bond, hydrogen bond, hydrophobic bond,
coordmation, adhesive, and physical absorption. The higand may be coated onto the
surface of the nanoparticle. The ligand may be imbibed mto the surface of the
nanoparticle. The ligand may be gttached to the sarface of the fluorescent nanopaticle,
or miay be attached 1o the core when the shell is porous or is covering a portion of the
core, When the ligand is attached 1o the naneparticle through g linker, the linker can be
any suitable molecules, such as a fanchionalized PEG. The PEGs can have multiple
functional groups for attachment fo the nanoparticle and ligands. The particle can have
different types of functionalized PEGs bearimg different functional groups that can be
attached to multiple ligands. This can enhance multivalency effects andior contrast at the
target site, which allows the design and optimization of a complex multimodal platform
with improved targeted detection, treatment, and sensing fn vivo,

A variety of different ligands may be attached to the nanoparticle. For example,
tripeptide Arg-Gly-Asp (RGD) may be attached to the nanoparticle. Alternatively, cyche

peptide cRGD (which may contain other amino actd(s), e.g.. cRGDY ) may be attached to
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the nanoparticle. Any linear, cyclie or branched peptide contaming the RGD sequence 1s
within the scope of the present invention. RGD binds to o.By integrin, which is
overexpressed at the surface of activated endothelial cells duning angiogenesis and in
vanous types of tumor cells. Expression levels of aofls integrin have been shown to
correlate well with the aggressiveness of tumors. Ruoslahti et al, New perspectives in
cell adhesion: RGD and integrins. Science 1987:.238:491. Gladson et al. Glioblastoma
expression of vitronectin and alpha v beta 3 integrin. Adhesion mechanism for
transformed ghial cells. J, Clin, Invest, 1991; 88:1924-1932. Sefior et al Role of the
alpha v beta 3 mtegrm 1o human melanoma cell avasion. Proc. Natl. Acad. Sei. 1992;

S 15571561

Svnthetic peptide EPPTT may be the hgand attached to the nanoparticle. EPPTH,

g site, targets underalveosylated

Zaa

derived from the monoclonal antibody (ASM2) bindin
MUCT (eMUCTH). MUCH, a transmembrane receptor, is heavily ghycosylated in normal
tissues; however, it 1s overexpressed and aberrantly vnderglycosylated in almost all
tuman epithelial cell adenocarcinemas, and 15 implicated in tunor pathopenesis, Moore
et al, Invive targeting of nnderglycosylated MUC-1 tomor antigen using a multimodal
imaging probe. Cancer Res, 2004; 64:1821-7, Patel etal. MUCH plavs g role m wmor
maintenance m aggressive thryroid carcinomas. Surgery. 2005; 138:994-1001. Specific
antibodies including monoclonal antibodies against aMUCT may alternatively be
conjugated to the nanoparticle i order to target eMUC!T,

in one embodiment, peptide analogues of e-melanotropm stimulating hormone {g-
MSH) are the ligands attached 1o the nanoparticle. Peptide analogues of o-MSH are
capable of binding to melanocortin-1 receptors (MCIR), a family of G-protein-coupled
receptors overexpressed in melanoma cells, Loiret al. Cell Mol, Biol, (Noisy-le-gramd)
1999, 45:1083-1092.

in another embodiment, octreotate, a peptide analog of 14-amino acid
somatostatin, 13 the ligand attached to the nanoparticte, Octreotide, which has a longer
half-life than somatostatin, 1s capable of binding to somatostatin receptor (SSTR).
SSTR, a member of the G-protein coupled receptor family, is overexpressed on the
surface of several buman tmors. Reubi et al. Distribution of Somatostatin Receptors in

Normal and Tumor-Tissee. Metab, Clin. Exp. 1990;39:78-81. Reubi et al. Somatostatin

Lad
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receptors and thewr subtypes m human tumors and in peritumoral vessels. Metab, Chin,
Exp. 1996:45:39-41. Other somatostatin analogs may alternatively be conjogated o the
nanoparticle to target SSTR, such as Tyr3-octreotide (Y3-0C), cctreotate {TATE), Tye3-
octreotate (Y3-TATE), and ''In-DTPA-QOC.  These somatostatin analogues may be
utilized for both PET diagnostic imaging and targeted radiotherapy of cancer.

de Jong et al. Internalization of radiolabelled [DTPA"Joctreotide and [DOTA",
Tyr'Joctreotide: peptides for somatostatin receptor targeted scintigraphy and radionuclide

therapy. Nucl Med, Commun, 1998:19:283-8. de Jong et al. Comparison of *'in-

Labeled Somatostatin Analogees for Tumor Scintigraphy and Radionuchide Therapy.
Cancer Res. 1998:58:437-41. Lewis et al. Comparison of four “Cu-labeled somatostatin
analogs in vitro and in a tumor-bearing rat model: evaluation of new devivatives for PET
imaging and targeted radiotherapy. ] Med Chem 1999:42:1341-7. Krenning et al.
Somatostatin Receptor Scintigraphy with Indiom-111-DTPA-D-Phe-1-Octreotide in
Man: Metabolism, Dosimetry and Comparison with fodine-123-Tyr-3-Octreotide. J Nucl,
Med, 1992;33:652-8,

Various ligands may be used to map sentinel lymph nodes (SLNs). SLN mapping
may be used in diagnosing, staging and treating cancer.  J591 is an anti-prostate-specific
membrane antigen (Le., anti-PSMA) monoclonal antibody. 1591 has been previously vsed
to detect and stage prostate cancer. Tagawa et al., Ant-prostate-specific membrane
antigen-based radivimmunotherapy for prostate cancer, Cancer, 2000, 116(4
Supply 1075.83. Bander et al., Targeting Metastatic Prostate Cancer with Radiolabeled
Monoclonal Antibedy 1591 to the Extraceltular Domam of Prostate Specific Membrane

Antigen, The Joumnal of Urology 170(5). 1717-1721 (2003). Wernicke etal., {20/}

Prostate-Specific Membrane Antigen as a Potential Novel Vascular Target for Treatment

of Glioblastoma Multiforme, Arch Pathol Lab Med. 2011; 135:1486-1489. The F{ab"2

fragment of 1591 may be used as a ligand attached to the present nanoparticle, The
nasoparticle may also he radiolabeled to creste a dual-maodahity probe. In one
embodiment, nanoparticles bearing the F(ab"\2 fragment of 1591 {e.g., Hul5391-F{ab')2
fragmems, or humanized J591-F(ab')2 fragments) are used in diagnosing prostate cancer
or endometrial cancer {e.g., endometrial endometniond adenocarcinoma). In another

embodiment, nanoparticles beanng the Flab'2 fragment of J591 can be used to target
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brain tumor neovasculature for treatment, disease progression monitoring. Brain tumor
neovasculature has been found to overexpress PSMA | as shown {rom prior
immunohistochemistry evaluations of excised high grade glioma specimens.

Cyclic peptides containing the sequence HWGF are potent and selective inhibitors
of MMP-2 and MMP-9 but not of several other MMP family members. Peptide
CTTHWGFTLC inhibits the migration of human endothelial cells and tamor cells.
Moreover, it prevents tumor growth and invasion in anfmal models and tmproves survival
of mice bearing human tumors. CTTHWGFTLC-displaving phage specifically targets
angrogenic blood vessels in vive. This peptide and us extension
GRENYGHCTTHWGETLC or GRENYGHCTTHWGFTLS can be used as hgands to be
attached to the present nanoparticle. The peptides can also be radiolabelled, e.g.,
radioiodinated. Koivumen et al., Tumor targeting with a selective gelatinase mhibitor,

Nature Biotechnology 17, 768 - 774 (1999). Penate Medina et al,, Liposomal tumor

targeting in drog delivery otilizing MMP-2- and MMP-9-binding ligands, 1 Drug

Delivery, Vohune 2011 {2011), Article 1D 160315, Awicancer Research 21:4101-3106

{2005). Tn one embodiment, 7 labeled matrix metalloproteinase peptide inhibitor

¢

{MMPh-attached nanoparticles are used for SLN mapping to stage endometriond cancer,
The mumber of ligands attached to the nanoparticle may range from about 1 to
about 30, from about 1 to about 20, from abowt 2 to about 15, from about 3 o about 10,
from about T to about 10, or from about 1 to sboot 6. The small number of the brands
attached to the nanoparticle helps maintain the hydrodynamic diameter of the present

nanoparticle which meets the renal clearance cutoff size range. Hilderbrand ot al, Near-

frared fluorescence: application to in vive molecular imaging, Curr, Opw. Chem. Biol,

14,719, 2010, The number of ligands measured may be an average anmber of ligands
attached to more than one nanoparticle. Alternatively, one nanoparticle may be measured
to determine the mumber of ligands attached. The number of ligands attached to the
nasoparticle can be measured by any suttable methods, which may or may not be related
to the properties of the ligands. For example, the munber of cRGD peptides bound 1o the
particle mayv be estimated using FCS-bhased measuraments of absolnte particle
concentrations and the starting concentration of the reagents for eRGD peptide. Average

number of RGD peptides per naneparticle and couphing efficiency of RGD to
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functionalized PEG groups can be assessed colonmetrically under alkaline conditions and
Bigret spectrophotometric metheds. The number of ligands attached to the nanoparticle

may also be measured by other suitable methods.

Contrast geent

A comtrast agent may be attached to the present nanoparticle for medical or
biological imaging. As used herein, the term “contrast agent” refers to a substance,
meolecule or compound used to enhance the visibiity of structures or fhuds m medical or
biological imagimg. The term “contrast agent” also refers 1o a contrast-producing
molecule. The imaging techniques encompassed by the present invention include
positron emission tomography (PET), single photon emission computed tomography
{SPECT), compuaienized tomography (CT), magnetic resonance imaging {MRI}), optical
bloluminescence imagimg, optical Hluorescence imaging, and cormbnations thereof. The
contrast agent encompassed by the present invention may be any molecule, substance or
compound known n the art for PET, SPECT, CT, MRI, and optical imaging. The
contrast agent may be radionuclides, radiometals, positron emitters, beta emitters, gamma
emitters, alpha emitters, paramagnetic metal tons, and supraparamagnetic metal ions.
The contrast agents include, but are not imited to, jodine, fluorine, copper, zirconinm,
futetium, astatine, vitrium, gallium. indivm, technetium, gadolinium, dysprosium, iron,
manganese, bartum and barium sulfate. The radionuclides that may be used as the
confrast agent attached to the nanoparticle of the present invention include, but are not
timited to, ¥Zr, “Cu, ¥Ga, *Y, % and " Lu.

The contrast agent may be directly conjugated to the nanoparticle. Alternatively,
the contrast agent may be indirectly conjugated to the nanoparticle, by attaching to
hinkers or chelates. The chelate may be adapted to bind a radionuchde. The chelates that
can be attached to the present nanoparticle may mehude, but are not Buvited 1o, 1,4,7,10-
tetraazacyclododecane- 14,7, [ 0tetraacetic acid (DOTA), diethylenetiianunepentaacetic
(DTPA), desferrioxanune (DFOY and triethvlenstetramine (TETA}

Suitable means for imaging, detecting, recording or measuring the present
nanoparticles may also include, for example, a flow evtometer, a laser scanning

cytometer, a fluorescence micro-plate reader, a fluorestence microscope, a confocal
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microscope, a bright-fleld microscope, a ngh content scanning system, and like devices.
More than one imaging techniques may be used at the same time or consecutively o
detect the present nanoparticles. [0 one embodiment, optical maging is used as a
sensitive, high-throughput screening tool to sequire multiple time points in the same
subject, pernmiting semi-~quantitative evaluations of bumor marker levels. This offsets the
relatively decreased temporal resolution obtained with PET, although PET is needed 1o
achieve adequate depth penetration for acquiring volumetric data, and to detect,
quantitate, and monitor changes in receptor and/or other celtular marker levels as a means
of assessing disease progression or improvement, as well as stratifying patients to suitable

treatment protocols.

Therapeutic agent

A therapeutic agent may be attached 1o the fluorescent nanopariicle, for example,
for targeted treatment of a disease. The therapentic agent may be delivered 10 a diseased
site in g highly specific or localized manner with release of the therapestic agent in the
disease site. Alternatively, the therapeutic agent may not be released. The fluorescent
nanoparticle conjugated with the higand can be used for targeted delivery of a therapeutic
agent to a desived location b1 a vaniety of systems, such as on, or within, a cell or cell
component, within the body of an organisim, such as a human, or across the blood-brain
barrier.

The therapeutic agent may be aitached to the nanoparticle divectly or indirectly.
The therapeutic agent can be ghsorbed into the mterstices or pores of the silica shell, or
coated onto the sihica shell of the fluorescent nanoparticle. In other emboduments where
the silica shell is not covering the entire surface, the therapeutic agent can be associated
with the fluorescent core, such as by physical absorption or by bonding mteraction. The
therapeutic agent may be associated with the ligand that is attached to the fluorescent
nasoparticle. The therapeotio agent may also be associated with the organic polymer or
the contrast agent. For example, the therapeutic agent may be atiached 1o the
nanoparticle through PEG. The PEGs can have multiple functional groups for attachment
to the nanoparticle and therapeutic agent. The particle can have different types of

functionalized PEGs bearnng different functional groups that can be attached to multiple

.}
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therapentic agents. The therapeutic agent may be attached o the nanoparticle covalently
ar non-covalently.

As used herein, the term “therapeutic agent” refers to a substance that may be
used in the diagnosis, cure, mitigation, treatment, or prevention of disease in a human or
another antmal. Such therapeutic agents include substances recognized i the official
United States Pharmacopeia, official Homeopathic Pharmacopeia of the United States,
official National Formulary, or any supplement thereef.

‘Therapeutic agents that can be meorpovated with the fluorescent nanoparticles or
the higated-fluorescent nanoparticles of the invention include nucleosides, nucleoside
analogs, small interfering RNA (5IRNA), microRNA, oligopeptides, polvpeptides,
antibodies, COX-2 inhibitors, apoptosis promoters, urinary tract agents, vaginal agents,
vasodilators neurodegenerative agents {e.g.. Parkinson's disease), obesity agents,
ophthalmic agents, osteoporosis agems, para-sympatholytics, para-sympathometics,
antianesthetics, prostaglanding, pevehotherapeutic agents, respiratory agents, sedatives,
hypnotics, skin and nucous membrane agents, anti-bacterials, anti-fungals,
antineoplastics, cardioprotective agents, cardiovascular agents, anti-thrombotics, ceniral
nervous system stimulants, cholinesterase mhubitors, contraceptives, dopamine receptor
agomists, erectile dysfonction agents, fertility agents, gastrointestinal agents, gout agents,
hormones, immunomodulators, suitably functionalized analgesics or general or focal
anesthetics, anti-convalsants, anti-diabetic agents, anti-Bbrotic sgents, snti-mfectives,
motion sickness agents, muscle relaxants, MENURO-SUPPrEssive agents, MIKrRine agents,
non-steroidal anti-inflammatory drugs (NSAIDs), sineking cessation agents, ot
syimpatholytics {see Physicians’ Desk Reference, S3th ed., 2001, Medical Economics
Company, Inc., Montvale, N.J., pages 201-202}.

Therapeutic agents that may be attached to the present nanoparticle melude, but
are not Hmited to, DNA alkvlating agents, topoisomerase inhibitors, endoplasmic
reticulum stress inducing agents, & platiaum compound, an anthmetabohite, vincalkalodds,
taxanes, epothilones, enzyme inlnbitors, receplor antagontsts, therapeutic antibodies,
tyrosine kinase inhibitors, boron radiosensitizers (i.e. velcade), and chemotherapeutic

combination therapies.
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Non-limating examples of DNA alkylating agents are nitrogen mustards, such as
Mechlorethanuine, Cyclophosphamide {Hosfanmide, Trofosfamide), Chiorambuci
{Melphalan, Predaimustine), Bendamustine, Uranmustine and Estrantusting: aftrosoureas,
such as Carmustine (BOCNLU), Lomustine {Senusting), Fotemustine, Nimusting,
Ranimustie and Streptozocm; alkyl sulfonates, such as Busulfan (Mannosulfan,
Treosulfan), Azindines, such as Carboguone, ThioTEPA, Triaziquone,
Triethylenemelamine; Hydrazines (Procarbazine); Triazenes such as Dacarbazine and
Temozolomide; Alretamine and Mitobronitol.

Non-lmuting examples of Topoisomerase 1 inhibitors include Campothecin
derivatives including CPT-11 {iinotecan), SN-38, APC, NPC, campothecin, topotecan,
exatecan mesylate, S-nirocamptothecin, $-aminocamptothecin, lartotecan, rubitecan,
silatecan, gimatecan, diflomotecan, extatecan, BN-80927 DX-89511 and MAG-CPT as

decribed i Pommier Y. (2000) Nat. Rev, Cancer 6(10):789-802 and U.S. Patent

Publication No. 200510250834, Protoberberine alkaloids and derivatives thereof
including berberrubine and coralvae as described v Li ¢t al. (2000) Biochenisty

39{2417107-TH 6 and Gaito et a1, (1996) Cancer Res, 15{12):2795-2800; Phenanthroline

denivatives including Benzoftiphenanthnidine, Nitiding, and fagaronine as described in

Makhey et al. {2003} Bioore, Med. Chem. 11 (8} 1809-1820; Terbenzimidazole and

dertvatives thereof as described i Xu (1998) Biochemistry 37(10335838-3566; and
Anthracycline dertvatives includmg Doxorubicin, Daunorubicin, and Mitoxantrone as

described i Foglesong et al. (1992) Cancer Chemaother, Pharmacol, 30(2): 123125, Crow

et al, (19943 ). Med, Chemy, 37(19%31913194, and Crespt et al, {1986) Biochem,

Biophys. Res Comman. 136(2):521-8. Topoisomerase H inhibitors mehude, but are not

limited to Etoposide and Temposide. Dual topoisomerase | and 11 mhibutors include, but
are not hmited to, Saintopin and other Naphthecenediones, DACA and other Acriding-4-
Carboxamindes, fntoplicine and other Benzopyridoindoles, TAS-103 and other 7H-
wdenof 2, 1-¢jQuninoline-7-ones, Pyrazoloacridine, XR 11576 and other Benzophenazines,
XR 5944 and other Dimeric compounds, 7-oxo-TH-dibenz{f 1{}isoquinolines and T-oxo-
TH-benzole]Perimidines, and Anthracenyh-amine Acid Conjugates as described in Denny

and Baguley (20033 G, Top. Med, Chem, 3(3):339-353. Some agents inhibit

Topoisomerase 11 and bave DNA intercalation sctivity such as, but not Himited to,
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Anthracyclines {Actarabicin, Daunorabicm, Doxorabicin, Epirubicin, ldarubicm,
Amrubicin, Pirarubicin, Valvubicin, Zorubicin) and Antracenediones {Mitoxantrone and
Pixantrone).

Examples of endoplasmic reticulum stress inducing agents include, but are not
funited to, dimethylcelecoxih (DMO), nelfinavir, celecoxib, and boron radiosensitizers
{i.e. velcade (Bortezomib)).

Non-limiting examples of platinum based compound include Carboplatin,
Cisplatm, Nedaplatin, Oxaliplatin, Triplatin tetranttrate, Satraplatin, Aroplatin,
Lobaplatin, and IM-216. {(see McKeage et al. {1997} J. Clin. Oncol, 201 :1232-1237 and
in general, CHEMOTHERAPY FOR GYNECOLOGICAL NEOPLASM, CURRENT
THERAPY AND NOVEL APPROACHES, in the Series Basic and Chnical Qucology,
Angioli et al. Eds., 2004},

Non-limiting examples of antimetabolite agents include Folic acid based, ¢,
diivdrofolate reductase inhibitors, such as Aminoptenn, Methoirexate and Pemetrexed;
thvaidylate syathase inhibitors, such as Raltitrexed, Pemetrexed; Purine based, 1.¢. an
adenosine deaminase indibitor, such as Pentostatin, a thiopuorine, such as Thioguanine and
Mercaptopurine, a halogenated/ribonucleotide reductase mhibitor, such as Cladribinve,

guanosine: thiopunine, such as Thioguanine; or

o

Clofarabine, Fludarabine, or a guaning/
Pyrimidine based, Le. cytosine/cytidine: hypomethylating agent, such as Azacitidine and
Decitabine, a DNA polymerase inhibitor, such as Cytarabine, a nbonucleotide reductase
inhibitor, such as Gemcutabine, or a thyminethymidine: thymidylate synthase inhibttor,
such as a Fluorouraci! (5-FU). Eguivalents to 5-FU include prodrugs, analogs and
derivative thereof such as ¥ ~deoxy-S-fluoroundine {doxifluroidne), Hetrabyvdrofuranyl
S-fhuorouraci! (forafur), Capecitabine {(Xeloda), S-1 (MBMS-247016, consisting of
tegatur and two modulators, a S-chlove-2 4dihydroxypynidine and potassium oxonate),
ralititrexed {tomudex), nolatrexed (Thymitaq, AG337), LY231514 and ZD9331, as
described for example i Papamicheal {1999} The Oncologist 4:478-487

Examples of vincalkalowds, mclude, but ave not himited to Vinblastne, Viocnstine,
Vinflunine, Vindesine and Vinorelbine,

Examples of taxanes include, but are not limited to docetaxel, Larotaxel,

Ortataxel, Pachitaxel and Tesetaxel. An example of an epotlilone is abepilone.
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Examples of enzyme inhibators melude, but are not lunited o famesyltransferase
inhibitors {Tepifanb); CDK mbibitor (Alvocidib, Selioicliby; proteasome inhibitor
{Bortezomib), phosphodiesterase inhibitor {Anagrelide; rolipramy; IMP debvdrogenase
mhibitor {Tiazofurine); and lipoxygenase inhibitor (Masoprocol). Examples of receptor
antagomists melude, but are not iited to ERA (Atrasestan); retinoid X receptor
{Bexarotene); and a sex steroid (Testolactone).

Examples of therapeutic antibodies include, but are not limited to anti-
HERF/EGER {Cetwamab, Pantumumab); Aoti-HER2/neu (erbB2) receptor
{ Trastuzumab);, Antt-EpCAM (Catwnaxomab, Edrecolomab) Anti-VEGF-A
{Bevactzumab), Anti-CD20 (Rituximab, Tositumomab, Iritumomab), Anti-CD32
{Alemtuzumab); and Anti-CD33 (Gemtuzumab). US. Patent Nos. 5,776,427 and
7,601,355,

Examples of tyrosine kinase minbuors tnclude, but are not limited 1o mlubitors w
ErbB: HERFEGER (Erlotmiby, Gefitinth, Lapatinih, Vandetanth, Sunitinth, Neratiniby;
HER2/neu {Lapatinb, Neratinib), RTK class 111 C-kit (Axitinily, Sunitindb, Sorafenib),
FLT3 (Lestawrtinih), PDGFR {Axitinib, Sunitinth, Sorafemb);, and VEGFR {Vandetamb,
Semaxanib, Cediranib, Axitinib, Sorafenib); bor-abl (Imatimub, Nilotunib, Dasatinib); Src
{Bosutinib) and Jamus kinase 2 (Lestaurtimb),

Chemotherapeuntic agents that can be attached to the present nanoparticle may also
include amsacrine, Trabectedin, retinoids (Alitretinoin, Tretinomn), Arsenic trioxade,
asparagine depleter Asparaginase/ Pegaspargase}, Celecoxib, Demecelcing, Elesclomol,
Elsamitrucin, Etoglucid, Lonidanune, Lucanthone, Mitoguazone, Mitotane, Oblimersen,
Temsirolimus, and Vorinostat.

Examples of specific therapeutic agents that can be linked, hgated, or associated
with the fluorescent nanoparticles of the invention are flomoxef; fortmicinds);
gentanyicin(s); glucosulfone solasulfone; gramicidin §; gramicidin(s); grepatloxacin;
guamnecychue; hetaciling tsepanycin; josarnyein; kasamycinds); flomoxef, fortinsicins);
gentamicings); glocosulone solasulfone; gramicidin §; gramicidu(s); grepalioxaciy;
guamecycline; hetacilhing isepamicing josamyein; kanamyvein(s); bacitracia;
bambermycin{s}; biapenem; brodimoprim; butirosing capreomyein: carbenicillin;

carbomnyein; carumonam; cefadroxil; cefamandnle; cefatrizine; cetbuperazone; cetohding
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cefdunr; cefditoren; cefepime; cefetamet; cefixime; cefinenoxime; cefininox; eladribine;
apalcithng apicyching, apramyein; atbekacin; aspoxicilling azidamienicol; aztreonam;
cefodizime; cefonicid; cefoperazone; ceforamide; cefotaxime; cefotetan; cefotiam;
cefozopran; cefpimizole; cefpiramide; cefpirome; cefprozil; cefroxading; cefteram;
ceftibuten; cefuronam, cephalexin; cephaloglyen; cephalosponin C: cephradine;
chloramphenicol; chlortetracycline; clinafloxacin; clindamyvein; clomocycling; colisting
cvelacilling dapsone; demeclocycling; diathymosulfone; dibekacin; dibydrostreptomscin;
t-mercaptopurme; thioguanine; capecitabine; docetaxel; etoposide; gemeitabine;
topotecan; vinoretbine; vincristine; vinblastine; teniposide; melphalan; methotrexate; 2-p-
sulfanilvanitinoethanol; 4 4'-sulfinvldianiline; 4-sulfanilamidosalicylic acid; butorphanol;
nalbuphine. streptozocin, doxorubicin; dawnorubicin; plicamyan; idarubicin, mitomyom
(; pentostatin; mitoxantrone; cytarabine; fudarabine phosphate; butorphanol;
ualbuphine. streptozocin; doxernbicin; deynorabicin; plicamyeiy idarubicin; mitomycin
€, pentostatim; putoxantrone; cytarabine; Budarabine phosphate; acediasulfone;
acetosulfone; amikacing, amphotericin B, ampicilling atorvastating enalapril; ranitidine;
ciprofloxacin; pravastatin; clavitheomycin: cyclosporin; famotidine; leuprolide; acyclowr;
paclitaxel; azithromyein; lamivudine; budesonide; albuterol; indinavir, metformin;
alendronate; nizatidine; zidovudine; carboplatin; metoprolol; amoxicilling diclofenac:
Lisinopril; ceftriaxone; captopril; salmeterol; xinafoate; imipenem; cilastatin: benazepril;
cefactor; ceftazidime; morphing; dopamine; bialamicol; fluvasiating phenamidine;
podophyihinie acid 2Z-ethylhydrazine; acriflavine; chloroazoding arsphenamine;
amtcarbilide; anvinequinyride; quinapril; oxymorphone; buprenorphineg; floxuridine;
dirithromycin; doxyeyeline; enoxacing enviomyvenn; epiciliing erythromycin:
teacomycin(s); lncomyein; lomefloxacin; lucensomyem; tymecyeline; meclocyeling;
meropenent;, methacychne; micronomicin; midecamyem(s), minocycline; moxalactam;
mupirecin; nadifloxacing natamycin, neomycin; netibmicin; norfloxacin; oleandomyain;
oxyietracyehine; p-sulfanilyibenzylamune; panipeneny, paromomycin; pazafloxacia,
peniciiin N. pipacycling; pipemndic acid; polymyxin; primyein; quinacillin,
ribostarovein: rifamide; rifampin; rifamvein SV nifapenting; rifaximing ristoceting
ritipenem; rokitamycin; rolitetracyeline; rosaramyein; roxtthromyein;

salazosulfadimidine; sancycline; sisomicm; sparfloxacing Spectinemvein, spiraniven;
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streptomyein; succisulfone; sulfachiysoidine; sulfaloxic acid: sulfamidochrysoidine;
sulfanilic aad; sulfoxone; teicoplanin; temafloxacin; temocilling tetvoxoprim,
thiamphenicol; thiazolsulfone; thiostrepton; ticarcilling tigemonanm; tobramyein;
tosufloxacin; trimethoprimy; wospectomyein, trovatloxacin; tuberactinomyein,
vancomycn, azaserine; candicidmn{s); chlorphenesin; dermostatinds), filipin;
fungichromin; mepartricin; nystatin; oligomyein(s); perimycin A; tubercidin; 6-
azauriding; 6-diazo-3-oxo-L-norlencing; aclacinomycin{s); ancitabine; anthramycin;
azacitacding; azasenme; bleomycin(s); ethyl biscoumacetate; ethyhidene dicoumarol;
tloprost; lamifiban; taprostene; tioclomarol; trofiban; amiprilose; boctltamine;
gusperimus; genfisic acid; glucamethacin; glveol salicylate; meclofenamic acid;
mefenamic actd; mesalamine; niffumic and; olsalazine; oxaceprol; S-enosylmethionine;
saticylic acid; salsalate; sulfasalazine; tolfenamic acid; carabicin; carzmophithin A;
chiorozotocin; chromomycings); denopterin; doxifluridine; edatrexate; efformthine;
etliptintum; enocitabine; epirubicin; mannomustine; menogaril, mitobrontol; mitolactol;
mopidamol; mycophenolic acid; nogatamycin; olivomvein{s); peplomyein, piratubicin;
piritrexim; predaimustine; procarbazine; pteropterin; puromyein; ranimustine;
streptopigrm; thiamipring; myveophenolic acud; procodazele; romurtide; strobimus
{rapamycin); tacrolimus; butethamine; fenalcomine; hydroxytetracaine; naepaine,
orthocame; pindocaine; salicyt aleohol; 3-ammo-4-hydroxybutyric acid; aceclofenac;
alminoproten; amfenac; bronfenac; romosaligenin, bumadizon; carprofen; diclofenac;
diflonisal; ditazol; enfenamic aoid; etodolac; etofenamate; fendosal; fepradinol;
tlutenanuce actd; Tomudex® (N-[[S-{{{1 4-Dihydro-2-methyi-4-ox0-6-quin-
azolinyDmethyljmethylannnoel-2-thienyticarbonyi-L-glutanue acid), trimetrexate,
tubercidin, ubenimex, vindesine, zorubicin, argatroban; coumetarol or dicoumarol.

Lists of additional therapeutic agents can be found, R example, in: Physicians'
Desk Reference, 55th ed,, 2001, Medical Economics Company, Inc., Montvale, NJ ;
USPN Dictionary of USAN and International Drog Names, 2000, The United States
Pharmacopeial Convention, Inc., Rockville, Md.; and The Merck Index, 12th ed., 19986,
Merck & Co., Inc., Whitehouse Statton, NI

The therapeutic agent may also include radionuchdes when the present

nanoparticle i3 used in targeted radiotherapy. iy one embodiment, low encrgy beta-
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emitting radionuclides, such as V' "'Lu~chelated constructs, is associated with the
nanoparticle and used to treat relatively small tmor burdens or micrometastatic disease.
In another embodiment, highet energy beta emitters, such as yitrium-9¢ (MY, may be
used to treat larger turnor burdens. lodine-131 {71} may also be used for radiotherapy.

The sorface of the nanoparticle may be modified to incorporate at least one
functional group. The organic polvmer {e.g., PEG) attached to the nanopanicle may be
modified to incorporate at least one functional group. For example, the functional group
can be a maleumde or M-Hydroxysuccinumide (NHS) ester. The meorporation of the
functional group makes it possible to attach varions ligands, contrast agents andfor
therapeutic agents to the nanoparticle.

i one embodiment, a therapeutic agent is attached to the nanoparticle {surface or
the organic polymer coating) via an NHS ester functional group. For example, tyrosine
kinase inhibitor such as dasatinib (BMS) or chemotherapeutic agent {e.g., taxol}, can be
coupled via an ester bond to the nanoparticle. This ester bond can then be cleaved in an
acidic enviromment or enzymatically in vivo. This approach niay be used to deliver a
prodrug fo a subject where the drug is released from the particle i viva,

W have tested the prodrug approach by coupling small molecule inhibitor
dasatinib with the PEG molecules of the nanoparticle. Based on biodistiibution resulis
and the human drug dosing calculations, the nanoparticle has been found to have umque
biological properties, mclnding relatively rapid clearance from the blood compared to
tomors and subsequent tumor tissee accunuudation of the therapentic agent, which
suggests that a prodrog approach s feasible. The functionalized nanoparticle permits
drugs to be dosed multiple tumes, ensuring that the drug concentration m the tumor I3
greater than that specified by the IC-50 iy tumor tissue, vet will not be dose-limiting to
other organ tissues, such as the heart, hiver or kadaey. The therapeutic agent and
nanoparticle can be radiolabeled or optically labelled separately, allowing ndependent
momtoring of the therapeutic agent and the nanoparticle. In one erabodiroent,
radiofluorinated {i.e., "*F) dasatinib s coupled with PEG-3400 moieties attached to the
nanoparticle via NHS ester linkages. Radiofluorine is crucial for being able 1o
independently monitor fime-dependent changes in the distribation and release of the drug

from the radioiodinated (**4) fluorescent {Cv5) nanoparticle. In this way, we can
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separately mounitor the prodrug (dasatintd) and navoparticle. This permits optimization of
the prodrug design compared with methods in the prior art where no dual-labeling
approach is used. 1o another embodiment, radiotherapeutic iodine molecules (e, -131),
or other therapeatic ganmima or alpha emitters, are conjugated with PEG via a maleimide
functional group, where the therapeutic agent may not dissociate from the PEG in vivo.

A generalizable approach referred herein as “click chemistry” is described below.,
In order for the present nanoparticle to readily accommodate farge ranges of Hgands,
contrast agents or chelates, the surface of the nanoparticle may be modified to meorporate
a functional group. The nanoparticle may also be modified with organic polymers (e.g.,
PEGs) or chelates that can incorporate a functional group. n the meantime, the ligand,
contrast agent, or therapeutic agent is modified to mmcorporate a functional group that is
able 10 react with the functional group on the nanoparticle, or on the PEGs or chelating
agents attached to the nanoparticle under syitable conditions. Accordingly, any ligand,
contrast agent or therapeutic agent that has the reactive fumctional group 13 able to be
readily conjugated to the nanoparticle. This generalizable approach 13 referred herein as
“click chemistry™, which would allow for a great deal of versatility to explore
multimodality applications. In the chemical reactions of “chick chemistry™, two
molecular components may be joined via a selective, rapid, clean, bicorthogonal, andfor
biocompatible reaction. Kotb et al., (2001) Click Chemistry: Diverse Chemical Punction
from a Few Good Reactions. Angewandte Chenye Intenational Edition 40, 2004-2021.
Lim et al., (2010} Bivorthogonal chemisiry: recent progress and futwe directions,
Chemical Communications 40, 1589-1600. Sletten et al., (2009) Bioorthogonal
chemistry: fishing for selectivity i a sea of functionality. Angewandte Chemie
International Edition 48, 6973-6998.

Any suitable reaction mechanism may be adapted 1n the present invention for
“click chemistry™, so long as facile and controlled attachment of the ligand, contrast
agent or chelate to the sanoparticle can be achieved. 1o one ewbodiment, a free tople
bond 1s introduced onto PEG, which & already covalently conjugated with the shell of the
nanoparticle. In the meantime, an azide bond s inroduced omo the desired lgand (or
contrast agent, chelate). When the PEGylated nanoparticle and the ligand (or contrast

agent, chelate) are muxed in the presence of a copper catalyst, cveloaddition of azide to
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the triple bond will occur, resulting i the conjugation of the ligand with the nanoparticle.
One example of click chemistry 1§ the Cufl)-catalyzed {3+2] Hutsgen cvcloaddition
between an azide and alkyne. Moses et al, (2007) The prowing applications of click
chemistry. Chemical Society Reviews 36, 1249-1262. Glaser et al,, {2009} 'Click
fabelling' m PET radiochemistry. Journal of Labelled Compounds &
Radiopharmaceunticals 32, 407-414. Mindt et al., (2009) A "Click Chemistry” Approach
to the Efficient Svnthesis of Maluple Imaging Probes Derived from a Single Precursor.
Broconyugate Chemistry 20, 194019449, New et al., {2009) Growing apphcations of
"click chemistry” for bioconjugation in comemporary biomedical research. Cancer
Biotherapy and Radiopharmaceuticals 24, 289-301. Wang et al,, {2010} Application of
"Chek Chenustey” i Synthesis of Radiophanmaceuticals. Progress in Chenmstry 22,
1591-1602. Schuldiz et al, (2010} Synthesis of a DOTA-Biotin Conjugate for
Radionuclide Chelation via Cu-Free Click Chenustry. Organic Letters 12, 2398-2401
Martin et al, (2010} A DOTA-peptide conjugate by copper-free click chemisuy.
Bioorganie & Medicinal Chemistry Letters 20, 4805-4807. Lebedev of al., {2009)
Clickable bitunctional radiometal chelates for peptide labeling. Chemical
Communications 46, 1706-1708. Knor et al, (2007 Syothesis of novel 14,7, 10-
tetraazacvelodecane-1 4.7 10-tetraacetic actd (DOTA) derivatives for chemoselective
attachment to unprotected polyfunctionalized compounds. Chemistry-a European Journal
13, 6082-6090. In a second embodiment, a maletmide functional group and a thiol group
may be mtrodoeced onto the nanoparticle and the desired ligand {or contrast agent,
chelate}, with the nanoparticle having the maleimide functional greup, the gand (or
contrast agent, chelate having the thiol groap, or vice versa. The double bond of
maleimide readily reacts with the thiol group to form a stable carbon-sulfur bond. Ina
third embodiment, an activated ester functional group, e.g., a succimmmdyl ester group,
and an amine group may be intraduced onto the nanoparticle and the desired Hgand,
contrast agent of chelate. The activated ester group readily reacts with the anune group
to form a stable carbon-mitrogen ammde bond. In a fourth embodument, the click
chemistry involves the inverse electron demand Digls-Alder reaction between a tetrazing
maoiety and a strained alkene {(Figure 21¢). Devaraj et al.. (2009) Fast and Sensitive

Pretargeted Labeling of Cancer Cells through a Tetrazine/trans-Cyilooctens
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Cycloaddition. Angewsndte Chenme-International Edition 48, 70137016, Devaraj et al|
{2008} Tewazine-Based Cycloadditions: Application to Pretargeted Live Cell Imaging,
Bioconjugate Chemistry 19, 2297-2299. Blackman et al., (2008) Tetrazine higation: fast
bioconjugation based on inverse electron demand Diels-Alder reactivity. Jowmnal of the
American Chenveal Seciety 130, 1351813519, The ligation can be selective, fast,
biocompatible, and/or bioorthogonal. Unlike many Diels-Alder reactions, the coupling is
trreversible, forming a stable pyridazine products after the retro-Diels-Alder release of
duutrogen from the reaction mtermediate. A tetrazine movety and a stramed alkene may
be introdoced onto the nanoparticle and the desired ligand (or contrast agent, chelate),
with the nanoparticle having the tetrazine moiety, the ligand {or contrast agent, chelate)
having the strained alkene, or vice versa. A number of different tetrazine—strained
atkene pairs can be used for the reaction, including, e.g., the combination of 3-{4-
benzylamino)-1,2.4. 5-tetrazine (Tz) and either norbornene- or trans-cyvelooctene-
dervatives. Schoch et al., (2010) Post-Svathetic Modification of DNA by Inverse-
Elactron-Demand Diels-Alder Reaction. Journal of the American Chemical Soctety 132,
8846-8847. Devaraj et al., (2010) Bioorthogonal Turn-On Probes for Imaging Small
Molecules Inside Living Cells. Angewandte Chemie International Edition 49, Haun et
al., (2010} Bioorthogonal chemistry amplifies nanoparticle binding and enhances the
sensitivity of cell detection. Nature Nanotechnology 3, 660-665. Rossin et al, (2010} In
vive chemisty for pretargeted temor umagiag in live nuce. Angewandie Chemie
Imternational Editton 49, 33753378, Lietal, {2010) Tetrazine-trans-cyclooctene
hgation for the rapid constraction of 18-F labeled probes. Chermeal Commumications 46,
8043-8045, Retner et al, (2011) Synthesis and i vivo imaging of a 18F-labeled PARP1
inhibitor using a chemically orthogonal scavenger-assisted high-performance method.
Angewandte Chemve lnternational Edition 30, 1922-1923. For example, the surface of
the nanoparticles may be decorated with tetrazing modeties, which can subsequently be
conjugated to norbornene-modified ligand (or contrast agent, or chelate) (Figwes 21d and
21e). In one aspect, the nanoparticles are coated with tetrazine, which can then be
maodified with the DOTA chelates using the tetrazme-norbornene ligation, and

radiolabeled with Ca,
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Residence/clearence time in vive

After administration of the present nanoparticle to a subject, the blood residence
half-time of the nanoparticles may range from abont 2 howrs to about 25 bours, from
about 3 hours to about 20 hours, from about 3 hours to about 15 hours, from about 4
hours to abowt 10 hoars, or from about S hours to about 6 hows. Longer blood residence
half-ume means longer circulation, which allows more nanoparticles to accumulate at the
target site 7 vivo. Blood residence half-time may be evaluated as follows. The
nanoparticles are first admimistered to a subject {e.g., a mouse, a mimswine or a human}.
At various time points post adnumstration, blood samples are taken 1o measure
nanoparticle concentrations through suitable methods.

in one embodiment, after administration of the PEGylated (or control)
nanoparticle to a subject, bleod residence half-time of the nanoparticle may range from
about 2 hours to about 135 hours, or from about 4 hours 1o about 10 howrs. Tumer
residence half-time of the nanoparticle after adnyinistration of the nanoparticle to a
subject mav range from about 5 hours to about 2 davs, from about 10 hours to about 4
days, or from about 15 hours to about 3.5 days. The ratio of tumor residence half-time o
blood residence halftime of the nanoparticle after admimistration of the nanoparticle to a
subject may range from about 2 to about 30, from about 3 to about 20, or from about 4 to
about 13. Renal clearance of the nanoparticle affer administration of the nanoparticle to a
subject may range from about 10% ID (intial dose to gbout 100% 1D tn about 24 hours,
from about 30% 1D 0 aboet 80% 1D in abont 24 howrs, or from about 40% I3 o about
70% 1D 10 about 24 hours, T one embodiment, after the nanoparticle 1s administered to &
subject, blood residence half-time of the nanoparticle ranges from about 2 houwrs to about
25 hours, tumer residence half-time of the nanoparticle ranges from about 3 houss to
about 5 days, and renal clearance of the nanoparticle ranges from about 30% I to about
809 11 in about 24 hours,

After adnunistration of the present sanoparticle to a subject, the tumor residence
half-time of the present nanoparticles may range from abouat § hours to about § days,
from about 10 hows to gbout 4 davs, from abont 15 hours to about 3.5 days, from about
20 hours to about 3 days, from about 2.5 days to about 3.1 days, from about  day to 3

days, or about 73.5 hours.
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The ratio of the tumor residence hatfstime o the blood residence half-time of the
nanoparticle may range from about 2 to about 30, from about 3 1o about 20, from about 4
to about 15, from about 4 to about 10, from about 10 to about 15, or about 13.

In one embodiment, the present invention provides a fluorescent silica-based
panoparticle comprising a silica-based core compnsing a fluorescent compound
positioned within the sibica-based core; a silica shell surrounding at least a portion of the
core; an organic polymer attached to the nanoparticle; and a ligand attached to the
nanoparticle, wherem the nanoparticle has a diumeter between about | nm and about 13
nm. After administration of the PEGvlated {control) nanoparticle to a subject, blood
residence half-time of the nanoparticle may range from about 2 hours to about 25 howss,
or from about 2 hours to about 15 hours; tumor residence half-time of the nanoparticle
may range from about § hoars to about 2 days: and renal clearance of the nanoparticle
may range from abont 30% 1D to about 80% 1D m about 24 hours. The muniber of ligands
attached to the nanoparticle may range from about 1w about 30, or from about 1 1o about
10. The diameter of the nanoparticle may be between about 1 ntn and about 8 nm. A
contrast agent, such as a radionuclide, may be attached to the nanoparticle. Alternatively,
a chelate may be attached to the nanoparticle. The nanoparticle may be detected by PET,
SPECT, CT, MRI, opuical imaging, bicluminescence imaging, or combinations thercof. A
therapeutic agent may be attached to the nanoparticle. After administration of the
radiolabeled tarreted nanoparticle to a subject, blood residence half-time of the
nanoparticle may also range from about 3 hours to about 15 hows, or from about 4 hourg
to abont 10 hours, Tomor residence half-tune of the nanoparticle after admumistration of
the nanopariicle to a subject may also range from about 10 hours to about 4 days, or from
about 15 howrs to about 3.5 days. The ratio of tumor residence half-time to blood
residence half-time of the targeted nanoparticle after admunmistration of the nanoparticle 1o
a subject mav range from about 2 to about 30, from about 3 to about 20, or from about 4
to aboat 15, Renal clearance of the nanoparticle may also range from about 43% 1D
about 90% D 11 about 24 hours alter adminisiration of the nanoparticle to a subject.

{1 one embodiment, to estimate residence {or ¢learance) half-time values of the
radiolabeled nanoparticles {Tiz) in blood, mmor, and other major organsitissues, the

percentage of the injected dose per gram (Y%IDdA) values are measured by sacrificing
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aroups of mice at specified times following administration of the nanoparticles. Blood,
tumor, and organs are harvested, weighed, and counted in a scintitiation y-counter. The
%il¥p values are corvectad for radivactive decay to the time of mmjection. The resulting
time-activity concentration data for each tissue are it to a decreasing monoexponentia
function to estumate tissue/organ Tz vahues.

After administration of the present nanoparticle to a subject, the renal clearance of
the present nanoparticles may range from about 45% 1D {initial dose) to greater than 90%
113 m about 24 hours, from about 20% 1) to about 90% 113 i about 24 hours, from about
3% 1D to about 80% 1D in gbout 24 howrs, from about 40% 1D 1o abowt 70% 1D in about
24 hours, from about 40% ID to about 60% ID in about 24 hours, from about 40% D o
about 50% 1D in about 24 hours, about 43%ID in about 24 hours, from about 10% ID to
about 100% ID 1 about 24 hours, from about 4054 1D to about 100% 1D m about 24
hours, from about 80% 1D to about 100% 1D 1o about 24 hours, from about 90% ID (o
about 85% HY in about 24 howrs, from about 90% I 10 about 100% 1D i about 24 bows,
or from about 80% ID to about 953% 1D in about 24 howrs. Renal clearance may be
evaluated as follows. The nanoparticles are first adwinistered 10 a subject (e.g., a mouse,
A mpuswing of a human). At various time points post adminstration, srine samples are
taken to measure nanoparticle concentrations throngh switable methods.

{n one embodiment, renal clearance (e.g., the fraction of nanoparticles excreted
the urine over time) 15 assayed as follows. A subject s admanistered with the present
nanoparticles, and wrine samples collected vver a certain e period {e.g., 168 hours).
Particle concentrations at cach tinse point are determined using fluorometric analyses and
a sertal dilution cahbration carve generated from background-corrected fluorescence
signal measurements of urine samples mixed with known particle concentrations {%1D),
Concentration values, slong with estimates of average daily mouse urine volumes, are
used {0 compute cunnilative %IDig urine excreted. In another ambodiment, renal
clearance of radiolabeled nanoparticles Is assaved by measoring urine specimen activities
{counts per minute) over sumilar tume wiervals using, for example, y-counting, and after

nanoparticle administration o compute cumulative uring excretion.
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{n a third embodinment, to assess cumulative fecal excretion, feces are collected in
metabolic cages over similar time intervals afler administration of the nanoparticles and
specimen activities determined using a8 y-counter.

When the nanoparticles in the amount of about 100 times of the human dose
equivalent are administered to a subject, substantially no anemna, weight loss, agitation,
increased respiration, G1 disturbance, abnormal behavior, newrological dysfunction,
abnormalities in hematology, abnormalities in clinical chemistries, drug-related lesions in
organ pathology, mostality, or combmation theveof are ebserved m about 10 1o about 14
days.

When the present nanoparticle contains at least one attached ligand, the

multivalency enhancement of the nanoparticle (e.g., compared to the ligand alone) may

i

range from about 1.5 fold to about 10 fold, from about 2 fold 1o about 8 fold, from about

2 fold to about 6 fold, from about 2 fold to about 4 fold, or about 2 fuld.

The nanoparticles of the present nvention show anexpected & vitro and i vive
physicochemical and biolopical parameters in view of the prior art. For exaple, the
blood residence half-time estimated for the ligand-attached sanoparticles {e.g., about 5.3
firs for cRGD-attached nanoparticles) is substantially longer than that of the
corresponding ligand {e.g., about 13 muinutes for cRGE). Moutet et al. Multivalent
effects of RGD peptides obtained by nanoparticle display. ] Med Cher, 49, 6087-0093
{2006}, Extended blood residence half-iimes may enhance probe biogvailabiliny, facilitate
tuor targeting, and yvield higher tumor uptake over longer time periods. In one
embodiment, the tumor residence half-time for the targeted naneparticles (1.e., higand-
attached nanoparticles) is about 13 times greater than blood residence half~time, whereas
the tamor residence half-time for the non-targeted nanoparticles (1.e., corresponding
nanoparticles not attached with ligands) is only about 5 times greater than blood
residence halt-time. This difference suggests substantiatly greater tursor tissue
accumulation of the targeted nanoparticles compared with the aon-targeted nanoparticles,
In certain embodiments, given the nomber of Higands attached © the nanoparticle, the
present nanoparticles show wexpected high-affinity binding {e.g., Ke 0.531 oM and {Cso

1.2 aM for cRGD-attached sanoparticle), multivalency enhancement (e.g., more than 2
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fold enhancement for cRGD-attached naneparticles compared to cRGD peptide alone},

significant differential tamor upiake {e.g., ¢(RGD-~attached PEG-nanoparticles show abowt
3 to 4 fold increase in differential tumor uptake relative to the PEG-coated nanoparticles
over 72 hrs post-administration), and significant tumor contrast relative to normal muscle
{e.g., about 3 1o § fold over 72 hrs post-adnumstration) based on tumor-to-muscle uptake
ratios.

In one embodiment, three-fold activity-concentration increases were found for
hgand-attached nanoparticles m integrm~expressing tumors over controls {e.g., higand-
attached nanoparticles in now-integrin expressing tumors, or corresponding nanoparticles
not attached with ligands in inteprin-expressing tumors) af the time of maximum funor
uptake (about 4 hrs post-injection of the nanoparticles). In addition, tumor-to-muscle
uptake ratios for targeted nanoparticles {L.e., hgand-attached nanoparticles) reveal
enhanced tumor tissue contrast relative to normal muscle, compared with decreased
nanor tssue contrast relative to normal muscle for non-targeted nanoparticles (ie.,
corresponding nanopatticles not attached with higands), suggesting that the targeted
nanoparticles are tumor-selective,

In another embodiment, the targeted and non-targeted nanoparticles both show
efficient renal excretion over the same time period. Nearly half of the injected dose 1s
excreted over the first 24 hrs post-injection and about 72% by 96 hrs, suggesting that the
bulk of excretion occnred in the first day post-injection. By contrast, fecal excretion
profiles of the targeted nanoparticles indicate thay, on average, 7% and 13% of the
mjected dose is eliminated over 24 and 96 lus, respectively,

The physicochemical and biological parameters of the non-toxic nanoparticles,
along with its multimodal imaging capabilittes {e.g., PET and optical imaging). expand
the range of their potential biomedical applications. The applications include {a} long-
term monitoring: the extended blood cirenfation time and corvesponding bioavailability of
the nanoparticles highhight thew versatility for both early and long-term montoring of
various stages of disease management (such as diagnostic screening, pre-tréatinent
evaluation, therapeutic intervention, and post-treatment monitaring} without restrictions
imposed by toxicity considerations; (by improved tumor penetration: the clearance

properties of the targeted nanoparticles {e.g., therr renal clearance is slower that of the
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molecular probes i the pror art) will be usefal for vartous types of biological
applications. For example, the nanoparticles would be particularty usefol in cases of
poorly vascularized and relatively inaccessible solid tumors in which localization of
agents is typically slow after systemic administration; {¢) multimodal imaging
capabilities: these modalities can be combined at multiple scales {12, whole body to
celinlar levels) for acquiring complementary, depth-sensitive biological information. For
example, m SLN mapping, deep nodes can be mapped by PET in terms of their
distribution and number, while more precise and detadled locahization of superficial nodes
can be obtained by fluorescence maging; and (d) targeted therapeutics: longer clearance
of the targeted nanoparticles from tumor compared to that from blood may be exploited
for combined diagnostivitherapentic applications, in which the nancparticles can serve as

a radiotherapeutic or drug dehivery vehile.

Pharmaceutical compositions

The present invention farther provides a pharmacentical composition conmprising
the present nanoparticle. The pharmaceatical compositions of the invention may be
administered orally m the form of a suitable pharmaceuntical unit dosage form. The
pharmaceutical compositions of the invention mav be prepared 1 many forms that
include tablets, hard or soft gelatin capsules, aqueous solutions, suspensions, and
hiposomes and other slow-release formulations, such as shaped polymerie gels.

Suttable modes of administration for the present nanoparticle or composition
mnclude, but are not limited to, oral, intravenous, rectal, sublingual, mucosal, nasal,
ophthalmic, subcutaneons, intramuscular, transdermal, intradermal, subdermal,
peritumoral, spinal, intrathecal, intra-articular, intra-arterial, sub-arachnoid, bronchial,
and lymphatic administration, and other dosage forms for systemic delivery of active
ingredients. The present pharmacentical composition may be administered by any
method known o the art, including, without Brgtion, transdermal (passive via patch,
gel, cream, ointment or lontophoretic); intravenous (bolus, infusion); subcutaneous
{infusion, depot); rransmucosal (buccal and sublingual, ¢.g.. orodispersible tablets,
wafers, film, and effervescent formulations; conjunctival (evedrops); rectal (suppository,

enemaj); or intradenmal (bolus, infusion, depot). The composition may be delivered

L
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topically.

Oral liguid pharmacentical compositions may be in the form of, for example,
aqueons or oily suspensions, solutions, emulsions, syrups or elixirs, or may be presented
as a dry product for constitution with water or other suitable vehicle before use. Such
fiqud pharmacestical compositions may contamn conventional additives such a3
suspending agents, emulsifving agents, non-aqueous vehicles {which may include edible
otls), or preservatives.

‘The nanoparticle pharmaceutical compositions of the myention may also be
formulated for parenteral administration {e.g, by igection, for example, bolus injection
or continaous infusion) and may be presented in it dosage form in ampules, pre-filled
syringes, small volume mfusion containers or multi-dose containers with an added
preservative. The pharmaceutical compostiions may take such forms as suspensions,
solutions, or emuylsions in oily or aqueous vehicles, and may contain formulating agents
sach as suspending, stabilizing andfor dispersing agents. Alernatively, the
pharmaceuntical compositions of the invention may be n powder form, obtained by
aseptic isolation of sterile solid or by Ivophilization from solution, for constitution with a
suitable vehicle, e g, stenile, pyrogen-free water, before use.

For topical administration to the epidermis, the pharmaceutical compositions may
be formulated as ointments, creams of lotions, or as the active ingredient of a transdermatl
patch. Suitable transdermal delivery systems are disclosed, for example, in A, Fisher et
al. (LS. Par. No. 4,788,603, or R. Bawa et 2l {U.S. Par. Nos. 4.931.279; 4,668 506, and
4,713,224). Ointments and creams may, for example, be fornulated with an aqueous or
oify base with the addition of suitable thickening andfor gelling agents. Lotions may be
formulated with an aqueous or oily base and will in peneral also contain one or more
emulsifving agents, stabilizing agents, dispersing agents, suspending agents, thickening
agents, or coloring agents. The pharmaceutical compositions can also be delivered via
ronophoresis, e.g., as disclosed n ULS, Pat. Nos. 4,140,122, 4,383 529; or 4,051 842,

Pharmacenatical compuositions suitable for topical admimstration n the mouth
inchude nnit dosage forms such as lozenges comprising a pharmaceutical composition of
the mvention in a flavored base, usually sucrose and acadia or tragacanth; pastilles

comprising the phanmaceutical composition i an mert base such as gelatin and glycerin
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or suerose and acacia; mucoadherent gels, and mouthwashes comprising the
pharmaceutical composition in a suitable Liquid carrier,

For topical administration to the eve, the pharmaceutical compositions can be
administered as drops, gels (S, Chratetal, U.S. Pat. No. 4255, 415), pums (S. L. Lm et
al., LS. Pat. No. 4,136,177} or via a prolonged-release ocular insert {A. S. Michaels,

U.S. Pat. No. 3,867.319 and H. M. Haddad et al., U.S. Pat. No. 3,870,791 ).

When desired, the above-described pharmaceutical compositions can be adapted
to give sustamed release of a therapeutic compound emploved, e.g., by combmation with
certain hydrophilic polymer matrices, e g., comprising natural gels, synthetic polymer
gels or mixtures thereof,

Pharmaceutical compositions suitable for rectal admunistration wherein the carner
i3 a solid are most preferably presented as unit dose suppositories. Switable carriers
include cocoa butter and other materials commonly used m the art, and the suppositories
may be convermently formed by admixtare of the phammacentical composition with the
softened or melted carrier(s) followed by chilling and shaping in molds.

Pharmaceutical compositions suitable for vaginal administration may be presented
as pessaries, tampons, creams, gels, pastes, foams or sprays containing, in addition to the
nanoparticles and the therapeutic agent, such carriers are well known m the art.

For administration by mhalation, the pharmaceuntical compositions according to
the invention are conveniently delivered from an insufflator, nebulizer or a pressurized
pack or other converient means of delivering an aerosol spray. Pressurized packs may
cotnprise g suitable propelant such as dichiorodiflucromethane, trichlorofluoromethane,
dichlorotetrafluoroethane, carbon dioxide or other suitable gas. In the case of a
pressurized aerosol, the dosage umt may be deternuned by providing a valve to delivera
metered amount,

Alternatively, for administration by inhalation or insufflation, the phammaceutical
compositions of the wvention may take the form of a dry powder composition, for
example, a powder mix of the pharmaceutical composition and a suitable powder base
such as lactose or starch. The powder composition may be presented in unit dosage form
in, for example, capsules or cartridges o1, e.g., gelatin or blister packs from which the

powder may be administered with the aid of an inhalator or insufflator.
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For intra~pasal admumstration, the pharmaceutical composttions of the invention
may be admimistered via a liguid spray, such as via g plastic bottle atonuzer. Typical of
these are the Mistometer® (isoproterenol inhaler-Wintrop) and the Medibaler®
(isoproterenol mhaler--Riker).

Pharmaceutical compositions of the invention may also contain other adjnvants
such as flavorings, colorings, anti-microbial agents, or preservatives,

T wall be further appreciated that the amount of the pharmaceutical compositions
reuired for use 1 reatment will vary not only with the therapeutic agent selected but
also with the route of administration, the natgre of the condition being treated and the age
and condition of the patient and will be ultimately at the discretion of the attendant
physician or clinician. For evaluations of these factors, see . ¥ Brien et al., Europ. 1.
Chin, Pharmacol., 14, 133 (1978); and Physicians’ Desk Reference, Charles E. Baker, Ir,
Pab., Medical Economics Co.. Oradell, NI (disted.. 1987). Generally, the dosages of
the therapeutic agent when used in combination with the fluorescent nanoparticles of the
present jnvention can be lower than when the therapeutic agentis administered alone or
in conventional pharmaceutical dosage forms. The high specificity of the fluorescemt
nanoparticle for a target site, such as a receptor suuated on a cell's surface, can provide a
relatively highly localized concentration of a therapeutic agent, or alternatively, a
sustained release of a therapeutic agent over an extended time period.

The present nanoparticles or compositions can be aduinistered to a subject. The
subject can be a mammal, preferably a human, Mammals melude, but are not kmited to,
mwines, rats, rabbits, simnans, bovines, ovine, swine, camnes, felime, farm ammals, sport

animals, pets, equine, and primates.

Uses of nanoparticles

The present invention further provides a method for detecting a component of a
cell comprising the steps of (a) contacting the cell with 2 fluorescent silica-based
nanoparticle comprising & sihica-based core comprising a fluorescent compound
positioned within the silica-based corg; a silica shell surroundmg at least a portion of the
core; an organic polymer attached to the nanoparticle; from about 1 to about 25 Higands

{from about 1 to about 20 ligands, or from about 1 to about 10 Hgands, or other ranges;
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see discussions herewithin) attached to the nanoparticle; and a contrast agent or a chelate
attached to the nanoparticle; and (b) monitorng the binding of the nanoparticle to the cell
or & celtular component (and/or its potential intracellular uptake) by at least one imaging
techaigue. The imaging techaique may be PET, SPECT, CT, MR, optical
bioluminescence or fluorescence imaging, and combmations thereof.

The location of the cellular component can be detected and determined mside a
metabolically active whole celf, in a whole cell fysate, in a permeabilized cell, in a fixed
cell, or with a partially puntied cell componeot m a cell-free environment. The amount
and the duration of the contacting can depend, for example, on the diagnostic or
therapeutic objectives of the treatment method, such as fluorescent or antibody-mediated
detection of upregulated signaling pathway mtermediates (1o, Akt, NF«B), disease
states or conditions, the delivery of a therapeutic agend, or both. The amount and the
duration of the contacting can also depend on the relative concentration of the fluorescent
nanoparticle to the target analyte, particle incubation tune, and the state of the ¢ell for
treatment.

The present invention further provides a method for targeting a tumor cell
comprising adrunistering o a cancer patient an effective amount of a flucrescent silica-
based nanoparticle comprising a silica-based core comprising a floorescent compound
posttioned within the silica-based core; a silica shell surrounding at least a portion of the
core; an organic polymer attached to the nanoparticle; a higand attached to the
nanoparticle and capable of binding & newor marker; and at least one therapeutic agent,

The sanoparticle may be radiclabeled. The naneparticle may be radiclabelled
using any suitable techniques. The radiolabelling may be automated. In one embodument,
the nanoparticle is radiofabelled using the FASTlab radiochenistry synthesis platform
{GE Healthcare). The synthesis parameters may be fine-tuned to achieve high
reproducibility, radiochemical vield/purity, labeling efficiency, and relatively short
synthesis times. New particle tracers may be accommodated on the same FASTab
module.

The nanoparticle may be administered 1o the patient by, but not restricted to, the
following routes: oral, intravenous, nasal, subeataneous, local, mtramuscular or

transdermal.

L
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in certamn embodiments, it may be desirable to use a mixture of fwo or more types
of fluorescent nanoparticles having different properties to evaluate different tissue types.

The methods and compositions of the mvention can be used to help a physician or
surgeon to identify and characterize areas of disease, such as cancers and
wflammatoryinfectious processes, mcluding, but not restricled to, cancers of the skin
{melanoma), head & neck, prostate, brain, and bowels, fo distinguish diseased and normal
tissue, such as detecting tumor margins that are difficult to detect using an ordinary
operating mucroscope, e.¢ . iy bram surgery, to help dictate a therapeutic or surgical
intervention, e.g., by determining whether a lesion is cancerous and should be removed or
non-cancerous and left alone, or in surgically staging a disease, e.9., intraoperative lymph
node staging, sentinel lymaph node (SLN) mapping, .., nerve-sparing procedures for
preserving vital neural structores (intraparotid nerves).

The methods and compositiens of the mvention may be used m metastatic disease
detection, treatment response monttoring, SEN mapping/targeting, nerve spating
procedures, residual discase detection, targeted delivery of therapeutics (combined
diggnostic/therapentic platform), local delivery of non-targeted, drog-bearing
nanoparticles {catheter delivery), blood-brain barrier therapeutics, treatment of
mflammatory/ischemic diseases (i.e., brain, heart, urinary tract, bladder), combined
treatmient and sensing of disease (e.z.. Ratiometric pH sensing. oxygen sensing), efc.

The methods and compositions of the invention can also be used in the detection,
characterization andfor determination of the localization of a disease, especially early
disease, the severity of a disease or a disease-associated condition, the staging ot'a
disease, andfor monitoring a disease. The presence, absence, or level of an ennitled signal
can be indicative of a disease state. The methods and compositions of the invention can
also be used to monitor andfor guide various therapeatic interventions, such as surgical
and catheter-based procedures, and monitoring drug therapy, including cell based
therapies. The methods of the invention can also be used in prognosis of a disease or
disease condition. Cellular subpopulations residing within or marginating the disease site,
such as steny-like cells (cancer stem cells™) and/or inflammatory/phagocytic cells may
be identified and characterized using the methods and compositions of the invention.

With respect 1o each of the foregomng, examples of such disease or disease conditions that
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can be detected or monitored (before, during or afler therapy) include cancer (for
example, melanoma, thyroid, colorectal, ovanan, long, breast, prostate, cervical, skin,
bram, gastrointestinal, mouth, kidoey, esophageal, bone cancer), that can be used o
identify subjects that have an increased susceptibility for developing cancer and/or
malignancies, 1.e., they are predisposed to develop cancer and/or malignancies,
inflammation (for example, inflammatory conditions induced by the presence of
cancerous lestons), cardiovascular disease (for example, atherosclerosis and
mnflanmatory conditions of blood vessels, 1schenua, stroke, thrombosis), dermiatologic
disease (for example, Kapost's Sarcoma, psoriasis), ophthalmic disease (for example,
macular degeneration, diabetic retinopathy), infections disease {for example, bacterial,
viral, fungal and parasitic infections, including Acquired Immunodeficiency Syndrome),
imnumalogic disease (for example, an astoimmune disorder, lymphoma, multple
sclerosis, rhewmatoid arthritis, diabetes mellitus), central nervous systemn disease (for
example, a neurodegenerative disease, such as Parkinson's disease or Alzheimer's
disease}, nherited discases, metabolic diseases, envivonmental diseases (for example,
lead, mercary and radioactive poisoming, skin cancer), bone-related disease {for example,
osteoporosis, primary and metastatic bone tumors, osteoarthritis) and a neurodegenerative
digease.

The methods and compositions of the invention, therefore, can be used, for
example, to determine the presence andfor localization of tumor andior co-resident stem-
like cells (Mcancer stem cells™), the presence andior localization of inflanumatory cells,
mnchyding the presence of activated macrophages, for instance in peritumoral regions, the
presence and in localization of vascular disease weluding aveas at risk for acute occlusion
{i.e., vilnerable plaques} in coronary and peripheral arteries, regions of expanding
aneurysims, unstable plagque in carotid arteries, and ischemic areas. The methods and
compositions of the invention can also be used in identification and evaluation of cell

death, wjury, apoptosts, necrosis, hypoxia and angiogenests. PCT/US2006/049222,
The following examples are presented for the purposes of ilustration only and are

not limiting the invention,
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Examplel  Preparation and characterization of PEG-coated nanoparticles
Nanoparticles contaiing an NIR-emitting dye (Cy-5) were synthesized and
functionalized by PEGylation according to well-established protocols as disclosed in
PCTAUS2008/074894 and Stober et al. Controlled growth of monodispersed silica
spheres in the uaeron size range. Colloid Intecface Sei, 1968, 26:62-69. Ohnishi etal. ],

Mol

imaging 2005, 4:172-181, Cy5 malemide was reacted with a co-reactive organo

silane compound, (3-Mercaptopropyhitromethoxysilane to form a fluorescent silica
precursor. {his fluorescent silica precursor was co-condensed with tetraethylorthosilicate
to form a fluorescent silica based core. A PEG-silane compound, with methoxy-
terminated polv(ethylene glyeol) chains (PEG, ~0.5 kDa) Methoxy{Polvethy leneoxy}
Propyl] ~Trimethoxysilane, was added to the fluorescent silica based core to form a PEG
coating on the core. PEG-coated nanoparticles were dialyzed to physiclogical saline
{0.15M NaCl in H20} through 3500 MWCO Snakeskin Dialysis Membranes and sterile-
filteved. Al samples were optical density-matched at their peak absorption wavelength
{640 am) prior to injection. Hydrodynamic size measurements were achieved by
Dvnamic Light Scattering (DLS) and Fluorescence Correlation Spectroscopy (FCS).
Briefly, particles dialyzed to waler were measured on a Brookhaven Instnmments
Company 200SM static/DLS system using a HeNe faser (A = 632.8 am)}. Due to overlap
of the dye absorption with the excitation source, 1S-min mtegration times were used to
aclieve acceptable signal-to-noise ratios. For FOS, particles were dialyzed to water,
diluted into 0.15M NaCl, and measured on a Zeiss LEM 310 Confocor 2 FCS (HeNe 633
mm excitation). The instrument was calibrated for size prior to all measurements.
Comparison of the relative brightness of PEGvlated nanoparticles with fiee dye was

determined from FCS curves, measured as count rate per molecule/particle.

Example2  Renal clearance of PEG coated nanoparticles

Fluorescent core-shell silica nanoparticles, baving a bydrodynamic radiug of abowt
3 po, were synthesized, These nanoparticles were found to be v the & 10 nm diameter
range, as shown by dynamic Hght scattering (DLS) results (Figuare Ta). In vivo whole-
body NIR fluorescence imaging of bare (no PEG coat) silica nanoparticles, on the order

of O-pm and 3.3-mm, 11 nude mice showed considerable renal clearance 45 min post-

60
RECTIFIED SHEET (RULE 91)



Ay

10

[,
Xy

2
s

CA 02900363 2015-08-05

WO 2014/145606 PCT/US2014/030401

iection with a sigmificant accumulation remaiing m the Hiver (Figure 1b). Eventual
exeretion into the enterohepatic circnlation occurred during the ensuing 24 h. On the
basis of these results, particles were covalently coated with methoxy-terminated
pobylethylene glyeol) chains (PEG, ~0.5 kDa), per protocols in PCT/AIS2008/07489%4, 1o
prevent opsonization and further enbance particle clearance while maimtaimng a small
hydrodvnamic size. This treatment decreased liver retention and resulted in increased
renal filtration into the bladder at 45 min post-injection by NIR fluorescence imaging
{Figure lc), with bladder fluorescence visible out to 24 h. The probes weve well folerated,
with no adverse effects or animal deaths observed over the course of the study, Serial co-
registered PET-CT imaging 24-hr after injection of **I-labeled PEG coated nanoparticles
{Figure 1d, upper row) demonstrated a small amount of residual bladder activity, as well
as activity overlying the hver/gastrointestinal tract (center), flanked by independently
acquired microCT and microPET scans, Serial microPET images confirmed findings on
NIR fluorescence imaging. The half-time of blood residence of the *I-labeled
PEGviated nanoparticles based on time-dependent changes in bload activity over a 96-
hour period was found to be 7.3 hours, For the **-labeled, RGD-bound nanoparticles,
the half-time of blood residence was found to be 3.6 howrs.

Based on these in vive data, a more detatled biodistiibution and clearance study of
coated nanoparticles was undertaken on two sets of PEGylated Cy3S-containing particles
tor assess the effects of probe size on bodistnbution. Nanoparticles with hvdrodynamic
diameters of 3.3 + .06 and 6.0 + 0.1 nmy, s measared by fluorescence correlation
spectroscapy (FOS), were generated (Figure 2a). Prior to in vivo stadies, particle
photophysical properties were ipvestigated to establish their performance levels versus
free dye. Despite the extremely small particle size, sihca-encapsulated dve molecules
exhibited photophysical enhancements over free dye that scaled with particle size,
including sigaificant increases in brightness, as detenmined by absorption and enission
spectroscopy (Figure 2b) and FCS (Figwre 2¢). Compared to the free dye, the 3.3 and 0.0
nm diameter nanoparticles exhibited 2- and 3-fold increases m photobleaching half-hife,
respectively, when irradiated with a high power 35 nm laser {Figure 2d). Thus, these
nanoparticle probes were found to be both brighter and more photostable than their free

dye connterparts.
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In addition to semiquantitative evaluation of in vivo nanoparticle behavior from
whole-body imaging, ex-vivo analysis of tissue homogenates and fluids was performed
using a fluorescence plate reader, which allowed calibrated guantitation of variations
observed in NIR fluorescence imaging. Samples were grouped as “retained” (Iiver,
kidney, hang, spleen homogenates, and blood) and “excreted” (urme} sources of particle
fluorescence, were background-corrected and were converted to percent of the mnitial
dose (% 1D) per animal based on calibration curves. Tissve analysis showed minimal
particle retention m major organs, with most of the fluorescence attributed to circulating
blood (Figure 3a). Net pasticle retention, calculated as the sum of the “retained”
components, was fit with an exponential decay curve 1o determine the kinetics of
excretion {Figure 3b). Larger particles exhibited & longer tissue half-life (na{3.3 nm)
=190 wun, A2(6.0 nm} =350 mun) and greater mitial organ vetestion. After 48 h, the 6-nm
particle exhibited minimal retention in the body (Ruew(6.0 nm) =2.430.6% 1D}, Unine
sarples collected at the time of sacrifice, in conjunction with serial dilition calibration
data, was used to estimate the total renal clearance hased on a couservative estimate of
the average urine volume excreted per uait time. By this method, the %1D excreted over

time for both particle sizes (Figure 3¢) was estimated.

Example3  Fluorescent silica nanoparticles conjugated with on s integrin-
targeting peptide (melanoma model}

To synthesize a nultimodal (optical-PETY mamoparticle with high affinity for
tumor marker o Py integrin, ovelic RGD pemsapeptide {(RGDYC) was conjugated to the
nanoparticle vig a Cys-maleimide Bnkage. The tyrosing linker, Y, was used w
subsequently attach a radiolabel, Male athymic nude nmice were igected subeutaneously
into their flanks with €6 rat ghoma cells. AL ~3.5 cm in drameter, mice were IV-nygected
with either bare silica nanoparticles (Fig 4A)Y or PEG-vlated RGD nanoparticles (Fig 4B,
~500nnvke). Figure 4 shows the in vive biodisiribution in non-tumor-bearing and wmot-
hearing mice nsing whole body optical imaging.

i vitra binding of targeted (RGI-bound) and non-targeted (PEG-coated)
panoparticles to oPs-integrin-positive buman melanoma cell lines (M21) was

mvestigated as part of a dose response study nang How cviometry {(Figures SA, 3B).
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¢ SAY and concentration

a4 E

Particle binding/uptake was evaluated as a function of time {Fi

(Fig, 3B).

Exampled  Fluorescent silica nanoparticles conjugated with o integrin-
targeting peptide and nodal mapping (melanoma model)

We atilized a biocompatible matertal, sthica, which has an architecture that could
be precisely tuned to particle stzes optinuzed for renal clearance. We aitached small
targeting peptides and a radioactive label 1o the particle surface for serial PET tmaging
measurements in a well-characterized i vivo human melanoma model, and mapped
draining fymph nodes and lvmphatic channels using an encapsulated near infrared (NIR)
dye and multi-scale optical fluorescence imaging methods. Ballon et al., Sentine! lymph

node imaging using quantian dots i mouse tumor models. Bioconjugate Chem. 18, 389-

356 (2007). Kim etal, Near-infrared fluorescent rype I quantum dots for sentined bymph

node mapping. Nat, Biotechnol, 22, 93-97 (2003). Tanaka et al, Image-guided oncologic
surgery using visible hght: completed pre~chnical development for sentine! lymph node
mapping. J Surg Oncol. 13, 1671-1081 (2006). Toxicity testing was also performed and

A
i
L

human nonmal-organ radiation doses derived. Specifically, we synthesized abont 7 nm
diameter, near-infraved (NIR} dve-encapsulating core-shell silica nanoparticles, coated
with PEG chams and surface-functionalized with a small number (about 6-7) of targeting
peptides and radiolabels.

We demonstrate that these probes simuligneously are non-toxie, exhibit high-
affimiy/avidity binding, efficient excretion, and significant differential uptake and
contrast between tumor and normal tissues using multimodal moleculsr imaging
approaches. The sensitive detection, localization, and interrogation of lymph nodes and
lymphatic chamnels, enabled by the NIR dye fluorescence, lnghlights the distinct potential
advantage of this multimodal platform for detecting and staging metastatic disease i the

chinical setting, while extending the lower range of nodal sizes that can be detected.

MATERIALS AND METHODS
Synthesis of cRGDY-PEG-naneparticles and PEG-nanoparticles
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Particles were prepared by a modified Mober-type silica condensation as
described previously. Wiesner et al., PEG-coated Core-shell Silica Nanoparticles and
Mathods of Manufactive and Use, PCT/US2008/74894. Larson, et al | Silica nanoparticle
architecture determines radiative properties of encapsulated chromophores. Chem. Mater.
20, 2677-2684 (2008). Bogush, et al., Preparation of Monodisperse Sthea Particles:

Control of Size and Mass Fraction. ] Non-Crvst. Sohids, 104, 95-106 (1988). Sadasivan,

et al., Alcoholic Solvent Effect on Silica Synthesis— NMR and DLS Investigation. .

Sol-Gel Scr.Technol, 12, 514 (1998}, Herz, et al., Large Stokes-Shift Fluorescent Sihica

Nanoparticles with Enhanced Enugsion over Free Dye for Single Excitation

Multiplexing. Macromo! Rapid Comuoun, 30, 1907-1910 (20609). Tyrosine residues were

conjugated to PEG chains for attachment of radioiodine or stable iodine moiettes,

Hermanson, Bioconjngate Techniques, (Academic Press, London, ed. 2, 2008). All

samples were optical density-matched at their peak absorption wavelength (640 nmj} prior
to radiolabeling, ¢RGD peptides were attached to functionalized PEG chains via a
cysteine-maletmide linkage, and the number of CRGD peptides bound to the particle was
estimiated using FCS-based measurements of absolute particle concentrations and the

starting concentration of the reagents for cRGD peptide.

Hydrodynamic size and relative brightness comparison measurcments by
fluorescence correlation speetroscepy (FCS)

Partictes dialyzed 1o water were dilpted into physiological saline (015 M NaCl in
H:0) and measured on a Zetss LSM 510 Contfocor 2 FCS using HeNe 633-nm excitation,
The mstrument was calibrated for size prior to all measurements. Diffasion time
differences were used to evaluate variations in the hydrodynamic sizes of the dye and
particle species, Relative brightness comparisons of the free dve and the PEG- and the

RGDY-PEG nanoparticles were perfonmed using count rates per molecule/particle.

Radiolabeling of C dot conjugates
Radiolabeling of the ¢RGDY-PEG and PEG-nanoparticles was performed using
the IODOGEN method {Pierce, Rockford, 11). Piatyszek, et al, lodo-gen mediated

radioiodination of nuclerc acids. J_Anal, Biochem, 172, 356-359 (1988). Activites were
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measured by gamma (y}-counting and Huorescence measured vsing a Varian fluorometer

{excitation 630 pmy/emission 680),

Cells and cell cultare

Human melanoma M21 and M2 variant (M21-L, oy negative) cell lines were
maintaied in RPMI 1640 media/10% fetal BSA, 2 M L-glutamine penicitling and
streptomyemn (Core Media Preparation Facitity, Memorial Sloan Kettering Cancer Center,
New York). Human umbilical venous cord endothelial cells (HUVECs) were cultured in
M199 media/10% fetal bovine serum, 20 pgimi endothelial cell growth factor, 30 pgiml

hepann, pemcilin and streptomycin.

In vitro eell-binding and molecular specificity of 1-¢RGD-PEG-nanoparticles

To assay particle binding and specificity for M21 cells, 24-well plates were
coated with 10 pgmd collagen tvpe T{BD Biosciences, Bedford, MA) in phosphate
butfered saline (PBSY and incobaied (37°C, 30 min). M21 cells (3.0-4.0 2105
cellsiwell) were grown to confluency and washed with RPMI 1640 media/0.5% hovine
serum albamin (BSA). HcRGD-PEG-nancparticles {0 — 4.0 ng/mi) were added to wells
and celts meubated {25°C, 4 hours), washed with RPMI 1640 media®) 5% BSA, and
dissolved 1 0.2 M NaOH. Radioactivity was assaved using a 1480 Automatic Gamma
Counter (Perkin Elmer) calibrated for jodine-124. Nounspecific binding was determined in
the presence of a 1000-fold excess of ¢RGD (Peptides International, Louisville, KY).
Scatchard plots of the binding data were generated and analyred using linear regression
analyses {(Microsoft Excel 2007) to derive receptor-binding parameters (Kd, Bmax,

IC50).

In vitro cell-hinding studies using optical detection metheds

Maxsmun differential binding of cRGDY -PEG-nanoparticles and PEG-
nanoparticles to M21 cells was determined for 2 range of incubation thnes and particle
concentrations using How cytometry, with optimum valoes ased m competitive bindig
and specificity studies. Cells (3.0 x 107 cellswell) were washed with RFMI 1640

media0.5% BSA, detached using 0.253% rypsi/EDTA, and pelleted i a microcentyifuge
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tube (3 min at 1400 rpm, 25°C). Pellets were resuspended in BD FACSFlow solution (BD
Biosciences, San Jose, CA) and analyzed m the Cy5 channel 10 determine the percentage
of particle-bound probe (FACSCalibur, Becton Dickiason, Mountain View, CA).
Competitive binding studies were additionally performed following incubation of
cRGDY-PEG-nanoparticles (2.5 ng/ml) with M21, M2, and HUVEC cells in the
presence of excess ¢RGD andior mouse monoclonal anti-homan integrin oB2
fluorescein-comugated antibody {(Millipore, Temecula, CA) and analyzed by flow
cytometry, To assess potency of the RGDY-PEG nanoparticles relative to the ¢cRGD
peptide, anti-adhesion assays were performed. Ninety-six-well microtiter plates were
coated with vitronectim in PBS (Spgfml}, followed by 200 pd of RPMI/0.5% BSA {1h,
37°C). Cells {3x10% 100t well) were incubated 1n quadruplicate (30 min, 25°C) with
various concentrations of CRGDY -PEG-nanoparticles or ¢cRGD peptide m RPMED. 1%
BIA, and added to vitvonectin-coated plates (30 mun, 37°C). Wells were gently tinsed
with RPMIAL 1% BSA to remove non-adhersat cells; adherent cells were fixed with 4%
PFA {20min, 25°C) and stamed with methylene blue (1h, 37°C) for determumation of
optical densities, measured using a Tecan Safire plate reader (Aex = 650 nm, dem = 680
nm, {2 s bandwidth ). The multivalent enhancement factor was computed as the ratio of
the cRGD peptide to cRGDY -PEG-dot IC50 values. Montet, et al,, Multivalent effacts of
RGD peptides obtained by nanoparticle display. I Med Chen. 49, 6087-6093 (2006).

Amimal Models and Tumor Innoculation

Al aniral experments were done in accordance with protocols approved by the
Institusional Animal Care and Use Commitiee of Memorial Slosa-Kettering Cancer
Center and followed National Institutes of Health guidelines for animal welfare. Male
athymic nwnu mice (6-8 weeks old, Taconic Farms lne, Hudson, NY) were provided
with water containing potasstum sodide sofution to block uptake by the thyroid gland of
any free radiotodine #n vive, and maintained on @ Harlan Teklad Global Dier 2016, ad
Libitum, as detailed elsewhere 10, To generate M21 or M21L xenografis, equal volumes of
cells (~3x10%100 wl} and matrigel were co~injected subcutaneously into the hindley in
different mice. Tumor sizes were regularly measured with calipers, vielding average

tumor volumes of 200 mmy’,
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In vive pharmacokinetic and residence half-time (T12) measurements

Time-dependent activity concentrations {%alD/g), corrected for radioactive decay
to the time of injection, were measured by sacrificing groups of mice at specified times
following i v. mjection of *-cRGDY-PEG-nanoparticles or **-PEG-nanoparticles
(~20uCi‘mouse) and harvesting, weighing, and counting blood, tumor, and organs ina
scintillation v-counter calibrated for 1. The resulting ime-activity concentration data
for each tissue were fit to a decreasing monoexponential function to determine the values
of Tiz and A, the bissue/organ residence half time and zero-time mtercept, respectively,
of the function.

The fraction of particles excreted in the wmne over time was estimated using
previously describad methods. Burns, et al., Fluorescent Silica Nanoparticles with
Efficient Urtnary Excretion for Nanomedicine, Nano Letters 9, 442-8 (2009). Briefly,
mice were injected L.v. with either 200 pl unlabeled eRGDY-PEG-nanoparticles or PEG-
pagoparticles, and wiine samples collected over & 168-hy period (=3 mice per time
point}. Particle concentrations at each time point were determmned nsing fluorometric
analyses and a serial dilution calibration curve generated from background-corrected
fluorescence signal measurements of uane samples mixed with known particle
concentrations (%aiD)). Concentration values, along with estimates of average datly mouse
urine volumes, were then used to compute the cumalative %ID/g urine excreted over
e, To assess cumulative fecal excretion, metabolic cages were used to collect feces
over a similar time interval after Lv. injection of 200 gl " -cRGDY -PEG-nanoparticles

{4 mice per time point). Specimen activities were measurad using 8 y-oounter
calibrated for "1
Dosimetry

Time-activity functions dertved for each tissue svere analytically integrated (with
mchssion of the effect of radioactive decay) to yield the corresponding cumdative
activity {1.e. the total number of radioactive decays). "I mouse organ absorbed doses
were then calculated by multiplying the cumalative activity by the ™1 equilibriom dose

constant for non-penetrating radiations {posifrons}, assurmng complete local absorption
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of such radiations and ignoring the conwibution of penetrating radiations {i.e., y-rays).

Eckerman, et al., Radionuclide Data and Decav Schemes, 2od ed. Reston, VA Society of

Nuclear Medicing; 1989, The wouse normal-organ canwlated activities were converted
to human normal-organ cumulated activities by adjustment for the differences m total-
body and organ masses between mice and humans (70-kg Standard Man). Cristy, et al,
Specific absorbed fractions of energy at various ages from internal photon sources (I-

Vi, Qak Ridee National Laboratory Report ORNE/TM-8381V -7, Springhield, VA:

Natiomal Technical Information Service, Dept of Commerce; 1987, The human normal-
organ cuymulated activities calculated were entered into the OLINDA dosimetry computer
program to calculate, using the formahism of the Medical Internal Dosimetry {MIRD)
Comunittee of the Society of Nuclear Medicine, the Standard-Man organ absorbed doses.

Loevinger, et al,, MIRD Primer for Absorbed Dose Caleulations (Society of Nuclear

Medicing, New York, 1991}, Stabin, et al., OLINDA/EXM: the second-generation
personal computer software for internal dose assessment in nuclear medicme. J Nugl
Med. 46, 10231027 {2005).

Acute toxicity studies and histopathology

Acute toxicity testing was performed in six greups of male and female BOD2F]
mice {7 wks old, Jackson Laboratories, Bar Harbor, ME). The treatment group {(n=0
males, n=6 females) received unlabeled targeted probe ('} -RGDY-PEG-nanoparticles)
and the control gronp (n=6 males, n=6 fomales) anlebeled iodinated PEG-nanoparticles
{vehicle, "1 -RGDY-PEG-nanoparticles) in a single Lv. fjection (200 ul}. Untreated
controls (=2 males, n=2 females} were additionally tested. Mice were observed daily
over T4 days p.i. for siges of morbidity/mortality and weight changes, and gross
necropsy. histopathology, and blood sampling for hematology and serum chemistry

evaluation was performed at 7- and 14-days p.1 (Fig. 10 and Table 3},

Serial PET tmaging of tumor-specific targeting
Imaging was performed using a dedicated small-animal PET scanner (Focus 120
microPET; Concorde Microsystems, Nashville, TN}, Mice bearing M21 or M21L bindleg

tumors were maintained ander 2% isoflurane anesthesia 1 oxygen at 2 Lémin during the
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entire scanning penod. One-howr Hst-mode acquisittons were mitiated at the time of Lv.
injection of 200 aCi of *Y-cRGDY -PEG-nanoparticles or 1-PEG-nanoparticles in all
mice, followed by serial 30 min static images over a 96-hour interval, Image data were
corrected for non-uniformity of the scanner response, dead time count losses, random
coants, and physical decay to the time of injection. Voxel count rates in the reconstrocied
images were converied to activity concentrations (olDig) by use of a measored system
calibwation factor. Three-dimensional region-of-mterest {ROT) analysis of the
reconstructed images was performed by use of ASIPro software (Concorde
Microsvstems, Nashville, TN} to determine the mean. maximum, and SD of probe uptake
in the tumors. Tumor-to~ muscle activity concentration rabios were derived by dividing

the image-denived tumor %11y values by the y-counter muscle %Iy values.

Nodal mapping using combined NIR fluorescence imaging and microscopy

Nude mice beating hindleg tumors were imjected by 4-quadrant, peritumoral
admiuistration using equal volumes of a 50-ul cRGDY-PEG-dot sample and alfowed to
perambulate freely. Following a 30 min to 1-hy interval, mice were anesthetized with a
2% isotluonne/ 9% oxygen muxture. and a superficial paramidhne incision was made
vertically along the ventral agpect of the mouse to surgically expose the region from the
hndhimb to the axilla spstlateral to the numor. fr sitn optical imaging of locoregional
nodes (1e., ingwinal, axillary) and draining lymphatics (including axillary region) was
performed using a macroscopic fluorescence microscope fitted with 630420 nm NIR
excitation and 710-no1 long-pass emission filters. Whole-body optical images
{Cambridge Research Instruments Maestro imager} were addivionally acquued and
spectratly deconvolved as reported previously. Burns, ef al., Fluorescent Silica
Nanoparticles with Efficient Urinary Excretion for Nanomedicing, Nano Letters 9, 442-8

(2000).

Statistical Analysis
Statistical analyses comparing groups of tumor nuee receiving targeted/non-
targeted probes or bearing M2EM21L tumors, were performed using a one-tail Mann-

Whitney U test, with P<0.08 considered statistically significant. For biodistribution
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stugties, the tssug-specific mean %lDg values of “LeRGDY-PEG- (w7 mice) and -
PEG-nanoparticles (control, =5 mice) were compared at each time pomt, with
statistically significant differences in tracer activities observed in blood, tumort, and major
organs at 4 and 96 hrs p.i., as well as at 24 hrs p.i. for tumor and other tissues {Table 1),
For tumor targeting studies, differences in mean %ID/g values between M21 (n=7) and
MI1L tumor nuice (n=5), as well as mice receiving conwrol probes {n=3), were found to
be maximal at 4 brs p.i. (p=0.0015 for both controls}, remaining significantly elevated at
24 hrs {p=0.0015 and p=0.004, respectively), 48 brs (p=0.001 and p=0.003, respectively),
72 hes (p=0.015 and 0.005, respectively), and 96 hrs (p=0.005 for M21-M21L). Temor-
to-nuscle ratios for '71-cRGDY-PEG-nanoparticles (n=7) versus “1-PEG-nanoparticles
{n=3} were found to be statistically significant a1 24 hrs pa. (p=0.001) and 72 s pi,
{p=0.006), but not at 4 hus p.i. (p=.33). Goodness of fit values (R2), along with their
associated p values, were deternuned for the urine calibration curve (R2=0.973, p=0.01),
as well as for the wrine (R2 > 0.95, p=0.047) and fecal (R2> 0995, p<0.002) cunuslative

%elD) excretion curves using non-linear regression analyses {SigmaPlot, Systat, v. 11.0).

RESULTS
Nangparticle Design and Characterization

Cy5 dye encapsulating core~shell silica pagsoparticles (emission maxima 650
mm), coated with methoxy-terminated polyethylene glycol {PEG) chamns (PEG ~0.5 kDa),
were prepared according to previously published protocols. Bums, et al., Fluorescent
Silica Nanoparticles with Efficient Urinary Excretion for Nanomedicine, Nano Letters,
9, 442-8 (2009). Ow, et al., Bright and stable core~shell fluorescent sifica nanoparnticles,
Nago Lett. 3, 113117 {2003). The neutral PEG coating prevented non-specific uptake by
the reticuloendothelial systens (opsonization), The use of biftnctional PEGs enabled
attachment of small numbers (~6-7 per particle) of s integrn-targeting cyclic

arginine-glycine-aspartic acid (cRGDY) peptide Hgands 10 maintain a small

hydrodynamic size facilitating efficient reval clearance. Peptide ligands were additionally
tabeled with 2] through the use of a tyrosine Hoker to provide a signal which can be
quantitatively inaged in three dimensions by PET (1 -cRGDY -PEG-dots, Fig.6A); an

important practical advantage of refatively long-lived 1 (physical halt-life: 4.2 d) s that
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sufficient signal persists long enough to allow radiodetection up to at least several days
postadministration, when backgroand activity bas largely cleared and ramor-to-
backpround contrast is maximized. Purity of the radiolabeled targeted nanoparticle was
>93% by radio thin layer chromatography. Stability of the non-radiolabeled targeted
panoparticle is about 1 year by FCS measurements. Particle 13 excreted mntact in the urine
by FCS analyses. As used herein, “dot” and “nanoparticle” are used mterchangeably. A
PEG-coated particle containing a tyrosine residue for 2 labeling served as the control
probe (' -PEG-dots). Purification of the radiolabeled samples by size exclusion
chromatography (Fig. 7) resulted in radiochermcal yields of >95%. Hydrodynamnc
diameters of ~7 nm 1.d. were measured for non-radioactive cRGDY-PEG-dots and PEG-
dots by fluorescence correlation spectroscopy {FCS) (Fig. 6B and 6C). The relative
brightness ot the cRGDY-PEG-dots was determined, on average, to be 20075 greater than
that of the free dyve (Fig. 60, consistent with earlier results. Burns, et al,, Fluorescent
Silica Nanoparticles with Efficieat Urinary Excretion for Nanomedicine, Nano Lettets,

9, 442-8 (2009}, Larson, et al,, Sthica nanoparticle architecture determines radiative
properties of encapsulated chromophores. Chem, Mater, 20, 2677-2084 (2008). Based on
these physicochenuical properties, we anticipated achieving a favorable balance between
selective tumor uptake and retention versus renal clearance of the targeted particle, thus
maxinizing target-ussue localization while minimizing normal-tissue toxicity and

radiation doses.

In Fitro Receptor Binding Studies

To examine fn vire binding affinity and specificity of *-cRGDY-PEG-dots and
- PEGdots to tumor and vascular endothelial surfaces, aefa integrin-overexpressing
{M21) and nonexpressing (M21L) melanoma and human umbilical vein endothelial
(HUVECs) cell lines were used. Highly specific linear sud saturable binding of the
cRGDY-PEG-dots was observed over a range of particle concentrations (0 to 8 ag/mly
and tncubation times {up to S-hrs), with maximum differential binding &t 4-hr and ~2.0
ng/mi particle concentration {data not shown) using flow cytometry. Receptor-binding
specificity of ' -cRGDY-PEG dots was tested using y-counting methods after initially

incubating M21 cells with excess non-radiolabeled ¢RGD and then adding various
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concentrations of the radiolabeled targeted probe (Fig. 8A). Scatchard analysis of the
binding data vielded a disseciation equudibrium constant, Kd, of 8.51 nM (Fig. 84, mset)
and receptor coneentration, Brmax, of 2.5 pM. Based on the Bmax value, the o ntegrin
receptor density was estimated to be 1.0x10" per M21 cell, in reasonable agreement with
ihe previously published estimate of 3.6 x 10" for this cell line. Cressman, et al. Binding

and aptake of RGD-containing higands to cellular . fis integrins. Int ] Pept Res Ther 15,

49.50 (2009}, Incremental increases in integrin-specific M21 cellular uptake were also
observed over a temperature range of 4 to 37°C, suggesting that receptor-mediated
celalar internahization contributed to overall uptake (data not shown}. Addibonal
competitive binding studies using the targeted probe showed complete blocking of
receptor-mediated binding with anti-o 83 integrin antibody (Fig. 8B) by flow eytometry.
No significant reduction was seen in the magnitude of receptor binding (~10% of M21)
with M2 1L cells (Fig, 8C} using either excess cRGDY or anti-ofls mtegrin antibody.
These results were confinmed by additional y-counting studies, and a 50% binding
inhibition concentration, 130, of 1.2 nM was detesmined for the "-cRGDY -PEG-da.
An assoctated mattivalent enhancernent factor of greater than 2.0 was found for the
cRGDY-PEG-dot relative to the monomeric cRGD peptide using an anti-adhesion assay
and M21 cells (data not shown). Moatet, et ¢l Multivalent effects of RGD peptides
obtained by nanoparticle display. J Med Chem, 49, 6087-6093 (2006). Li, et al., *Cu-
labeled tetramenic and octomeric RGD peptides for small-animal PET of tumor afis
integrin expression. J, Nucl Med, 48, 1102-1171 {2007}, Similar to M21 cells, excess
antibody effectively blocked cRGDY-PEG-dot receptor binding to HUVEC cells by flow

cytometry (Fig. 8Dy

Biodistribution and Clearance Studies

The time-dependent biodistribution, as well as renal and hepatobilipry clegrance
were evaluated by infravenousty administering tracer doses (~{.2 nanomoles) of Y-
cRGDY-PEGdots and *-PEG-dots 1o M21 wmor xenografl mouse models {Fig. 93
Although ussoe activity-concentrations {percent of the injected dose per gram (%lD/g))
tor the fargeted probe were megsured over a 196-hr post-mjection {p.1.} time interval,
comparison of the P -cRGDY-PEGdot (Fig. 94) and *“-PEG-dot tracers (Fig. 9B) was

)
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restricted to a 96-hr window, as data for the latter was not acquired at 1 week.
Statistically significant {(p<0.05) differences m tracer activities were observed for blood,
tumor, and major organs at 4 and 96 hrs p i, as well as at 24 hes p.i. for the tamor and

several other tissues (Table 1), The targeted probe was almost entively eliminated from

5 the carcass at 1 week pa (~3% ID). The residence half tumes (Ti2) for blood, tumor, and
major organs for these tracers are shown in Table 2 {columns 2 and 5). A representative
data set (blood residence) is shown in the inset of Fig. 9A. A relatively long blood Tia
value of 7.3 4 1.2 hus was determined for the "-PEG-dot. Upon attachment of the
cRGDY peptide to synthesize the P LeRGDY-PEG-doy, the Tz value decreased shightly

10 10 5.6+ 015 hes, but was accompanied by grearer probe bivavailability (Table 2, column
3). The tumor Ti2 value for the 1-cRGDY-PEG-dot was found to be about 13 times
greater than that for blood, verses only a S-fold difference for the WLPEG-dot (Table 2,
columns 2 and 5).

13 Table 1

| " T , 2 INEE BT Idy gyt ¢
Biodistribution study p-values wmpm*mg“ LeRGDY-PEG- and MEPEG-dots
Tissue Post-injection times (hoursd
4 24 96
Blood {001 3113 2010
Tumor 0043 1012 4.001
Heart 0.019 (1.23% (.01 28
Lamgs s 3039 0.006
Liver 0.001 0,033 06,028
Spleen {3,001 3.208 ¢.001
Sraal] Intostine £.001 3.046 3002
Lompedntesting. 3 o001 4,137 ¢.043
Kidneys -~ (1.356 (.00
Musiele (.801 3007 (3.001
Train £2.001 3.074 4,003 5
3
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By appropriate mass-adjusted translation of the foregoing biodistribution data to

man, human normal-organ radiation doses were denved and found to be comparable o

those of other commonly uvsed diagnostic radiotracers (Table 2, columns §, 9). Along

with the finding that the targeted probe was non-toxic and resulted in no tissue-specific

pathologic effects {1.e., no acute toxicity) (Fig. 10 and Table 3), first~in-man targeted and

nontargeted molecular imaging applications with these agents are planned.
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Table 3

PCT/US2014/030401

Organ Histopatholory for "LROGDY PEG-DOTS v

N PEGDOTS

Trostmont § LNTHEATRD PRGNS s

B PRGNOTE
5 & £

Sex§ M ¥ MM ¥ ¥ Ad
+

wyhend g

Nopoermd, U anaesibiddy, N aot prosest, $omimesal, 20 old Fofoudd, 3 reultifocst

{n another study to confirm that *-RGD-PEG dots are non-toxic after

inprgvenous adnumstration wn mice, formal single dose woxicity testing was performed

over the course of 2 weeks using W T-RGD-PEG dots at about 100 times of the human

dose equivalent. 71 -PEG dots served as the control particle, In summary, the procedure
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was as follows. Twenty-eight, 8 week old BED2FT mice were wsed in the acute toxicity
study and were divided into a treatment and conirol group. The treatment group (n= 6
males + ¢ ferales) received one dose '°1 -PEGylated RGD silica nanoparticles at a dose
of 1x10™ meles/mouss intravenously, and the control group (o= 6 males + 6 females)
received the same amount of vehicle. Two mice/group {one male and ove female/group)
were sacrificed on day 7 post dose and clinical chenustry, hematology and tissue specific
histopathology were done at avtopsy. All remanng animals (o= § males+ 3
females/group) were observed for 14 days fellowmg treatment. Fowr untreated muce (two
males and two females) were used gs reference. The conclusion of the studies was that
1o adverse events were observed during dosing or the following 14-days observation
period. No mortality or morbidity was observed. Clinical chservations included the
ahsence of the following: anemia, weight loss, agitation, increased respiration, G
disturbance, abnormal behavior, neurological dystunction, abnormalities m hematology,
abaormalities in clinical chemistries, or drog-related lesions in terms of organ pathology,
Thus, a single injection of "' I-PEGylated RGD silica nanoparticles at 1x107
moles/mouse, & dose equivalent to an excess of 100 times the PEGylated RGD silica
nanoparticles dose required for Phase 0 mnaging studies, is safe and nontoxic m B6D2F]
mice.

Efficient renal excretion was found for the ~7-nm diameter targeted and non-
targeted probes over a 168-hr timue peried by fluorometric analyses of urine samples,
Fluorescence signals were background-corrected and converted to particle concentrations
(%6IDAd) based on a serial dilution calibration scheme (Fig. 9C, nset; Table 4, column
2}, Burns, ¢t al., Fluorescent Silics Nanoparticles with Efficient Urinary Excretion for
Nanomedicine, Nano Letters, 9, 442-8 {2009}, Concentration valoes, along with age-
dependent conservative estimates of the average yrine excretion rate, permitted the
cumulative %ID excreted 1o be computed (Table 4, column 43 Drickamer, Rates of urie
excretion by house mouse (mus domesticus): differences by age, sex, social status, and
reproductive condition. §. Chemn, Ecol. 21, 14811493 (19935). Nearly half of the injected
dose {about 43 %1D) was observed to be excreted over the first 24 s p.iand ~72% ID
by 96 hrs, Fig, 9C), suggesting that the bulk of excretion has occurred in the first day p.i.

No significant particle fluorescence m urine could be detected 168 Ius p.i. Fecal excretion
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profiles of the *-cRGDY-PEG-dot indicated that, on average, 7% 1D and 18% ID of the
injected dose was eliminated over 24 and 96 hus, respectively {Fig. 9D). FCS analysis of
urine samples obtained at multple time points after injection of the targeted probe

revealed that the particle was excreted intact and without release of the encapsulated dye

Ay

{data not shown).

Table 4

Uhrise Concentration sed Comnlstive Exoredton Dats

Tt e
{# ;
&

10 Serial Whole Body PET Studies
PET imaging of infegrin expression in M21 and M2 1L subcwtaneons hindley
xenograft mouse models was performed at naltiple time points pa. following v,
injection of ‘M L-cRGDY-PEG-dots or “1-PEG-dots (conwol). Representative whole-
body coronal microPET images at 4 hrs (left: M21 tumor; middle: M21L tamor) and 24
18 hes (right: M21 tumor) pi. ave shown in Fig, 11A, The specific targeting of the o
mtegrin-overexpressing M21 tamor 15 clearly visible from these images. Average tumor
%D and standard deviations are shown for groups of M21 {n=7) and M21L (control}
tumors (n3) receiving the targeted " L-cRGDY-PEG-dots, as well as for M21 tumor
mice (n=5) receiving non-targeted -PEG-dot tracer (Fig. 1HB). At the time of
20 maximum tomeor uptake (-4 brs pi), three-fold activity-conceniration increases (in
%iD}u) were seen in the M2 tumors over the controls. Differences were statistically
significant at all time poinis pai. {p<0.03) except at 1 hr (p=0.27).
Image-derived tumor-to-muscle uptake (%lDVg) ratios for the " -cRGDY-PEG-
dots revealed enhanced tumor contrast at later times (~ 24-72 hrs p.i.), while that for -
35 PEG-dots dechined (Fig. 11C). This finding suggested that " -eRGDY-PEG-dots were,
in fact, tumor-selective, which became more apparent as the blood activity was cleared
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during the inital 24-hr period {compare Fig. 11C with iset of Fig. 9A). A statistically
significant comrelation was found berween PET-derived wimor tissue %1D/g values for
both *-cRGDY -PEG-dots and "1-PEGdots, and the corresponding ex-vivo y-counted
tumor %iD/g values {correlation coefficient r= 0.94, P<0.001¢; Fig. 11D}, confirming

the accuracy of PET for non-invasively deriving quantitative biodistribution data.

In Vive NIR Fluoreseence Imaging and Microscopy

We performed jin vive flhuorescence imaging stndies using our small, targeted
nanoparticles for mappmg localiregional nodes and lymphatic channels, thus overcoming
the toregoing Iimitation. Imponantly, the muftimodal nature and small size of cur
targeted particle probe can be exploited to visualize a range of nodal sizes and lymphatic
branches in onr melanoma model following 4-quadrant, pentomoral adminstration,
simulating intraoperative human sentinel fymph node mapping proceduores. Inttially,
serial NIR fluorescence microscopy was performed in intact mice over a 4-hr tume period
using either the targeted or non-targeted particle probes. Perttumoral administration of the
targeted probe revealed drainage into and persistent visualization of adjacent inguinal and
popliteal nodes over this interval, with smaller andor more distant nodes and tymphatics
more difficult to visualize. By contrast, the aon-targated probe vielded shorter-term {~1
hr) visualization of local nodes with progressively weaker fluorescence signal observed
{data not shown). Upon surgical exposure, this observarion was found to be the result of
more rapid particle diffusion from the tumor site, as compared with the extended
retention observed with the targeted probe.

We next performed representgtive lymph node mapping over multiple spatial
scales using hve-animal whole-body optical immaging (Fig. 12A) and NIR {fluorescence
microscopy techmques (Fig. 12B) 10 visualize lymphatic drainage from the peritumoral
region o the mgwmal and axillary nodes in surgically exposed hving animals. In addition,
higher-resolution fluorescence unages (Fig. 128, lower row) permitted more detatled
intranodal architecnure to be visualized, including high endothelial venules, which
facititate passage of cirenlating naive vmphocvtes info the node, and which may have
mportant implications for nodal staging and the ability to detect micrometastases at

carhier stages of disease. Smaller, less intense lymphatic branches were also visualized by
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fluorescence mucroscopy in the axillary region {data not shown). Thus, the small size of
ihe targeted probe not only permits the first draining (or sentinel node), proximal 1o the
tumor to be visualized, but also enables visualization of more distant nodes and of the

pattern of lvmphatic drainage to be visnalized.

DISCUSSION

We report on non-toxic, high-affinity, and efficiently cleared silica nanoparticles
for tumor-selective targeting and nodal mapping, having successfully addressed a number
of the current challenges associated with other particle technologies. This s the first
targeted napoparticle that, on the basis of 1ts favorable properties, can be said to be
chimeally wanslatable as a combined optical-PET probe. The complementary nature of
this multimodal probe, coupled with its small stze {~7-nm diameter), may facilitate
clinical assessment by enabling the seamiess mtegration of imaging data acquired at
different spatial, temporal, and sensttivity scales, potentially providing new ingights into
fundamental molecnlar processes goveming tamor biology.

Qur in vitro resulis show receptor-binding specificity of the ~7-nm targeted
particle probe to M21 and HUVEC cells. Stontlar findings have been reported with
receptor-binding assays using the same cell types, bat with the monovalent form of the
peptide. Cressiman, et al,, Binding and uptake of RGD-containing ligands to cellular afis

mtegring. [ntJ Pept Res Ther, 15, 49-39 (2009). Impeortantly, the muluvalency

enhancement of the cRGDY -bound particle probe, along with the extended bood and
tumor residence time Tuz values, are key properties associated with the particle platform
that are not found with the moenovalent form of the peptide.

The relatively long blood Tz value of 7.3 + 1.2 birs estimated for the ™ [-PEG-
dot tracer may be related to the chemically neutral PEG-coated surface, rendering the
probe biologically mevt and significantly less susceptible to phagocytosis by the
reticuloendothelial systemy. That a reduction i the Tho value to 5.6 + 0,15 hrs was found
for the ¥ -cRGDY-PEG-dot tracer is most Likely the resolt of recognition by target
tegrins anddor more active macrophage activity. However, it 15 substantially longer than
published blood Ty values of existing cRGDY peptide tracers (~13 minutes), and results

i1y greater probe bioavailability, facilitating tumor targeting and yvielding higher tumor
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uptakes over longer periods of ime. Montet, et al, Multivalent effects of RGD peptides
obtamed by nanoparticle display. J Med Chem. 49, 6087-6093 (2006). In addition, the
tumor Tyz value for the -cRGDY-PEG-dot was about 13 times greater than that for
blood, versus only a fivefold difference for the “'1-PEG-dot, suggesting substantially
greater target-tissue localization of the former than the latter. Such mechanistic
interpretations of the i vivo data can be exploited to refine clinical diagnostic, teatment
planning, and treatment monitoring protocols.

‘The results of this study underscore the clear-cut advantages offered by PET, a
powerful, quantifative, and highlv sensitive imaging tool for non-invasively extracting
molecular information related to receptor expression levels, binding affinity, and
specificity. The greater accumulation in and slower clearance from M21 tumors, refative
to sarrounding normal stractures, allows discrinnnation of specific tumer uptake
mechanisms from non-specific mechanisms {te., tissye perfusion, leakage} in normal
tissues. A small component of the M21 tamor uptake, however, presumably can be
ateributed to vascular permeability alterations (.¢., enhanced permeability and retention
effects).  Seymour, Passive tumor targeting of soluble macromolecules and drag

conjugates. Cnit. Rev, Ther, Drug Carrder Svyst, 9, 135-187 {1992}, This non-specific

mode of uptake reflects a relatively small porhion of the overall tumor uptake at earlier
p.i time points based on the observed %lI/g increases i mice veceiving the control
tracer {P-PEG-dots, Fig. 118}, At L-hr p.i., no significant %ID/g increases were seen in
the M21 namors over the controls. This observation may reflect the effects of differential
perfusion i the first hour, with tamor accumulation and retention primarily seen at later
p.x. times (e, 24 hrs). Further, m comparisen with the clinically approved peptide traces,
YP.galacte RGD, nearly two-fold greater upiake in M21 tumors was found for the 1
cRGDY-PEG-dots34, while additionally offering advantages of nultivalent binding,
extended blood circulation times, and greater renal clearance.

One advantage of a combined optical-PET probe 15 the ability to assess anatomic
structures having sizes at o well below the resolution limit of the PET scamer (Le,, the
so-catled partial-volume effect), which may underming detection and quantitation of
activity in lesions. For instance, i small-anmal models, assessment of metastatic disease

i smal local/regional nodes, important clinically for melanoma staging and weatment,
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may not be adequately resolved by PET imagmg, given that the size of the nodes
observed are typically on the order of system spatial resohution (1-2 mum). By utilizing a
second complementary and sensitive imaging modality, near-infrared {NIR) fluorescence
imaging, functional maps revealing nodal disease and fymphatic drainage patterns can be
obtawed. Ballow, et al. . Sentinel lymph node imaging using guantam dots in mouse

tumor models. Bioconjugate Chem. 18, 389-396 (2007). While further studies

investigating the distribution of intranodal cRGDY-PEG-dot Huorescence n relation to
metastatic foct are needed to deternune whether sensiive localization of such foci can be
achieved, these results clearly demonstrate the advantages of working with such a
combined optical-PET probe.

In the clinic, the benefits of such a combined platform for tumor staging and
ireatment cannot be overstated. The extended blood cwrculation time and resulting
bioavailability of this nanoprobe highliphts its use as a versatile tool for both early and
fong-tenm monitoring of the vartons stages of disease management (diagnostic screening,
pre-treatment evaluation, therapeutic intervention, and posi-treatment monHonng )
without resirictions tmposed by toxicity considerations. An additional important
advantage 13 that while raprdly cleared probes may be useful for certain applications
where targel tissue localization is itself rapid, localization of many agents in often poorly
vascularized and otherwise relatively maccessible solid tumors will likely be slow
following systemic administration. Thus, the current nanoparticle platform expands the
range of applications of such agents, as the kinetics of target tissue locahzation are no
fonger Himiting. Furthermore, deep nodes can be mapped by PET in termns of their
distribution and number while more precise and detailed locahzation of superficial nodes
can be obtained by NIR {fluorescence imaging. Finally, the relatively prolonged residence
of the targeted probe from tamor relative to that from blood, in addition 1o ts
multivalency enhancement, may be exploited for future theranostic applications as a

rachotherapeutic or drug deltvery vehicle.

Example 3 Fluorescent silica nanoparticles conjugated with s integrin-
targeting peptide and/or aMUCI-targeting peptide (thyroid cancer and squamous cell

carcinoma {SCC) models)
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A cRGD peptide (Peptides International}, having a cysteine end functionality, will
be attached to the PEG-vlated nanoparticle via a thicl-maletmde linkage. The
nanoparticles can optionally further be functionalized by a synthetic peptide Hgand,
EPPTI. The nanoparticles will be characterized on the basis of particle size, size
distribution, and photobleaching.

Characterization of nanoparticle-peptida coniugates

For assessing photophysical properties on a per-particle basis, spectrophotometry,
spectrofluorometry, and mohiphoton fluorescence correlation spectroscopy (FCS) will be
used 1o deternine the particle size, brightness, and size distribution. Size data will be
corroborated by scanning electron microscopy and dynamic light scattering (DLS)
measurements. Ow et al. Bright and stable core-shell fluorescent silica nanoparticles.
Nano Letters 2005, 5, 113, Average number of RGD peptides per nanoparticle and
coupling efficiency of RGD to functionalized PEG groups will be assessed
colorimetrically nnder alkaline conditions and Bruret spectrophotometric methods (=450
nm, maxinum absorbance).

The nanoparticle conjugates will be lodinated via tyrosine hinkers to create a
radiolabeled (™) (Tia ~4 d) and stable (') form by using Jodogen (Pierce, Rockford,

IL). The end product will be purified by using stze exclusion chromatography.

Evaluation of in vilre tarcotine specificity and biodistribution patterns of the RGD- and

ROGD-EPPT.-nanoparticles.

asPa integrin and aMUCT expression patterns i thyrotd and squamous cell
carcinoma {SCC) cell hnes will be evaluated against known osf3: integrin-negative and
tefls mtegrin-positive (M21-L and M21 haman melanoma cell lines, respectively) and
uMUCT-negative and uMUCL-positive (UST H-29 cell lines, respectively) controls
using anti-integrn and anti-uMUCT anitbodies. Cell Lines highly axprassing o fa-integrin
and/or MUCT wall be selected for differential binding studies with RGE- and RGD-
EPPT-nanoparticles, as well as for in vive imaging.

CQuantitative cell binding assays will assess the labeling efficiency of tumor cells,

and biodistribution studies assaying uptake in tumor, organs, and fuids will be performed
&2
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using radioiodinated nanoparticle conjugates (“M-RGD-nanoparticles, ' L.RGD-EPPT.
nanoparticles). To compare PET upiake data of nanopanicle conjogates with that
observed intially using optical NIRF imaging, each nanoparticle conjupate will also be
todinated to create a radiolabeled (1) and ssable (1) form.

Fluorescence Microscopy with RGD- and RGD-EPPT-C- dots. Dilferential
binding of RGD-nanoparticles and RGD-EPPT-nanoparticles to thyroid carcinoma’SCC
cell lines hughly expressing as-integrin and/or MUCH, versus control hives will be
visualized by fluorescence microscopy.

Animgl models. Al animal experiments wall be done 1n accordance with
protocols approved by the Institutional Animal Care and Use Committee and following
NIk guidelines for animal welfare.

In vivo Biodistribution: Male athymic nude rmce (6-8 week old, n=3 per tumor)
will be subcutaneously (s.¢.) injected in both flanks with integrin-negative/-positive o
uMUCH -negative/-positive tumars of different tissue origims (n=3/vach tumor). AtQ.5 om
in diameter (1.d.}, mice will be injected intravenously (V) with '**[-labeled nanoparticle
conjugates (~500nm/kg). Animals are sacrificed at 0.3, 1, and 24-hrs later, with removal
of tumors, organs, and fluids for weighmg and counting {gamma counter). Biodistribution
results will be expressed as the percentage of injected dose per gram of tissue.

Quantitative Cell Binding Assay. Labeling efficiency will be assessed by
incubating fixed numbers of carcinoma cells highly expressing afs~integrin andfor
MUC L, with pre-selected concentrations of P-labeled nanoparticle conjugates for 1-hr

."{.““'\}

i a huaidified CO: atmosphere at 37°C. Cells are extensively washed, lysed with 0.1%

Triton X, with cell tvsatgs countted in a gamma counter,

Assess of relative differences i tumor-specific targeting ysing & vive multimodality

As a bigh-throughpuot diagnostic screening tool, optical NIRF imaging can be used
to evaluate relative differences in the bilodistribution of pregressively functionalized
nanoparticle conjugates & vive with increased seasitivity and temporal resolution. Semi-

quantitative data on tmor-specific targeting can alse be derived. These prelinunary

g
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stuches facilitate the selection of cell lines strongly expressing markers of mterest for
further detatled quantitavion of biodistribution and temor-specific targeting using PET.

Whole-body micoPET™ and NIRF optical imaging will be performed over a 1-
week period to assess differential uptake in flank tumors. The results of these studies will
be validated with fluorescence microscopy of tumors ex-vivo,

Serial In Vive NIRF Imaging. Mice will be injected bilaterally with o[ integrin-
negative and o« integrin-positive cells or with uMUCT-segative sad uMUCT-positive
cells (n=8/tumor). After tumors reach ~0.5 om 1.4, stable wdinated and non-todinated
nanoparticle conjugates (RGD, ' I-RGD, RDG-EPPT, ¥ I-RGD-EPPT) will be tnjected
IV. Serial imaging will be performed using the Maestro™ fn Five Fluorescence Imaging
Svystemn {CRI, Woburn, MA@t 0,05, 1,2, 4, 6, 12, and 24 hrs. At 24-h, mice are
enthanized, and major bssues/organs dissecied, weighed, and placed s 6-well plates for
ex-vivo inagmg. Fiuorescence emission will be analyzed ustng regions-of-miterest
{ROIs) over tamor, selected tissues, and reference injectates, employing spectral
unmixing algorithms to eliminate autofluorescence. Dividing average fluotescence
intensities of tissues by injectate values will permit comparisons to be made among the
vartons fssues/organs for each mjected nanoparticle conjugate.

Dynamic MicroPET Imaging Acquisition and Analvsis. Two groups of tumor-
bearing mice (w=S/tamor) will be injected with radiolabeled ***-nanoparticle conjugates
(radiotracers), and dynamic PET imaging performed for 1-hr using a Focus 120
microPET™ (Concorde Microsystems, TN}, One-hour Hst-mode acquisitions are initiated
at the time of [V injection of ~25.9 MBq {7000C)1) radiotracers. Resulting hist-mode data
are reconstructed in g 128x128x96 matrix by filtered back-projection. ROI analysis of
reconstrocied images 18 performed osing ASIPro™ software (Concorde Microsystems,
TN} to determing the mean and 8D of radiotracer nptake {%ll)g} i tumors, other
organs/tissues, and left ventricle {LV). Additional data will be obtained from static
rmages at 24~ 48+, and 72-hr post-injection time points. A three~compartment, fowr-
parameter kinetic model will be used to characterize tracer behavior & vive, For this

analysis, artersal mput is measured using an RO placed over the LV,

Example 6 - Nodal mapping in miniswine
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Real-tine mtraoperative scanning of the nodal basin cannet be practically
achieved at the present time, as these systems are generally too cumbersome and
expensive for use in the operating suite or may be unable to provide the necessary field-
of-view or tissue contrast. Further, theve are no clinicallv promising, biostable
fluorophore-containing agents, offenng inproved photophysical features and Jonger
circulation lifetimes over parent dves, available 1o enhance tissue contrast for extended
nodal mapping/resection procedures. With this animal study, we will show that advances
i both multimodal particle probes and real-tme molecular unaging device technologies
can be readily translated 10 2 variety of future human clinical aials. Such transtormative
technologies can significantly impact standard intraoperative cancer care by providing
state-of-the-art targeted visualization tools for faciltating metastatic SLN detection and
enabling accurate delineation of node(s) from adjoining anatomy to mininuze risk of
mjury to crucial structures, Benefits include extended real-time in vivo intraoperative
mapping of nodal disease spread and tumor extent 1w the bead and peck. Deep nodes can
be mapped by PET, while precise and detated localization of superficial nodes can be
obtained by NIR fluorescence imaging. The small size of the particle probe may also
extend the lower limit of nodal sizes that can be sensitively detected. The net effect of the
proposed non-toxic, maltimodal platform, along with the application of combined
diagnostic/treatent procedures, has important implications for disease staging,
proguosis, and clincal outcome for this hughly lethal disease.

Disease Targer. In addivion 10 welanoma, a nomber of other umors (1.¢., breast, tung,
and brain} overexpress svP3 integrin receptors and could serve as disease targets,
Metastatic melanoma has a very poor prognosss, with a median survival of less than |
year. Successful management relies on early identification with adequate surgical
excision of the cancer. Surgical removal of the primary disease, screening, and treatment
for regional lymph aode spread is standard-of-care in the US 1o acourately stage disease
and tattor treatment. The recently revised staging guidehines recognize the presence of
mcroscopic nodal metastases as a halbmark of advanced stage disease leading to
deamatically reduced survival. Knowledge of pathologic nodal status is critical for early

risk stratification, fmproved outcome predictions, and selection of patient subgroups
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ideely to benefit from adjuvant treatment (theraprutic nodal dissection, chemotherapy) or

chimcal inals.

Sentinel Lymph Node (SLN) Mapping. SLN mapping technigques, routinely used in
staging melanoma, wentify the specific node(s} that are at haghest risk of tamor
metastases. This procedure identifies pattents harboring metastatic disease for further
treatment. Standard-of-care techniques rely on injection of radicactive technetiom (**T¢)
sultur colloid dye around the prmary tumor for SN localization, followed by the
intraoperative use of a gamma probe to measure radioactivity in lvmphatic structures
within an exposed nodal basin. Blue dye injected about the primary ramor can help
delineate small SLN{(s) from adjacent tissue, but the technique is anrehable and Bable to
complications. Current SLN mapping and biopsy technignes have liniitations, and
account for higher rates of non-localization of SLN{s} in the head aud neck compared 10
other anatomic sites. The head and neck region 18 notorious for its unpredictable patterns
of metastatic disease. The close proximity of the primary disease to nodal metastases in
this region makes intraoperative use of the garama probe difficolt due o interference
from the injection site. Importantly, current technology does not allow the surgeon to
visualize the sentine] node and reliably differentiate it from adjoining fat or other tissue
placing vital structures {1.e., nervesy at risk for injury during dissection to identify and
harvest this node. The small size of nodes and wide vaniation in dranage patterns
provides additional challenges, resulting 1 a non-localization rate of sround 10%.
Nanoparticles. The majority of preclinical studies have used RGD peptide or peptide-
conjugate radiotracers as targeting Higands for imaging evf3-integrin expression. FF-
palacto-RGD and ¥ Te-NC 100692 are peptide tracers that have been used successfully
in patients to diagnose disease. Peptide tracers clear rapidly, which may result m redoced
receptor Dinding and increased background signal from non-specific tissue dispersal,
These properties hmit the potential of peptide tracers for longer-term wouttoring, By
coatrast, nanoparticle probes {~10-100 am), which have also been used for imaging
integrin expression along twmor neovasculature, have extended circulation half times for
performing longer-term monitoring {1.¢., days). Nanoparticles are typically larger than

antibodies and radiopharmaceuticals (<10 kDa}, and are associated with slower
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transmembrane transport, mereased reticuloendothelial system (RES) uptake, and
enhanced non-specific uptake due to altered rumor vascolar permeability. The 7 nm
diameter targeted panoparticles used for this SLN mapping study are roaghly comparable
to the average diameter of an albumin molecade and 2-3 times smaller than the average
diameter of a typical antibody. Relative to peptide tracess, the targeted particle probe is
less prone to extravasation and is associated with extended circulation half times that
enhance tumor targeting. Importantly, 1241-cCRGDY-PEG-dots demonstrate key in vitra

and in vivo properties 1 M21 tumors necessary for climcal translation.

Muterials and Methods.

Spoutaneous melanoma Sinclawr minfature swine {10-12 kg, Sinclair Research
Center, MO} were injected intravenously with § mOi "F-fluoro-deoxyglucose (FF-FDG)
for whole-body screening of nodal andfor organ metastases. Mintswine underwent {-hr
dynamic F-FDG PET whole body PET scan using a clinical PET scanner 40 minutes
after injection to screen for metastatic disease, followed by CT scan aequisition for
angtomic localization. Then numiswine were subdermally injected in a 4-quadrant patiern
about the tumor site (head and neck sites preferentially) with multimodal “*[-RGD-PEG-
dots 48 his after "F-FDG PET, and a second dynamic PET-CT scan performed to assess
for additional nodal metastases.

Miniswine were taken to the operating room for ’lentification of nodes. Optical
flaorescence imaging was performed using large fleld-of-view near nfrared fluorescence
camera system, smaller field-of-view moditied endoscope. and a modified
stereomacroscope for obiaining higher resolution fluorescence inages within the exposed
surgteal bed.

Validation of the fluorescem signal was performed intraoperatively by gamma
counting with a clinically-approved hand-held PET device within the operative bed o
focalize targeted dots transdermally, acquired intraoperatively from skin and the nodes
within and nodal basin,

The primary melanoma skin leston was excised, and an mcision made to allow
access to the sentinel node(s). Nodal identity was confirmed using hand held PET and

multi-scale optical imaging systems, and the nodes in question excised. Specimens were

o

8

~d

RECTIFIED SHEET (RULE 91)



Ay

10

20

2
s

CA 02900363 2015-08-05

WO 2014/145606 PCT/US2014/030401

sent for hustological assessment for metastases and optical confocal microscopy to
confirm the presence of both malignancy and nanoparticle Hoorescence.

Following harvest of the sentinel nodes, the entire lymph node basin was excised
and further evaluated using histological methods {with mmunchistochemical markers for
mwelanoma as needed), fluorescence microscopy, and the hand-held PET probe for
correlative purposes. This step helped identify any other malignant nodes within the
nodal basin and the number of ™1-RGD-PEG-dots present in adjacent nodes by their
apPearance on IMAgIng.

PLRGD-PEG-dots was administered subcutaneously into the Hmbs of the animal
sequentially. Transit of the ' -RGD-PEG-dots 1o the inguinaliaxillary nodes was
followed using the optical imaging system and hand held PET probes to confirm the
duration of transit along the lvmphatic pathways. The draining nodal basins was exposed
surgically and the pattern of bymiph node dramage observed. The sentinel lymoph node was
harvested from each site to confinm the lymphatic natwre of the tigswe. Animals were
cuthanized, and any further lesions noted on imaging were excised ia the gecropsy room

of the animal facility,

Discussion

A whole-body F¥F-fluorodeoxygtucose (F-FDG) PET-CT scan revealed a
primary melanomatous leston adjacent to the spine on the upper back, as well as a single
node 11 the neck, posteniorly on the sight side of the animad, which were both FDG-avid,
and suspicious for metastatic disease. This finding was confirmed after subdermal, 4-
quadrant mjection of *-RGD-PEG-dois about the tumor site, which additionally
identified two more hypermetabolic nodes, as well as the draining lymphatics. Final scan
interpretation pointed to 3 potential metastatic nodes. Swrgical excision of the primary
lesion, hypermetabolic nodes, and tissue from other nodal basing in the neck bilaterally
was performed atter hand-held PET probes identibied and confirmed elevated count rates
at the location of sentinel node(s}). Patchy fuorescence signal measured in the excised
right posterior sentinel node tissue comrelated with sites of melanoma metastases by
histologic analysis. Al hypermetabolic nodal specimens were black-pigmented. and

found to correlate with the presence of distinct clusters of melanoma cells. Thus, the
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results of surgically resected tisaue submitted to pathology for H&E and staining for
other known melanoma markers confirmed multimodal imaging findings.

Figure 13a shows the experimental setup of using sportaneons miniswine
melanoma model for mapping lvmph node basins and regional lymphatics draining the
site of a known primsary melanoma tumor. This intermediate size miniswine model is
needed to simulate the application of sentinel lymph node (SLN) biopsy procedures in
humans, and more accorately recapitulates haman disease. Figore 13b shows small field-
of-view PET image 5 minutes after subdermal injection of nyultimodal particles (¥~
RGD-PEG-dots) about the tumor site. The twmor region, tymph nodes, and the
fvmphatics draining the tumor site are seen as areas of increased activity (black).

Figure 14 shows whole-body dynamic “F-fluorodeoxyglucose { “F-FDG) PET
scan {Figure 14a) and fused "*F-FDG PET-CT scans (Figure 14b) demonstrating sagittal,
coronal, and axial images through the site of nodal disease in the neck. The ¥F-FDG PET
scan was performed to map sites of metastatic disease after mtravenous administration
and prior to admmistration of the radiolabeled nanoparticle probe. A single
hypermetabolic node is seen in the seck posteriorly on the right side of the animal
{arrows, axial images, upper/lower panels), also wdentified on the whole body miniswine
mmage (Figure 1dc).

Figure 15 shows the same tmage sets as in Figure 14, but at the level of the
primary melanoma lesion, adjacent to the spine on the upper back. The PET-avid lesion is
identitied {arvows, axial images, upperiower panels), as well as on the whole body
miniswine image {Figure 15¢)

Figure 16 shows agh resolution dynane PET (Figure 16a) and fused PET-CT
images (Figure 16b) following subdermal, 4-quadrant injection of *1-RGD-PEG-dots
about the tumor site, simalating chinical protocol, over a 1 hour time period. Three
hypermetabolic lymph nodes (arrows) were found in the nack, suggesting metastatic
disease. The excised tight posterior SLN was excised and whole body near infrared (NIR)
fluorescence imaging was performed. Cv3 fluorescence signal was detectable within the
resected node (Figure 162, top, CyS imaging) on whole-body optical imaging.
Pathological analysis of this black-pigmented node {arrow, SLN} demonstrated clusters

of invading melanoma cells on fow- (arrows) and high-power cross-sectional views of the
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node by H&E staming {lower two mages), and we expect melanoma specificity to be
further confirmed vsing spectal stains (Melan A, HMB4S, PNL2, and “melanoma
assoctated antigen” blogenex clone NKIC3) We additionally expect colocalization of
the particle with these metastatic clusters of cells on confocal fluorescence microscopy

and high resolution digital autoradiography, confinming metastatic disease detection.

Example 7 Fluorescent silica nanoparticles conjugated with MCIR-{argeting
peptide {melanoma model}

For the multimodality (PET-NIRF) diagnostic imaging experiments, the targeting
peptide and the radiolabel on the nanoparticle surface will be exchanged to determine
target specificity, binding affmity/avidity, and detection sensitivity. Subsequent
therapewtic particles will also be synthesized using therapeutic radiolabels (hutetium-177,
Py, 19 = 6.65 d) for targeted killing of MC1R-expressing melanoma cells. Combined
guantitative PET and optical imaging findings will be correlated with tumor tssue
autoradiography and optical fmaging across spatial scales. For cellular microscopy, an in
vivo confocal fluorescence scanner for combined reflectance and fluorescence wnaging

will be used.

Example8  Fluorescent nanoparticles for targeted radiotherapy

Dose escalation stadies with 7 [-RGD nanoparticles will be performed and
treatment response will be monitored weekly, over the course of six weeks, using ¥F-
FDG PET. Time-dependent tunor uptake and dosimetry of the nanoparticle platform will
be performed using plavar gamma camera imaging. In vivo imaging data will be
correlated with gamma counting of excised tumor specimens.

Male nude mice (6-8 wks

)

Charles River Labs, MAY will be used for generating
hind leg xenograft models after injection of M21 human melanoma cells (5x10% in PBS).
Tumors will be allowed to grow 10-14 days watil 6.5-0.9 cnt® in size.

“.based targeted radiotherapy studizs. The therapeutic radionuctide 'l will be
used as a radiolabel for targeted radiotherapy. In estimating the highest possible ' dose
resulting in no animal deaths and less than 20% weight loss (MTD), & dose escalation

study will be carried out in tomos-bearing nude mice. For a 200 rad dose to blood34, an
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aduymstered activity of 10 MBq s required, which would deliver a dose of 270 rad to
tumor, 4 doses of 10MBq each will be administered to achieve a twmor dose greater than
00 rad with dose fractionation designed to allow repair and sparing of bone marrow.
S allows for planar gamma camera imaging using a pinhole collimator to measure the
time-dependent tumor uptake and dosimetry of the nanoparticles. *F-FDG PET allows
for quantitative monitoring of tumor response, thus providing complementary
information.

Based on this data, and m vivo data on the effect of nanoparticles loaded with
paclitaxel, a therapy study with the ' -RGD- nanoparticle conjugate will be conducted,
Two groups of tumor-bearing mice {n = 10 per group) will receive either four, 10.4-MBg
activities once per week for 4 weeks, of Ly ~administered Y1 -RGD-nanoparticle
conjugates or saline vehicle (control, n=10}, and will be monitored over a 6-week period.
Treatment response/progression will be quantified on the basis of twmor volume {(via
caliper measarements). Al mice from the treatment groups will also be imaged once per
week (~1 hr sessions) by SPECT imaging {(Gamma Medica) over a 6 week period.

E-FDG PET Imaging Acquisition and Analysis. Two groups of tumor-bearing
mice {v=10/group) will undergo mitial PET scanning prior to and then, on a weekly basis
after trestment over a 6 week interval. Mice will be mjected intravenously (1.v.) with 500
uCi FEFDG and static 10-minute PET images will be acquired using a Focus 120
microPET™ (Concorde Microsystems, TN) before and after treatment. Acquired daia
will be reconstructed 1w a 128x128x96 matnx by filtered back-projection. Region-of-
mterest (ROT) analyses of reconstructed images will be performed using ASIPro™
software (Concorde Microsystems, TN} to determine the mean and SD of radiotracer
uptake (%eIDig) m tomors. Animals will be sacrificed at the termuination of the study and

tumors excised for gamma counting.

Example 9 Floorescent nanoparticles conjugated with radionuelide chelate and
MU1R-targeting peptide
PEG-ylated nanopartieles will be conugated with targeting peptides and

macrocyvehe chelates binding high-specific activity radiolabels.
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High purity two-arm activated commercially available PEGs, denivatized with
NHS esters or maleimide, will be attached to the silica shell of the nanoparticle using
standard procedures. Either of the two functionalized PEG groups (NHS esters or
malenmide} will be available for further conjugation with either the peptide-chelate
construct, cyclic peptide Re~{Cys3,4,10,D-Phe 7 jo-MSH3-13 (ReCOMSH{ArgI 1) or
1.4,7, 10-tetraazacyclododecane-N N N7 N tetraacetic acid (DOTA) linker chelators.
The covalent attachment of derivatized PEGS 1o the nanoparticle surface will be
performed 1 such a manner as to expose different functional groups for Imkmg DOTA

and peptide-chelate constructs, as discussed below,

Svnthesis and physicochemical characterization of Pinctionalized nanoparticles,

Functionahized nanoparticles will be synthesized by establishung covalent hakages
of the following moieties with the dertvatized PEG groups:

{A) DOTA chelates for subsequent high-specific activity radiolabeling with
positron-emitting radiometals (Le,, “Cu) to permit diagnostic detection with PET
imaging. DOTA will be conjugated to the functionalized PEGs using standard Fmoc
chemistry, and purification of the chelated nanoparticles will be performed by
chromatography. *'Cu and *'Lu will be attached to DOTA by incubation of the reaction
mixture at 60° C for 30 min followed by gel filiration or high presswre Higuid
chromatography purification. Aliematively, PET nuchdes, such as 1, *Y_ %Ga and
“Zr, may be conjugated to the nanoparticle, either via the DOTA-functionalized PEG
{radiometals} or tyrosine-functionalized PEG (**'1). The single photon emitter, ¥ Ly,
obtained in the form of " LuCl: will be complexed o DOTA for radiotherapy,

{B} aMSH melanoma targeting peptide analogne (ReCCMSH{Arg! 1)) is cyclized
by rhentum. It is necessary to confirm the ratio of DOTA chelates to ReCCMSH{Argl 1)
moieties on the PEG-yiated nanoparticle surface.

Characterization of the fusctionahzed vanoparticle preparations will be pertormed
as follows:

{A) Average number of DOTA chelawes per nanoparticle will be determined by
standard isotopic dilution assays with ¥Cu. Briefly, *Cu will be added to solutions

costtaining a known amount of ReCCMSH(Arz! -nanoparticles. Incubated solutions
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will be spotted on silica gel-coated glass plates, developed m 1:1 10% ammonium
acetate-to-methanol {(with EDTA}, and analyzed by radio-TLC, While **Cu-labeled
ReCCMSH(Argl 1)-Nanoparticles will remain at the origin, “Cu bound to EDTA will
migrate. The percent labeling efficiency will be plotted against total nanomoles of “Cu
added fo the reaction mixivre. The munber of chelates attached per nanoparticle can be
determined from the inflection point of this curve.

{B) Average number of ReCOMSH{Argl 1) peptides per nanoparticle and
coupling efficiency of the ReCOMSH(Arg1 1) to the functionalized PEG groups will be
assessed using spectrophotometric methods (A=435 mm, maximuom absorbance) and the
known extinction coefficient of ReCOMSH{Argl 1). The meorporation of rhenium offers
the advantage that highly sensitive absorbance measurements of thentum concentrations

can be made on a small sample of product.

In vitro and in vive optical-PET imasine of muulitfunciional nanoparicle nanoparticles in

melanoma models o assess tumor-speciiic tarpetne and ireatment response,

“Cu-DOTA-ReCOMSH( Argl | }-nanoparticles will be compared with the native
HCu-DOTA-ReCOMSH{Arg1 1) construct to test targating capabilities of the
nanoparticles.

Competitive binding assays. The MCIR receptor-positive BIOFT murine
melanoma lines will be used. The ICss values of ReCOMSH(Argl 1} peptide, the
concentration of peptide required to inhibit 30% of radiohigand binding, will be
determined asing = 1{Tyr2}-NDP7, g radioiedinated «-MSH analog with picomolar
affimty for the MCIR. Single wells will be ncubated at 25°C for 3 b with approxmately
50,000 cpm of P {Tyr2)-NDP in 0.5 ml binding medium with 25 mmol/L N-(2-
hydroxyethyl}-piperazine-N~(Z-ethanesulfome acid), 0.2% BSA and 0.3 mmol/L 1,10-
phenanthroline], with concentrations of {Argl DCCMSH ranging from 10-13 0 10-3
mol/L. Radicactivity tn colls and media will be separately collected and measured, and
the data processed to compute the ICs value of the Re(Arg 1ICUMSH peptide with the
Kell software package (Biosoft, MO).

Receptor Quantiiation Assay. Aliquots of $x105 B16/F1 cells will be added to

wells, cultured in 200 gb. RPMI media, and incubated at 37°C for 1.5 h in the presence of
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increasing concentations of L «(Tyr2)-NDP (from 2.5 to 100 nCi} in 0.5 mL of binding
media (MEM with 25 mM HEPES, pH 7.4}, Cells will be washed with 0.5 mL of ice-
cold, pH 7.4, 0.2% BSAD.Q1 M PBS twice, and the level of activity associated with the
cellular fraction measured in a y-connter. Nonspecific binding will be detenmined by
iscubating cells and 1 Tyr2)-NDP with non-radioactive NDP at a final concentration
of 10 uM. Scatchard plots will be obtained by plotting the ratio of specific binding to free
EHTyr2)-NDP vs. concentration of specific binding (fmol/million cells); Bmax, the
maxmum nunber of binding sites, 18 the X mtercept of the linear regression line.

BI6/F1 marine melanoma lines (5x167 in PBR) will be injected subcutaneousty
into the hind legs of Male nude mice (6-8 week old). The tamors will be allowed to grow
10-14 days until 0.5-0.9 em’ i size.

Biodistribution: A small amouni of the *Ca-DOTA-ReCCOMSH(Arg1)-
nanoparticle conjugate (10 pCr, 0.20 pg) will be injected miravencusly 1to each of the
mvice bearing palpable BI6/FT tumors. The animals will be sacrificed at selected time
points after injection (2, 4, 24, 48, 72 hours; v = 4-5/time point} and desired tissues
removed, weighed, and counted for accumulated radioactivity. Additional mice (n=3)
injected with the native radiolabeled construct, "Cu-DOTA-ReCOMSH{Argl1 1) (~10
uCi, 0.20 yg) will serve as the control group, and evaluated | b post-injection. To
examine in vive uptake specificity, an additonal group of mice (2-h time poiat) will be
pre~imected with 20 pg of NDP 1o act as a receptor block smmediately prior to the
injection of the ¥Cu-DOTA-ReCCMEH{ Arg1 1) nanoparticle conjugate. Major orpans
and tissues will be weighed and gamma-counted, and the percentage-injocted dose per
gram (36iD/g) deternuned.

Serial In Vivo NIRF hmaging. In paraliel with the PET studies below, NIR
{flsorescence tomographic imaging, FMT 225, Visen, Woburn, MA Y will be performed
using a tunable 680 nm scanning NIR laser beam and CCD before and after L.y, injection
of tumor-bearing ammals (n=10). Mice will be kept under continuens isoflurane
anesthesta, and placed mn a portable mulumodal-imaging cassette {compatible with both
our FMT 2500 and Focus 120 microPET) for FMT scanning before and after injection (1,
2.4, 6,12, 24, 48 and 72 hours}. The NIR fluorescence image, measured over a 1-10

minute penod, will be reconstiucted using the Visen proprietary software and
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superimposed onto a normal photograph of the mouse. The imaging data is quantitative,
as the measured mtensity 1s divectly related to the NIR fluorophore concentration,
enabling parametric maps of absolute fluorophore concentrations to be generated for co-
registeration with the acquired PET imaging data.

Dynande PET fmaging Acqusition and Analysis, Two groups of tumor-bearing
mice {n=5/group) will be placed in the imaging cassette for co-registering sequential
PET-optical stindies. Mice will be injected inravenously (1.v.); one with radiolabeled
HCu-DOTAReCOMSH{Argl 1) nanoparticle conjugates and the second with native
HCu-DOTA-ReCCMSH(Argl 1) construets. Following injection, dynamic 1-hr PET
images will be acquired using a Focus 120 microPETTM (Concorde Microsystems, TN
One-hour list-mode acquisitions are inifiated at the time of IV injection of radiolabeled
probe (~1 mCi). Resulting list-mode data will be reconstructed 1 a 128x128x96 matrix
by filtered back-projection. Region-of-interest (ROT) analyses of reconstructed tmages
are performed using ASIPro™ software {Concorde Microgystens, TN) to determine the
mean and SD of radiotracer uptake (%6ED/g) in tumors, other organs/tissues, and left
ventricle (LV), Tracer kinetic modeling of the data will permit estimation of
pharmacokingtic parameters, including delivery, clearance, and volume of distnibution.
As noted, an artertal blood input is measured using an RO placed over the LV {as a
measwe of blood activity). Additional data will be obtained from static images at 24 I,
48 hr, 72 hr post-injection time pomts.

Fluorescence microscopy and autoradiography of tissues. & combination of
optical imaging techuclogies exhibiting progressively smaller spatal scales {1, whole
body fluorescence tmaging. fluorescence macroscopy, and i vivo fluorescence confocal
faser scanning microscopy) will be utilized for inaging twmors in live, intact aninsals at
72-h post-injection. Mice will be maintained under continuous isofluorane anesthesia,
thus enabling detection and localization of fluorescenca signal from the whole
anunaliorgan level to the celiular level over a range of magmttcations. Whole
animal/macroscopic imaging will be performed with fluorescence stereommeroscope
{Visen; Nikon SMZ1500) fitted with Cv3 fluorescence filter sets and CCD cameras.
Fluorescence confocal laser scanning microscopy capabilities will be developed. Mice

will subsequently be euthanized for autoradiography 1n order to map tracer
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biodistributions at high resolution throughout the tumor volume. Tumors will be excised,
fashirozen, senally sectioned (1710 sections) and shde-mounted, with alternating shces
placed in contact with a phosphor plate in a ight-tight cassette (vp to 1 wk). H&E
staining will be performed on remaming consecutive sections. Autoradiographic findings
will be correlated with PET unaging data and histological results.

The therapeutic radionuctides ' Lu or ™Y may alternatively be used for targeted
radiotherapy. In estimating the highest possible ' Lu dose resulting in no animal deaths
and less than 20% weight loss (M 11}, a dose escalation study will be carried out m
twmor-bearing nade mice, Doses of radiopharmaceutical suspected 1o be at {or near) the

MTD based on literature values for 7 Lu will be evaluated.

Example 1¢  Fluorescent nanoparticles functionalized to conjugate with ligand and
comtrast agent via “click chemistry”

Synthesis of nanoparticles containing versatile functional sroups for subseguent

. radionuclidest,

orides) and contrast agent {e

contueation of Heand fe.e.

In order to synthesize an array of nanoparticle-peptide-chelate constructs suiable
for high-specific activity radiolabeling, a “click-chemustry™ approach may be used to
functionalize the nanoparticle surface {Figure 17). This method s based on the copper
catalyzed cycloaddition of azide to a triple bond. Such an approach would allow for a
preat deal of versatility to explore multunodality applications,

Nanoparticle synthesis and characterization. The PEG groups that will be
covalensly attached will be produced following the scheme in Figure 14, PEG will be
covalently attached to the nanoparticle via the silane group. Standard chemical pathways
will be used for the production of the functionalized PEG with triple bonds.

Functionahization of nanoparticles with triple bonds. To synthesize the bi-
functionalized PEGs, the first step will emaploy the well studied reaction of activated
carboxylic ester with aliphatic amine (Figare 18). Alternatively, another suitable triple-
bond bearing amine, for example, p-smnophenyiacetylene, can be used. The second step

of the synthesis also relies on a well-knowsn conjugation reaction.
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Synthesis and physicochemical charactenization of functionalized nanoparticles

comueated with mode! pepiides and chelaies.

The functionalized nanoparticle contains both (A} desfertioxamine B (DR for
subsequent high-specific activity radiofabeling with the positron-emitter zirconium-89
(**Zr) and (B) the SSTR-~targeting peptide, vctreotate.

Synthesis of DFO with an azide bond. DFO with an azide group will be produced
by reaction of DFO-B with pazido benzoic acid) (Figure 19) and punified. The "click
chenmistry” reaction 1s a 1, 3-dipolar cycloaddition at room temperature and the conditions
are often referred to a3 "Hueigsen Conditions”. Although the reactions can generally be
completed at room temperature in ethanol, it may be appropriate to heat the reaction. The
catalvst is often Co(D)Br, but altermatives include Cu(B or CullD}SO4 (with a reductant).
Kuor et al. Synthesis of novel 1,47 10-tetraazacyclodecane-1,4.7, 10-tetraacetic acid
{DOTA)} dertvatives for chemoselective attachment to unprotected polyfunctionshzed

compounds. Chemistry, 2007,13:6082-90. Click reactions may also be run in the absence

of anv catalyst. Aliernatively, the NHY group in DFO-B may be converted directly into
an azide group.

Svathesis of Tyr3-octreotate with an azide. Solid phase peptide svathesis (SPPS)
of Tyr3-octreotate (Figure 20A) will be performed on a peptide synthesizer. Briefly, the
synthests will involve the Fmoc (9-fluorenyimethosyearbonyl) method as previous
described for this peptide. Briefly, the instrument protocol requires 25 pmol of
subsequent Fmoc-protected amino acids activated by a combination of 1-
bydroxybenzotriazole (HOBt) and 2-{1 Hbenzotriazol-1-y1)-1,1,3 3-tetramethylurontum
hexafivorophosphate (HBTU). The Frooc-protected amino acids will be purchased
conunercially unless otherwise stated; the pre-packed amino acids will be obtamed from
Perkin-Elmer (Norwalk, CT), while those unavailable in pre-packed form, such as the
Damine acids and Fmoce-Cys(Acm) will be supplied by BACHEM Bioscience, Inc. (King
of Prussia, PA) or Novabiochem {San Diego, CA). The azide group {for the “chek™
chemisty) will be troduced into the peptide backbone via conpling of an azide-
contatning acid 1o the N-terminus of the peptide, while the peptide is sull protected and

attached to the resin (Figure 208).
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Synthesis of functionalized nanoparticles. The next step will be to conjugate both
the DFO having an azide bond and Tyr3-ocireotate having an azide bond (Figures 21A
and B} to the nanoparticle. “Click chemistry” is highly selective, quantitative and can be
performed very fast and using mild conditions. The number of combined azide groups
from DFO and Tyr3~octreotate will be controled to never exceed the nunsher of avarlable
triple-bonds; the wiple bonds will always be in <5% excess.

Functionalized nanoparticle characterization. Average number of DFQO chelates
pepirde per nanoparticle will be determined by perfornmng a standard 1sotopic dilution
assay with ¥Zr {or “Ga). ¥Zr will be produced on cyclotron and purified. Briefly, 10
concentrations of 89Zr-oxalate will be added to solutions containing a known amount of
DFO-derived nanoparticles, Following a 30 mun, room temperature incubation, the
solutions will be spotted on silica gel coated glass plates, developed in 111 10%
ammonium acetate-to-methanol (with EDTA} and analvzed by radio-TLC. Whereas the
M7 -DFO-derived nanoparticles wifl remain at the origin, nonspecifically bound 2y
bound to EDTA will migrate. The percent labeling efficiency will be plotted as a function
of total nanomoles of Zr added to the reaction mixture. The number of chelates attached
to the nanoparticle can then be determined from the inflection point of this curve,

Average number of Tyr3-octreotate peptide per manoparticle will be determined
by assaying the disulfide bridge of Tyr3-octrecate. Briefly, the disulfide bonds of the
Tyr3-octreatate can be cleaved quantitatively by excess sodium sulfite at pH 9.5 and
room temperature. DTNB or Elman’s reagent can be used to quantitate thiols in proteins
by absorption megstrenents. It readily forms a mixed disultide with thiols, hiberating the
chromophore S-merapto~2-nitrobenzoie acid {absorption maximum 410 nm). Only
protein thiols that are accessible to this water-soluble reagent are modified. Alternatively,

the Measure-1T™ Thiol Assay Kit from Invitrogen can be used.

I vive testing 1o switable tumor mwodels,

will be generated. Briefly, AR42J cells {1 X107, will be injected subcutangously into the

flanks of female SCID mice. The tumors will be allowed to grow 10-12 days untit 0.5-0.9

oy’ i size.
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Radiolabeling of the DFO-nanoparticle by ™7 is expected to proceed in <18 min.
at room temperature. Non-specifically bound “'Zr will be removed by addition of EDTA
fotlowed by a gel filtration step.

Receptor binding assavs. The receptor binding assays will be performed using
W Ze-DFO-manoparticles on menbranes obtained from AR42J tumors. The competing
ligands, natZr-DFO-Nanoparticles and natZr-DFQ-octreotate will be prepared by the
reaction of high purity natural zirconiom oxatate with DFO-octreotate and DFO-
Nanoparticles, respectively. Punty of the final products will be confirmed by HPLC.
1C50 values will be determined according to previously published methods, using the
Miklipore MultiSereen assay system {Bedford, MA). Data analysis will be performed
using the programs GraFit (Erithacus Software, UK.}, LIGAND (NIH, Bethesda, MD),
and GraphPad PRISMTM (5an Diego, CA).

In vitro assays. The AR42] cells will be harvested from monolayers with Cell
Dissociation Solution (Sigma Chemical Co., St Lowss, MO} and resuspended in fresh
DMEM miedia at a concentration of 2 # 106 cells'mL. An aliquot of about 0.3 pmol of
¥ Zr-DFO-nanoparticles will be added to 10 mL of cells, incubated at 37 “C with
continuous agitation. At 1, 5, 15, 30, 45, 60 and 120 min tripcate 200-ul aliquots will
be removed and placed in ice. The cells will immediately be isolated by centrifugation,
and the % uptake of the compeund into the cells will be caleudated.

Biodistribution. A small amount of the ¥VZr-DFQ-nanoparticles (~10 aCi, 0.20
pg) will be injected intravenously into each of the mice bearing palpable AR42)-positive
tumors. The animals will be sacrificed at selected ume pomts after injection (1, 4, 24, 48,
72 bours: n = 45} and deswed tissues will be removed, weighed, and counted for
radioactivity accumulation. Two additional control groups will be studied at 1 h post-
injections: {A) mice injected with the native radiolabeled peptide ¥Zr-DFG-octreotate
{~10 uC1, 0.20 ug), and (B) nuice pre-injected with a blockade of Tvi3-octreotata (150
g to demonstrate receptor-mediated accunulation of the ¥Ze-DFO-nanopatticles,
Tissues including blood, lung, Hver, spleen, kiduey, adrenals (STTR positive ) muscle,
skin, fat, hear, brain, bone, pancreas {STTR pasitive), small intesting, large intestine, and

AR42J twmor will be counted. The percentage injected dose per gram (%olD/g) and
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percentage injected dose per organ {(%siD/organ} will be calculated by comparison to a
weighed, counted standard solution.

I vivo NIRF imaging. Serial imaging will be performed using the MaestroTM /n
Five Fluorescence Imaging System (CRI Wobwm, MAYat 0,05, 1,2, 4, 6, 12, 24, 48
and 72 hrs. At 72-br, mice will be esthanized. and major Gssues/organs dissected,
weighed, and placed in 6-well plates for ex-vivo imaging. Fluorescence emission will be
analyzed using regions-of-interest {ROIs) over tamaor, selected tissues, and reference
injectates, employing spectral unmpong algorithms to elinnnate autofluorescence.
Fluorescence intensities and standard deviations (8D} will be averaged for groups of 5
animals. Dividing average fluorescence itensities of tissues by injectate values will
permit comparisons 1o be made among the varous tissues/organs for each injected
nanoparticle conjugate.

In vive simall animal PET imaging. Small snimal PET imaging will be performed
on a microPETR-FOCUS™ system {Concorde Microsystens Inc, Kaoxville TN). Mice
bearing the AR42T turnors (1 = § per group) will be anesthetized with 1-2% soflurane,
placed in a supine position, and immobilized in a custom prepared cradle. The mice will
receive 200 pCi of the ¥Zr-DFQ-octrentate-nanoparticle complex via the tail vein and
will be imaged side by side. Animals will initially be imaged by acquiring multiple,
successive [0-minute scans continuousty from the time of injection over a {-hr time
frame, followed by 10-nun static data acqusitions at 2, 4, 24, 48 and 72-hrs post-
injection. Standard uptake valoes (SUVe) will be generated from regions of interest
{ROIs} drawn over the tumor and other organs of interest, Co-registration of the PET
mmages will be achieved in combination with a mueroCAT-I camera (Imtek toc.,
Knoxville, TN), which provides high-resolution X-ray CT anatomical images. The iniage
registration between microCT and PET images will be accomplished by using a landmark
registration technique and AMIRA image display software (AMIRA, TGS Inc, San
Diego, CAJ The registration method proceeds by rigad transformation of the microCT
images from landmarks provided by fiducials divectly attached to the ammal bed.

Pharmacokinetic measurements. The biodistnibution and dynamic PET data will
provide the temporal concentration of ¥ Zi-DFO-octreotate-nanoparticle in tissue which

will allow for characterization of pharmacokinetic parameters of the agent.
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Fluorescence microscopy and autoradiography of tissues ex vive. Localization of
nanoparticle conjugates i tissues will be perfonmed on frozen sections. Imaging by
microPET will allow us to evaluate fully the global distribution In tumors and other non-
target tissues. Following the acute stage of the imaging trial, astoradiography will also
be performed on the tumors, and this data will be correlated to both the PET imaging and
histological resulis. Consecutive slices (~10 wm) wilf be waken, alternating slices for
awtoradiography and for histological analysis. These sections will also be analyzed by

multichannel Huorescence ancroscopy m the NIR channel.

Example 11 Particle internalization studies

The goal of this study s to evaluate the binding and intemalization of the present
nanoparticles to assess their localization m subcellular organelles and exocytosis. Thig
witl help study the fate of functionghized particles with different targeting moieties and
attached therapies. For example, both diagnostic nanoparticles {e.g., non-targeted PEG-
coated versis cRGD-PEG-coated nanoparticles) and therapentic nanoparticles {e.g.,
cRGD-PEG-nanoparticles attached to jodine for radiotherapy, atached to tyrosine Kinase

mhibitors, or attached to chemotlerapeutic drugs such as Taxol.)

Materials and Methods

Internalization/uptake studies. Internalization assays and colocalization studies
were performed for identifying specific uptake pathways.

Melanoma cells, including human M21 and mouse B16 cells (~2x10° cellsiwell),
were plated m Swwell chamber slides (1.7 co*/well) slides or 24 well plates (1.9
emiwell) with a 12 num rounded coverglass and incubated at 37°C ovemight. To
monitor targeted nanoparticle internalization, cells were incubated with ¢cRGD-PEG dots
{0.075 mp/mb) for 3 hes at 37°C. To remove unbound particles in the medium, cells were
riased twice with PBS. Confocal microscopy was perfored on a Lesea wverted
contoeal microscope {Leica TCS SP2 AOBS) equipped with a HOX PL APO: 63x 1.2NA
Water DICD objective to assess co-localization of cRGD-PEG-dots with arganelle-
specific stains or antibodies. Images were analyzed using Imagel software version 1.37

{(NIH Image: htip:/frsbweb.nih.goviiy).
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Co-localization Assays/Dye-bound markers. {n order to wdentify endocytic
vesicles involved in € dot internalization, colocalization assays in living cells were
performed using dye-bound markers. Cells were caincubated with nanoparticles and
different dves. The dyes include: 100 nM Lysotracker red for 30 min to fabel acidic
organelles along endosomal pathway, 2 pg/ml transfervin Alexa 488 conjugate to label
recyeling and soning endosomes {clathrin-dependent pathway); 1mg/mL70kDa dextran-
FITC conjagate at 37 °C for 30 nun {o label macropinosomes.

Co-localization/Organclle-specific anubodies. Immunocytochenustry will be
performed with known markers for Golgi and lysosomes. For Golgi, Grantin (Abcam,
rabbit polyclonal, 1:2000) will be used for human cells; GM-130 {(BD Pharmingen, |
pg/mib) will be used for mouse cells, For Lysosomes, LO3E (Cell Signaling, rabbit
polyclonal, 0.5 pg/ml) will be used.

For Grantin or LU3B staimng, cells will be blocked for 30 mimutes in 10% normal
goat serum’0.2% BSA in PBS. Primary antibody incubation {rabbit polyclonal anti-
Ciiantin antibody {Abcamn catalog # ab24586, 1:2000 dilution) or LO3B (Cell Signaling,
CRITTA, 0.5ug/ml} will be done for 3 hours, followed by 60 mamutes incobation with
biotinviated goat anti-rabbit IgG (Vector tabs, cat# PK6101) in 1:200 dilution. Detection
will be performed with Secondary Antibody Blocker, Blocker D, Streptavidin-HRP D
{Ventana Medical Systems) and DAB Detection Kit (Ventana Medical Systems)
according to manafacturer nstructions.

For GM-130 staining, cells will be blocked for 30 mm in Mouse IgG Blocking
reagent (Vector Labs, Catf: MKB-2213)in PBS. The primary antibody incubation
{monoclonal anti-GM130, from BD Pharmingen; Caté610822, concentration lug/ml)
will be done for 3 hours, followed by 60 mimutes incubation of hiotinviated mouse
secondary antibody (Vector Labs. MOM Kit BMK-2202), in 1:200 dilution. Detection
will be performed with Secondary Antibody Blocker, Blocker D, Streptavidin-HRP D
{Ventana Medical Systems) and DAB Detection Kit { Ventana Medical Systems)
according to manufacturer instructions,

For temperature-dependent studies, nanoparticles will be incubated with cRGD-
PEG-nanoparticles at 4°C, 257°C, and 37%C 1o assess fraction of surface bound versus

internalized particles,
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For exocytosis studies, nanoparticles (0.075 myg/mi} will be incabated for 4 hours
and chamber slides washed with PBS, followed by addition of fresh media. At time
intervals of 0.5, 1.0, 1.5, 2.5, 4.5, 8.0 hus, cells will be washed, typsinized, and
fluorescence signal of cells and media measured by fluorimetry. In dose-response
studies, cells will be ncubated over a range of concentrations and incubation times, and
assaved using flow cytometry. In viability swdies, cell viability will be measured using a
irypan blue exclusion assay before and after incubation to assess for toxicity. In time~
fapse studies, mechamsm of nanoparticle ternalization 1n frving cells will be
investigated after incabating cells with nanoparticle conjugates at different temperatures
of incubation (4°C, 25°C, and 37°C) using an mverted confocal microscope over a 12-hy

period at 20 min intervals,

Discussion

cRGD-PEG-dots and PEG-dots were found to co-localize with Lysotracker Red
M21 and B16 cells suggesting uptake m the endosomal pathway (Figare 22). Data
showed that these particles strongly colocalize with transferrin and dextran. Regardless
of surface functionality and total charge, nanoparticles {6-7 nm in hydrodynamic
diameter} studied appeared to follow the same route. Time lapse imaging in both cell
tvpes demonstrated internalization of functionalized nanoparticles within a small fraction
of the plated cells. Particles were eventually delivered o vesicular structures m the
perinuciear region. Colocalization assays with Giantin (or GM-130) is not expected 0

show nanoparticle fluorescent signal in the Golgt

Example 12 Dual-Modality Silica Naneparticles for Image-Guided
Intraoperative SLN Mapping and Interventions

Dual-Modality Silica Nanoparticles for Image-Guided Intraoperative SLN Mapping

These stodies were expanded to inclade optical vaging osing the portable ArteMIS™
fluorescence camera system, along with radisdetection using the ganuna probe, for
performing real-time assessments of the draining tumor lymphatics and nodal metastases,
as well as assessment of tumor burden. In a representative miniswine (Figares 23a-231),

initial preoperative PET-CT scanning was perfonmed using “F-FDG and *1-cRGDY-
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PEG-C dots using the foregoing imaging procedure. Axzal UT images revealed a primary
pebvic jumor (Figere 23a) and draining SIN (Figure 23b}, which were seen as areas of
increased activity on the corresponding "F-FDG PET scan (Figures 23¢, 23d). These
findings were confirmed 2 days fater by dynamic PET-CT maging about § minutes after
subdermal, 4-quadrant mjection of the particle tracer about the tumor site; coregistered

"

axial (Figures 23¢, 23g) and coronal (arrows, 231, 23h) views demonstrate these findings.
Following pre-operative scanming, the skin overlying the SLN ste was marked for
mtraoperative focalization, and the numswine was transported to the mtraoperative suite.
Basehne activity measurements, made over the primary tumor and SLN sites using the
portable gamma probe (Figure 231), showed 3 20-fold increase in activity within the SLN
refative to background sigoal.

For real-time optical imaging of the lymphatic system, a second subdermal
injection of *-cRGDY-PEG-C dots was administered about the tumor site with the skin
intact, and the signal viewed in the color {(Figare 24a) and Cv3.3 fluorescent channels
{Figure 24b). The adjacent nodal basin was exposed, and flyorescent signal was seen
the NIR channel flowing from the injection site (Figure 24¢) into the main proximal
{Figures 24¢, 24d), mud (Figure 24e), and distal (Figure 244} lymphatic branches, which
drained towards the SEN (Figure 24, Smaller cahber lymphatic channels were also
visualized (Figures 24d. 24e). The black-pigmented SLN, viewed m dual-channel mode
{Figures 24¢, 24h), was further exposed (Figures 241) prior to suceessive nodal excision
{Figures 247 ~ 2dm}, Flyorescence signal within the i it (Figure 24k) and ex vivo
{Figure 24m) nodal specimen was confirmed by gammia emissions using the gamma
probe (Figure 241), and seen to correspond to scattered clusters of tamor cells on fow-
power {box, Figure 24n) and high-power (Figure 240) views from H&E-stained tissue
sections. Positive expression of HMB4S was wdentitied on low-power (Figure 24p) and
high-power (Figure 24q) views, consistent with metastatic melanoma.

Surprisingly, and by contrast to the observed "F-FDG findings, " 1-RGD-PEG-C
dots were found to specifically discrimmate between metastatic fumor infiltration and
inflammatory processes in these miniswine. Mechanistic differences i the behavior of
these agents at the cellular and subcellular levels, as well as the presence of an integrin-

targeting moiety on the particle surface, may account for the pbserved imagmng findings.
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In multiple miniswine harboring pathologically-proven inflammatory changes due to
granujomatous disease (1=3), PF-FDG fatled to detect metastatic disease, while
identifving inflammatory and other metabolically active sites. These discrepant findings
fhughlighted the ability of the particle tracer to selectively target, localize, and stage
metastatic disease, while *F-FDG failed in many cases to accurately stage cancer spread,
instead idemifying sites of imflammation.

In a representative miniswine study illustrating these findings, initial axial “F-
FDG PET-CT scans showed caleification within the left posteror neck on U1 (Figure
254, correspending 1o an area of intense activity on the "F-FDG PET (Figure 25b).
Low-power (Figure 25¢) and high-power {(Figure 25d) views of H&E stained fissue
sections revealed diftfuse inflamwmatory changes, consistent with granulomatous disease,
Intense "F-FDG PET activily was additionally seen within the metabolically active bone
marrow compartment of these young miniswine {Figures 252, 25b). By conirast, the
particle tracer imaging stedy identifted bilateral metastatic neck nodes. A right neck node
on axial CT tmaging (Figure 25¢) was scen to be PET-avid on co-registered PET-CT
{Figure 251); additional bilateral nodes on a more superior CT image (Figure 2S¢} were
also hypermetabolic on fused PET-CT (Figure 25h). Moreover, left neck calcifications
{Figures 25¢, 25g) showed no PET activity on co~-registered scans (Figore 25€, 25h).
Corresponding H&E-stained SLN tissue sections revealed dark melanomatous clusters on
tow-power {hox, Figure 251} and high-power views {Figare 25), seen to be compnsed of
melanoma cells and melanophages. A single frame (Figure 25K) selected from 3D PET
reconstructed images agatn illustrated multiple, bilateral PET-avid neck nodes and
assoctated draining lymphatic channels. Impertantly. bulk activity was seenin the
bladder | hr post-injection without significant tracer accumulation over the liver region.

The above findings were seen to better advantage on PET-CT fusion MIP mmages
generated from dynamic imaging data sets acquired over a { howr period after F-FDG
(Figure 26a) or local particle tracer administration (Figures 26b, 26¢). For VF-FDG, a
clear absence of nodal metastases 1s noted, with diffusely increased activity seen within
metabolically-active bony stractures. In contrast 1o these findings, “-cRGDY-PEG-C

dots detected bilateral metastatic neck nodes, along with draiming lymphatic chansels.
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Dual-Modality Siliea Nanoparticles for Image-Guided Interventions: Treatment response.

The ability of the particle tracer to discriminate metastatic disease {from tissue
inflammatory changes could potentially be exploited in a variety of therapeutic settings -
either surgically-based or interventionally-driven - as treatment response assessments are
often confounded by the presence of milammatory changes, making mterpretation
difficult. Inage-puided interventions, such as therapeutic tumor ablations, may
specifically benefit from the innovative coupling of new particle platform and imaging
device technologies to {1} enable earbier post-procedural evaluation of response; (2}
venfy complete ablation or detect residual tumor representing treatment failure, and (3)
improve tumor surveillance strategies. Locally ablative therapies, ncluding microwave
ablation, cryoablation, radiofrequency ablation
{RFA), and laser interstitial therapy. induce local thermal mjury via an energy applicator
msertion o tumors. These methods are typically employed as alternative options
patients deemed incligible for surgical excision. Further, patients undergoing ablative
therapies are often poor surgical candidates due to co-morbidities, Widely used in clinical
practice, they offer a distinct advantage, as they can be performed percutaneously as
cutpatient procedures with significantly less morbuidity, and may improve quality of Life
and survival in selected patient cohorts.

Accurate post-therapy umnaging, typically acquired 1-3 months after an ablation
procedure, traditionally utilized contrast enhanced volometric imaging, such as CT or
MRI These technigues suffer frony a number of drawbacks, First, they are limsted o
dentifving the presence of sbrormal enhancement or growth in the size of the twnor
areq, considered primary indicators of residual tumor or recurrent disease. Diffuse nim
enhancement about the ablation zone on post-procedural evaluations may be related to
inflammation and hyperemia in the ablation zone, and often does not necessarily
represent residual tumor, Increasing enhancement, notably irregniar or nodular, is
constdered suspicious for tuor. However, these interpretations ave controversial, as an
ablation zone can look larger than expected for several months post-procedure, and
enhancement might also reflect granulation or scar tissue formation.

Functional methods, such as PF-FDG PET, have also been used to assess the

efficacy and effects of locallv ablattve procedures, but may suffer from an mability o
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aceurately diseniminate tumor from inflasmatory changes. Thus, interpretation of
intaging changes (i.e., mflammation, twumor) at the tissue level in response to ablative
procedures using current iorphologic or functional assessments, particularly at early
time intervals, is a significant challenge. What is needed are reliable endpoints for
ablation success and wnequivocal detection of residual disease w the postablation peried.
As a forerunner to performing future ablations of metastatic liver lesions, a proof-
of-concept radiofrequency ablation (RFA) study of g larger (Le 1 -2 cm} SEN was
performed m a mumiswine with metastatic melanoma to evaluate ear}y treatment response
in the presence of the particle tracer. PET-CT mmaging findings prior to and after RFA
were correlated histologicatly. Following subdermal injection of -cRGDY-PEG-C
dots {~0.6 mCi} about the primary lefi pelvic tumor, an initial basehine coronal CT
showed a 2.2 x 1.6 em SLN (Figure 27a) superior to the tamor site, which was PET-avid
{Figures 27b, 27¢). The hypermetabolic left pelvic tumor 15 also shown (Figure 27h),
noting additional particle tracer flow within a draming lymphatic chanel on fused PET-
CT mages (Figore 27¢, 27d). Additional serial CT scans were acquired o localize the
node (Figure 27¢) prim‘ to the ablation procedure and syide RFA probe insertion {Figure
276y mto the node {below level of crosshairs). On the corresponding pre-ablation co-
registered PET-CT scan, the PET-avid SLN was seen just posterior to crosshairs (Figure
27g). A partial node ablation was performed for 12 minutes using a 2 em active tip RFA
probe {Cool-tip ablation system, Covidien ple, Dublin, Ireland). Post-gblation PET-CT
showed mitdly reduced tracer activity in the ablation zong, anterior to the electrode tip
{Figure 27h). Pre- and post-ablation imaging findings were confirmed histologically.
H&E staming of pre-ablated core biopsy tissae from the SLN confirmed diffuse
metastatic tumor infiltration on low-power (Figure 271} and high-power {Figure 271)
views. Post ablation, the extent of metastatic infiltration decreased on H&E stained nodal
tssue, seen on corresponding low- {Figure 27k} and high-power views (Figure 271).
Coagulative necrosts and lvmphotd tissne were also dentified, along with multifocal
hemorchages (Figures 27k, 271, respectively). TUNEL stained ngh-power views prior to
ablation reveal scattered neoplastic cells (Figure 27m). On post-ablation TUNEL
staining, focal areas of necrosis (red) were seen on both low- (Figwe 27n) and high-

power {Figure 270} views,
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Conclusions

Lymph node metastases are a powerful predictor of outcome for melanoma. Early
detection of micrometastases in regional lymph nodes using SLN mapping may permit
the timely stratification of patients to appropriate treatment arms, and can potentially
improve patient outcomes. Although the current standard-of-care SLN mapping and
hiopsy techniques rely on the use of radivactivity-based identification of SLNs, a number
of limutations of this technology exist. These melude low spatial resolution, reduced
staging sccuracy, absence of target specificity, slow tracer ¢learance that may obscure the
surgtcal field, and the lack of accurate intraoperative visnalization to prevent injury to
vital structures lying in close proximity to SLNs.

The recent introduction of newer generation, biocompatible particle platforms that
can be actively tatlored and refined to overcome these drawbacks according to key design
criteria, while enabling selective probing of critical cancer targets, can offer important
insights ingo cellular and molecular processes governing metastatic disease spread. The
additional adaptation of such platforms for mulimmodality imaging could be used to
advantage by the operating surgeon or interventionalist to explore these processes in a
variety of image-guided procedural settings.

{ne such dual-modality platform, a clinically-translated mtegrin-targeting silica
nanoparticle developed for both optical snd PET imaging, meets a namber of key design
criteria ~ small size, supenor brightness, enhanced nimor tissue retention, and low
background stgnal - that miake it an tdeal agent for SLN localization snd staging during
SLN bropsy procedures when coupled with portable, real-time optical camera systems.
The ability to diseriminate metastatic disease from tisswe inflammatory changes in
melanoma models, which are often co-existing processes, may provide a more accurate
and reliable marker for the assessment of treatment response in the future. Further
mvestigation i a broader set of cancer tvpes and treatments 15 warranted osing either

surgically-based or interventionally-driven therapies.

Example 13 SLN mapping of prostate cancer
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Multimodal nanoparticle bearing Hul591-F(ab'}2 fragments are novel diagnostic
probes for binding prostate specific membrane antigen {PSMA). By svnthesizing
particles bearing multiple F(ab')2 fragments, we can (1) enhance binding affinity/potency
due to multivalency effects and (2) aher in vivo distributions, as clearance and uptake
will be donmnnated by particle kinetic behavior, rather than the antibody itself. By
mamtaining particle size below or just at the renal cut-off of 10-nm diameter, renal
clearance is promoted. Further, target-to-background ratios will increase on the basis of
maprovements m (1) and (2}, potentially mprovimg diagnostic specificity and disease

staging.

Svnthesisicharacterization of 11591 Fiab2-bound particles,

To generate PEGylated F(ab™)2 constructs, 100ug of Flab™)2 was added to an
gppendorf ube in 1001 PBS, followed by incubation with 4pl of 2mpdim! Traut’s reagent
for Th at room temperatare, Malemmide-PEG {omy) dissolved in buffer selution was then
added. The solution was incubated overmight and purified with a PD-10 colwun prior to
particle attachment. F(ab")2 fragments are being radiolabeled with jodine-124 ("D 1o
create a dual-modality particle platform, and the specific activity, purity, and
radiochemical vield will be derived. Particle size and concenuration will additionally be

assessed by FCS.

Example 14 In-Human Dual-Modality Silica Naneparticles for Integrin-Targeting in
Melanoma

Nanomaterials, in particular nanoparticle probes, possess unique physicochemical
and biological properties. as well as surface versatility. By explowting their surface
versatility, tocompatible, multifunctional pacticles can be selectively modified with
molecar markers that recogmize and locahize key cancer targets. Of moreasing
importance n operative settings s the need for more robust optically-driven
multifunctional particle probes which can improve real-time targeted detection of
localiregional disease spread about the primary ttunor site, thus facilitatmg treatment.
Real-time delineation of disegse from critical nearal and/or vascular structures in

intraoperative seftings will also be paramount. Duncan, R, The dawning era of polymer
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therapentics, Nat Rev Drug Discov 2, 347-360 {2003}, Wagner, et al., The emerging

nanomedicine landscape, Nat Biotechnol 24, 12111217 {2006). Schemnbery, ot al.,
Consoripts of the infinite armada: systemic cancer therapy using nanomaterials, Nat Rey
Clin Oncol 7, 266-276 (2010}, Miyata et al., Polvmeric micelles for nano-scale drug

delivery, React. Fune. Polvig, 71, 227-234 (201 1). Lee et al, Multifanctional

mesoporous silica nanocomposite nanoparticles for theranostic applications, Acc Chem
Res 44, §893-902 (2011}, Schroeder et al., Treating metastatic cancer with
nanotechnology, Nat Rev Cancer 12, 39-50 (2012). Rosenholm et al., Nanoparticles m
targeted cancer therapy: mesoporous silica nanoparticles entering preclinical
development stage, Nanomedicie (Lond} 7, 111-120 {2012}, Ashley et al. The targeted
dehivery of multicomponent cargos to cancer cells by nanoporous particle-supported tipid
hilavers, Nat Mater 10, 389-397 (2011). Vivero-Escoto ef al., Sihica-based nanoprobes
for bromedical imaging and theranostic applications, Chem Soc Rev 41, 2673-2685
{2012). Tada et al.. In vivo real-time tracking of single quantum dots conpugated with
monoclonal anti-HER2 antibody in tumors of mice, Cancer Res 67, 1138-1144 (2007).
Yet, despite extensive particle developments to date, no imorganic fluorescent particle
maging probe has successively made the transition to the clinic as a targeted
multifunctional platform technology. Altmogh ef ol , Near-infrared emitting fluorophore-
doped calctum phosphate nanoparticles for in vivo imaging of human byeast cancer, ACS
Nano 2, 2075-2084 (2008). Hilderbrand et al., Near-infrared Huorescence: application to

in vivo molecudar imaging, Curr Opin Chem Biol 14, 71-79 (2010}, Choi e &/, Design

considerations for tumonr-targeted nanoparticles, Nat Nanotechnol 5, 42-47 (2010). He

et al., Near-infrared fluorescent nanoprobes for cancer molecular imaging: status and

challenges, Trends Mol Med 16, 574-583 (2010).

Here we descrtbe that a first, ~7-nm floorescence nanoparticle, modified as a
hylwid (optical/PET) targeted platform by the attachment of radiolabels and cvelic
argimne-ghycine-aspartic acid-tyrosine (¢CRGDY Y peptide, 15 not only well-tolerated in
metastatic melanoma patients, but may preferentially detect and localize presumed
integrin-expressing wmors in a microdosing regime with high signal-to-noise ratics. No
significant senum protein binding i observed, and the integrity of the particle and its

surface components are maintained in vivo. Results on satety, pharmacokinetics,
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dosunetry and targeting suggest general wtility of this renally-excreted particle i cances
diagnosis and for potentially guiding treatment planning. This dual modality probe
constitutes a platform that can be wailored to specific tumor types which may improve
optical andfor PET-based lesion detection and cancer staging in humans, as well as drug
delivery, potentially leading to better and more personalized cancer care.

We used an ulra-small (~7-nm diameter), dual-modality {optical/PET) inorganic
nanopatticle probe for targeted meolecular imaging of &fis integrin-expressing cancers.
Thus nanoparticle probe 1s the first FDA~-mvestigational new drug of its class and
properties approved for first-in-homan studies (Figure 28a). The fluorescent silica
sanoparticle {Comell, or € dots) covalently sequesters dve molecules in a core
encapsulated by a silica shell to prevent dye leaching and 1o enhance brightness and
photostability. Ow, ef of. Bright and stable core-shell floorescent silica nanoparticles,
Napo Lett 3, 113-117 (2005). Buns, ¢f of. Fluorescent silica nanoparticles with efficient

urinary excretion for nanomedicine, Nano Lett, 9, 442-448 (2009}, Absorption-matched

spectra demonstrate this per dve brightness enhancement as differences in mtensity
between the emissions of the encapsulated and free dves (Figure 28b). A neutral layer of
surface poly(ethylene glveol) (PEG) chains enables attachment of a small number of
cyclic arginine-glycine-aspartic acid-tyrosine (cRGDY) peptides for potent and selective
integrin receptor binding. Benezra, e of. Multimodal silica nanoparticles are effective
cancer-targeted probes in @ mode! of human melavona, J Clin Invest, 121, 27682780
{2011} Activated integning mduce many structural and signaling changes within the cell,
i gddition to regulating differentiation pathways, mediating adheston properties, and

gression. Hood ef al., Role of

promoting cell migration, survival, and celf cyele pro

integrins in cell invasion and myigration, Nat Rev Cancer, 2, 91-100 {2002}, The
attachment of nuclear imaging labels, such as ™, via tyrosine residues amplifies signal
sensitivity for serial PET imaging. The final product, & highly biocompatible and
biostable tumor-selective particle tracer { *-¢RGDY-PEG-C-dots), has previously
provided a read-out of integrin receptor status by PET imaging in human melanoma
xenoprafts, thus defining a distinet olass of renallv-cleared theranostic platforms for
nanomedicine. Jokerst et al., Molecular imaging with theranostic nanoparticles. Acg

Chem Res, 44, 1050-1060 (2011,
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A first-in-human clinical trial was initiated, employing PET to quantitatively
assess the tme-dependent enor uptake and biodistribution, radiation dosimetry, and
safety of this agent in a cohort of five patients with metastatic melanoma. Implicit in the
rationale of using PET imaging is the preclinical evidence that the particle radiotracer has
no pharmacologie, radiogenic, or other demonstrable biologic effect. Colling, 1M, Phase

0 chinical studies in oncology, Clin Pharmacel Ther, 83, 204-207 (2009). Kummar f o/,

Phase ¢ chimea! trials: recommendations from the Task Force on Methodology for the

Development of Innovative Cancer Therapies, Bur J Cancer, 45,741-740 (2009).

Following & single dose intravenous (1.v.) injection of approximately 183 megabequerels
(MBq) {~3.4 - 6.7 nanomoles, nmol) of the *-cRGDY-PEG-particle tracer (specific
activity range 27.8 - 574 GBqg/umol) into human subjects {Figure 28a), three whole-
body PET-CT scans were acquired over a 72-hour period 1o assess pharmacokinetics, in
addition 1o analyzing metabelites in blood and urine specimens over a two week interval
by gamma counting and radio thm layer chromatography (radioTLCY.

Five patients had no adverse evenss and the agent was well tolerated over the
study pertod. Pharmacokinetic behavior, expressed as the percentage of the myjected dose
per gram of tissue (%ID/g), versus thime post-injection and the corresponding mean organ
absorbed doses (Figure 28d), were comparable to those found for other commeonly used
diagnostic radiotracers. Serial PET maging of this representative patient (Figure 28d)
showed progressive loss of presumed blood pool activity from major organs and tissues,
with no appreciable activity seen by 72-hour post-injection (p.r ). Whole-body clearance
half-times in these patients were estimated 10 range from 13-21 hours. Interestingly, there
was 1o notable locahization in the hiver, spleen, or bone marrow, w contrast to wany
hiydrophobic molecules, proteins, and larger particle platforms (> 10 nm). Although
patients were pretreated with potassiam iodide (K1) to block thyroid tissue uptake, a
higher average absorbed thyroid dose was obtained i this patient relative to other tissues.
Particles were also primarily excreted by the kidneys, with both kidney and bladder wall
{after thyroid and tumor, see below), demonstrating one of the highest %{D¥g values by
72 bs pi. (Figure 28d); as s often the case for renally excreted radiopharmacenticals, the

bladder wall received a higher average absorbed dose than other major organs and
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tissues. The detaited climical protocol (Fig. 28C) and the rationale for its design, is
further described in Materials and Methods.

These findings highlight the fact that renal, rather than hepatobiliary, excretion is
the predominant route of clearance from the body. Efficient renal clearance will be
contngent upon the design of ultra-small particle-based platforms or macromolecular
systems that are on the order of the effective renal glomerular filtration size cutoffs of
about 10 nm or less. Chot, et al., Targeting kidney mesangium by nanoparticles of

defined size, Proc Natl Acad Sci U S AL 108, 6656-6661 (2011). A small fraction of the

administered activity {less than 5%) was seen as uptake in the stomach and salivary
glands of this patient, consistent with fiee iodine, which was progressively cleared over
the imaging pertod, The particle does not exiubit properties typical of reticuloendothelial
agents (i.e., technetium-99m sultyr colloid), whose uptake reflects macrophage function,
principally in liver, Based on prior data acquired for cRGD radiotracers, no unexpected
foct of activity were observed. Haubner, R., ¢ of. Synthesis and biological evaluation of
a (99m)Te-labelled cyvelic RGD peptide for imaging the alpbavbetal expression,
Nuklearmedizin, 43, 26-32 (2004).

Importantly, these properties point to the rather unique pharmacokinetic behavior
exhibited by this morganic dual-modahity imaging particle as a renally cleared agent.
Metabolic analyses of blood (Figure 29a) and urine (Figure 29b) specimens by gamma
coanting revealed at least an order of magnitude drop in tracer activity over a 72-howr
period, with essentially no activity renmaining at the end of this interval, Particle activity
was fargely confined to the bleod plasma fraction without evidence of significant serum
protein binding {data not shown). RadioTLC analyses of plasma samples revealed a
single peak through 24 hp.i. (Figures 29¢ - 29¢}. corresponding to the intact radiolabeled
nanoparticie. In urine specimens, two pesks, one corresponding to the intact nanoparticle
and the other to a more mobile species (identified as free ioding), were seen over a 24-
hour peviod {Figures 291 - 29h). RadioTLC analyses of the particle tracer (Figore 291,
radioiodinated peptide { ' -cRGDY, Figure 297), and free radiotodine (1, Figure 29k)

confirmed that the first and second peaks i he radiochromatograms corresponded to the

intact nanoparticle and free iodine, respectively. Thas, these findings suggested that no
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measurable Joss of particle integrity occurred over the course of the study, even after
exeretion throuagh the kidneys.

Although tumor detection was not the goal of tis PET microdosing study,
surprisingly, despite the low injected dose, there was evidence of tumor localization of
the particle tracer. In the first case, a whole-body PET-CT scan was acquired four bours
after i.v. administration of *-cRGDY -PEG-C-dots in a patient with anorectal mucosal
melanoma. On coronal CT unages {Figure 30a), a large rounded area of decreased
density {arrowhead) was seen 1n the mifenior Jeft lobe of the liver, the site of & known
metastatic lesion by prior fluorodeoxyglucose (“F-FDG) PET/CT imaging (data not
shown). On the coronal PET (Figure 30b) and co-registered PET and CT scans (Figure
30¢), a vim of higher uptake circumscribed this lesion (Figure 30b arrowhead; Figure 30¢)
and subsequently cleared by the time of the 24-bour PET scan, suggesting some
preferential localization w this presumed integrin-expressing metastasis. Significant
activity was seen within the bladder, gastromtestinal tract {stomach, mtegtines), heart, and
the palibladder. In a second subject, a well-defined cystic lesion was seen i the right
anerior lobe of the pituitary gland by axial (Figure 31a) and sagittal (Figure 31b)
magnetic resonance imaging {MRI).

This lesion, a stable finding on prior MR scans, was presumed 1o be a pituitary
microadenoma, an intracranial neoplasm known to exhibit malignant properties, such as
neoangiogenesis and progression into perttumoral tissues. Precise co-registration of this

tracer-avid focus with multiplanar MRI (Figures 31¢, 31d) and CT (Figwre 31e, 310

mmages confirmed its location within the antenior pitutary gland. Inttially seen as a focus
of mtense activity, it progressively increased in wntensity over a 72-hour interval {atvow,
Figures 31g-311}, accompanied by a corresponding decrease in swrroundmg background
marrow signal, thus yielding higher tumor-to-background ratios (i.e., tumor-to-bratn
{T/B) ~ 6) and tumor-to-fiver (T/L) ~ 21 (Figure 31)). PET imaging resalts may be
explained on the basis of findings n & prior study showing increased ovfi3 natogrin-
expression in the parenchyma of a subset of adenomas, as well as enhaonced integnn
expression levels in adenomatous stromal cells in relation to normal connective tissue

cells. Farnoud, et al, Adenomatous transformation of the human anterior pituitary is

associated with alterations in integrin expression, Int ] Cancer, 67, 45-53 (1996).
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Our inttial data support the notion that human PET studies with this targeted
imaging vehicle are a rationale approach towards detection and localization of presumed
integrin-expressing tumors. We ate planning dose escalation methods to determine an
optimal balance among safety, whole-body clearance, and tumor targeting efficiency in
wore advanced chimical trials. Such PET-driven studies may also permit accurate
quantification of integrin receptor expression levels for achieving maximum targeting
efficiency, as well as detection of alterations in these levels. Further, the use of these
quantitative molecular imagmg tools can vield mformation on tume-dependent changes
particle uptake and accomulation within tumors, Kelloff, G, eral, The progress and

promise of molecular imaging probes in oncologic drug development, Clin Cancer Res

11, 7967-7988 (2005}, For the case of the pituitary adenoma, we were able to compute
the cumnlative uptake of particles within this leston. Specifically, we computed the
fraction of the total injected activity and the number of parucles that accumulated at this
site over a 72-hour imaging pertod. Using the measered maxiam standardized uptake
value (SLVaax, see Methads) of the lesion {ie, 46.5) at 72 hours post-injection (neatly a
factor of ten higher than that in normal pituitary tissue), corrected for partial volome
effects, as well as the approxtmate mass of the lesion {Le., product of the lesion volume
and an assumed density of 1 giom®), and the patient's body mass, we found that, relative
to an injected particle load of 2 x 10%, roughly 1.78x10'! particles {0.01% of the injected
dose, %lD} or 1 part per 10,600 accumulated at the lesion site. The standard optake
values (SUV) is defined as the activity per gram of tssve divided by the administered
activity per gram of body mass, Time-dependent changes in the %10/ and dosimetry of
this leston, m relation to major organs and tissues, are shown 1 Figures 28¢ and 28d.

The results suggest that the systemically injected particle tracer was well-tolerated

and safe. Safety measures incloded monitoring of uptake in normal organs, as well as
faboratory toxicity indicators. Secondary objectives were to estimate radiation dosss and
assess plasina and wane metaholic activity. Safety assessments were based on dosimetry,
fack of clinical symptoms, and the absence of any laboratory indications of particle (drug)
toxicity.

The results obtained from this first-in-human clinical trial point (o a systemically

mjected particle tracer that exhibited favorable and reproducible PX signatures defined
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by renal excretion. In contrast to reticuloendothehial agents (L.e., techuetium-%9m sulfur
colloid) and macromolecules, such as antibodies, there was no appreciable particle tracer
accuntulation within the liver, spleen, or bone marrow. Our data clearly indicate that a
farge proportion of the administered activity was eliminated via the srinary system (Figs.
28K, 29BY; activity concentrations in the urinary bladder were up {0 an order of
magnitude higher than those in the fiver, for example. Based on the conservative
assumption that all hepatic activity is ultimately excreted vie the hepatobiliary route,
these data are consistent with ~90% of the administered activity being excreted via the
urinary system and only ~10% via the hepatobiliary route. In remaining organs/issues,
notably at early time points {2-4 hrs), residnal activity largely reflects that of the blood
pool.

Targeted detection did not serve as a study endpoi, and dose escalation
procedures to achieve maximum uptake at sues of disease were therefore not
incorporated wnto the tial design (1e., no attempt was made to adjust particle doses o
optimize tumor targeting). However, despite the low nanomolar amounts used,
preferential localization and accumulation of the particle tracer occurred in several
turnors. In one of the patients with a presumed pitwntary adenoma, PET tmaging results
showed progressive net accumulation of particle tracer activity at the site of the lesion.
The results of this study suggest that our systemically mjected particles are well tolerated
and exhibit a distinctly unigee ‘macromolecular” PK signature, where bulk renal
ciearance predominates without significant RES uptake. This is in contrast to many
hydrophobic molecales, proteins, and larger-particle platforms (> 10 nm). This feature i3
highly atypical for nanoparticles {which generally exhibit diameters greater than
estimated renal cut-off values, and therefore hittle renal excretion and slower clearance)
and warrants clinical evaluation of owr ultrasmall nanoparticle platform,

These resalis, along with essential data on safety, pharmacokinetics, and
dostmetry of the dual-modality C dot imaging platform, suggest the general utility of this
human microdosing techrigue in terms of vielding key tumor-specific read-outs for
cancer diagnostics. Such estimated tumor-accomulated particle tracer loads {or

concentrations), along with knowledge of cellular inhibitory response {i.e., ICso or 50%
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infubitory concentration), can potentially be used to predict therapeutic dosing
requirements for g given drug.
Methads

Synthesis and characierization of cRGDY-PEG-C-dots, For details regarding the

synthesis and characterization of PEGylated and cRGDY {Pepuides Iternational,
Lonisville KY) suriace-fonctionatized fluorescent core-shell silica nanoparticles

{cRGDY -PEG-C-dots) encapsulating the orgame dye, Cy3 {enussion maxuna ~630 nm, 2
dye equivalents within the particle core), see an varhier publication of this group and
references therein. Benezea, M., of af,, Multimodal silica nanoparticles are effective
cancer-targeted probes in a mode! of human melanoma, J Clin Invest, 121, 2768-2780
(2011} Inbrief, partcles were prepared by a modified Stéber-type silica condensation.
Bogush et al., Preparation of monodisperse silica particles: Control of size and mass

fraction, J Non-Cryet Solids, 104, 95-106 (1988}, Herz, et al., Large stokes-shift

tluorescent stlica nanoparticles with enhanced emission over free dye tor single

excitation multiplexing, Macromel Rapid Commun, 30, 1907-1910 (2009). Sadasivan,et

al., Alcoholic solvent effect on silica synthesis—NMR and DLS mvestigation, § Sol-Gel
Sci Technol 12 5-14 (1998). Bifunctional PEGs were derivatized with silanes for
attachment to the silica swrface and for peptide coupling. cRGDY peptides contaming the
sequence cyclo{ Arg-Gly-Asp-Tyr) and bearing cysteine residues {Pephide Intermational)
were attached to functionalized PEG chains via a cysteine-maleimide hinkage.
Hydrodynamic radius, brightness, and concentrations of cRGDY-PEG-Cdots, as against
free Cy3 dye, were anatyzed on a Zeiss LSM 510 Confocor 2 FCS using HeNe 633-nm

excitation.

Radiolabeling of cRGPY-PEG-C-dots. Tyrosine residunes were conjugated to PEG chains

34

for attachment of radioiodine moteties {Le., ' ¥, Hermanson, G, Bioconjugate
Techniques, (Academic Press, London, UK, 2008). Yoon, T3, ef of. Specific targeting,
cell sorting, and biohmaging with smart maguetie silica core-shell nanomaterials. Small,
2, 209-215 (2006}, Radiolabeling of cRGDY-PEG-C-dots was performed using the

IODOGEN method (Pierce). Piatyszek, et al, lode-Gen-mediated radiotodination of

117
RECTIFIED SHEET (RULE 91)



Ay

10

20

CA 02900363 2015-08-05

WO 2014/145606 PCT/US2014/030401

nuclerc acids, Anal Blochen, 172, 356.359 (1988). The radiolabeled product was eluted
from PD-10 colmns and assayed using a dose calibrator (Capintec, Ramsey NI) and
radio TLC; specific activities of the *[-bound particle fractions were on the order of

1450 millicuries {mCi)umole and radiochemical purity was greater than 95%.

Patient selection, Metastatic melanoma subjects with histological confinmation of disease

and harboring newly diagnosed or recurrent tumor were eligible for the trial. Individuals
who had medical diness unrelated to melanona, which would preclude admistration of
the particle tracer, were excluded from the study. Potassium iodide solution (SSK1, 130
g per dav) was admimstered 2 days prior to and up 10 2 weeks after intravenous
injection of the radio~-iodinated particle tracer (*"-cRGDY-PEG-C-dots, 185 MBg/S ml)
i0 block thyroid function. This protocol was approved by the Institutional Review Board
of the Memorial Sloan Kettering Cancer Center. Pattents were tested for hemotologic,

renal, and hver function before and after PET and provided signed informed consent,

Image Acquisition and Processing. Low-dose spival CT scans were obtained per standard

procedure, followed by the acquisition of three whole-body PET scans on a dedicated GE
Discovery STE PET/CT scanner 4, 24, and 72 hours post-injection of the particle tracer.
Positron emission data was reconstructed using the ordered subsets expectation
maxamization {O5SEM) algorithm. Images were corrected for attenuation nsing the CT
transinission data collected over the same region as for emission imaging, and

registration of the serial data set was performied using CT data sets.

Imaging and Metabolic Analvses, For pharmacokivetic and dosimetric analyses, regions-
of- interest (ROIs) were drawn on PET imagmg data (AW Workstation, GE Healthcare,
Ridgewnod, NJ} to extract mean and maximum standard uptake values (SUVs) for all
major normal organs and tissues, welading bram, lung, left ventuicke, hver, spleen,
intestine, kidneys, bladder, muscle, breast, and tumor(s). For pharmacokinetic evaluation,
SUVs were converted to %6lD/g values (e, SUV =% 1D/ tissue x patient body

mass/ 100}, Organ/tissue aptake data was supplemented by time-activity data from the

blood and urine. Venous blood and uring specimens were collected at approximately 30-
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min, 3ehr, 24D, T2he, and up to T weeks p i of eRGDYPEG-Codots. Following
centnfugation of whole blood specimens (4000 rpm, 10 min), plasma supernatany, along
with urine specimens, were assaved in a scintillation well counter (1480 Automatic
Gannma Counter, Perkin Ehmer, Shelton C7T) calibrated for ™1 RadioTLC analyses were
additionally performed on biological specimens. RadioTLC analyses of the particle
tracer, native peptide {cRGDY) labeled with ™1, and free jodine (""'1) served as controls
to facilitate interpretation. Activities {counts per minute, cpm) were converted 1o
microcuries, decay-corrected, and adjusted for volumes aliquoted. Fmal values were
expressed as YolD/g. Retention factor (Ry) values for the tracer were obtained and used

for identification of the parent compound and possible metabolites,

Radiation dosimetry. The standard radiation desimetry method is an adaptation of that

promutgated by the MIRD {Medical {niernal Radionuchde Dosimetry} Commitiee,
accounting for the physical properties of the administered radionuclides (1) as well as
the biological properties (pharmacokinetics and Modistribution) of the
radiopharmaceutical in individual patients. The ™' emissions and their respective
frequencies and energies ave obtained from the MIRD Radionuchde Data and Decay
Scheme publications. Serial whole-body PET scans enabled derivation of normal-organ
absorbed dose (rad and rad/mCi) estimates using ROJ-derived tme-activity data. PET
scans were gequited with all parameters wWentieal, including the scan time. Using the
patient’s total-body mass (in kg and the 70-kg Sandard Man organ masses, the otal-
body and organ RO data (1.e., mean standard uptake values (SUVs) were converted o
activities (1.e., fraction of the jected dose). The foregomng image-derived time-activity
data were fi to exponential functions using a least-squares fitting algorithm and the
resuiting time-activity functions analytically integrated, incorporating the effect of
physical decay of "I to vield the comulated activities (or residence times) in uCi-he/pCi
in the organs and total body. Cunndated activities were nsed to caleulate ¥ -labeled
pasticle mean absorbed doses to the organs (rad/mC1) and effective dose {rem'm(i) for
the 70-kg Standard Man anatomic model by emploving the OLINDA EXM MIRD
program. Loevinger et al,, MIRD Primer for Absorbed Bose Calculations, Society of

Nuclear Medicine, New York, NY, 1991,
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Sengm protein binding gssays, Whole-blood specimens were collected i serum separator
tubes from a metastatic melanoma miniswine model {Sinclair Research Center, MO,
followed by centrifugation (4000 rpm, 10 min) to isolate the plasma fraction. An aliquot
of serum was set aside for gamma counting: the remaining fraction was treated with
ethanol (200 proof, Decon Labs, King of Prussia, PA), vortexed untif cloudy, and placed
on dry ice {5 min) o promote precipiiation of serum protems. Following centrifugation,
supernatant was collected for gamma counting and the pellet was washed repeatedly with
phosphate buffered saline and centrifieged (4000 rpm, 10 min) to collect 100 gL aliguots

of supernatant for ganuna-counting (1480 Wizard 37).

Example 15 Alpha-MSH- PEG-CyS- particles (MSH peptide — bound particles)

The N-Ac-Cys-{Alxp-D-Lys-ReCOMSH {or alpha MSH) peptide used for

nanoparticle conjugation has the structwre shown in Figare 32 I 8 attached to the
nanoparticle via the N-termunal cysieine thiol, A spacer of two snine hexanoic actd units
separates the nanoparticle atiachment point from the D-Lys-ReCCMSH targeting
molecule. The original ReCOMSH targeting molecule is shown in Figure 33. It was
designed 10 target radionuchide to melanoma fumors for imaging and therapy. The MSH
peptide analog could be directly radiolabeled with ™ Te or "Re (at the site of the Re} or
via a metal chelator appended to the amimo terminus.
The alpha MSH peptide analog shown in Figure 32 is guite different from the original
MSH analog shown in Figure 33, The original MSH molecule could not be attached 1o &
navoparticle. The nanoparticle MSH peptide contains & free amino group contaming side
chain for radiolabeling. This is currently a2 D-Lyvsine but could be an amino group
termunated side chain of 1 to many carbons » length.

The conjugation of the N-Ac-Cys-(Abx)2-D-Lys-ReCCMSH (or alpha-MSH)
the nanoparticle allows the nanoparticle to target and bind melanoma cells and tumors.
The resulting particles, or alpha-MSH-PEG-Cy3-C dots were about 6 - 7 nm i.d. using
FCS and contained, on average, abowt 2.6 dves per particle. The number of alpha-MSH

Hgands per particle was estimated at <10
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Compettive binding  studies wsing  N-Aco-Cyso{Alx)e-D-Lys-ReCCMSH  {or
alpha-MSH) conjugated particles: In a competitive binding assay with a melanocoriin-1
receptor agonist {ZI-NDP), the alpha MSH conjugated nanoparticles had an 1Cs for
cultured B16/F ] melanoma cells of 6.6x107% M {Fig 34A), while a scrambled sequence
version of the molecule had an ICso of 2.3x107 M (Fig. 34B). In addition, there was a 3
order of magnitude difference in binding. For reference in the same type of competitive
binding assay. the original DOTA-ReCCMSH had an 1Cse of 2.1x107 M.

The N-Ac-Uys-{Ahx}-D-Lys-ReCUMSH {or alpha-MSH}  peptide-bound
nanoparticle conjugate had better affimty for the B16/F1 cells than the original DOTA-
ReCCMSH and much larger affinity than the scramble peptide nanoparticle.

Dose-response data was additionally oblained as a function of targeted particle
concentrations (Fig. 35A) and incubation times (Fig. 35B} for both B16F10 and M21
melanoma cell hines. Saturation concentrations for these lines, based on flow cytometry
studies, were found to be on the order of ~100 oM for these two cell types, and at least 2
hr mcubation times were needed to maximize binding.

Human M21 cell survival studies, performed over a range of parricle
concentrations for a fixed incobation tme of 48 by demonstrated no significant loss of
cell viability (Fig. 36).

231 radiolabeled alpha-MSH conjugated nanoparticles demonstrated bulk renal
excretion over a 24 hr peniod m both BI6FL0 and M21 murine xenograft models (Figs.
37A, 37B). no appreciable particle tracer was measured at later time points (Lo, 24 hes)
In addition, netther B16F10 nor M21 xenogralt models showed significant accumulation
of the targeted particle probe in the reticuloendothehal system {Le., not an RES agent),
nor in the kidney (Figs. 38A, 38B), the latter organ typically a site that accumulates
alpha-MSH non-specifically given its net positive charge.  Thus, the attachment of
alpha~MSH to the particle probe stgnificantly improved s renal clearance properties asd

eliminated accumulation within the kidnevs.

Example 16 Integrin-Mediated Signaling and Moduolation of Tumor Biology
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integrm signating regulates diverse fanctions m tumouwr cells, mcluding
adhesion/spreading, migration, 1pvasion, proliferation and sarvival In several wmor
types, including melanoma, the expression of particular integrins correlates with
mcreased disease progression and decreased patient survival. Integrin-mediated adhesive
teractions have identified novel mtegrin Rwctions 1 cell survival mechanisms and in
the activation of divergent signaling pathways. It is well known that binding of peptides
{or clusters of peptides), containing the RGD sequence, to integnn receptors leads to
cross~hmking or clustering of mtegning which, m turn, modulates the above processes. {t
is not clear, however, whether nanoparticles bearing muluple RGD peptide ligands can
additionallv trigger such integrin signaling events, as thiz will reflect a complex
dependency on pultiple panticle-based factors (size, charge, composition, surface
cheratstry, hgand numberiype), tumor (or endothehal} cell type, cell veceptor density,
and particle dosing. Our dose-response studies demonstrate modest acuvation of
divergent signaling pathways upon cell exposwre to particle concentrations greater than
100 nM which, in turn, promete M21 and HUVEC cell migration, proliferative activity,

and atter adhesion properties.

Binding of cRGDY-PEG-C-dots to M2 and HUVEC cells

The ool integrin receptor plays a key rvole in vascular remodeling and angiogenesis,
demonstratmg increased expression on endothelial and tumor cell surfaces for a variety of
tomor cell lines. This leads to the uwse of this receptor as a target for dragnostic and
therapeutic purposes. In our case, the cRGDY-PEG-C dots were tested for thewr ability o
bind to melanoma cells (M2 1) or to wenan vmbiheal vasedlar endothehal cells (HUVED)
as a function of concentration and time. Initial dose-response studies showed a
progressive mcrease in the binding of cRGDY-PEG-C dots 1o M21 and HUVEC cells as
a function of concentration by flow cytometry (Figure 39, Figure 47A). Particle binding
demoustrated saturation at about 100 nM for both cell hnes, with wean % gated values of
about 30% for M21 cells and 96% for HUVEC cells. Dose-response behavior was
additionallv investigated as a function of particle incubation tmes for both cell wypes
after mcubating with 100 oM cRGDY-PEG-C dots. Maximum binding was observed at 2

hours post-incubation, remaming refatively constant thereafter (Figure 478}

122

RECTIFIED SHEET (RULE 91)



LA

10

I
L]

2]
LAy

30

CA 02900363 2015-08-05

WO 2014/145606 PCT/US2014/030401

Erdocytosis and Intracellutar Trafficking of cRGDY-PEG-Cedoty

To clucidate the pature of the pathway/s uttlized by cRGDY-PEG-C-dots following their
incubation i M21 cells- whether this 1s an o/ mtegrin receptor-mediated and/or non-
specific uptake process, we examined the temperature-dependent uptake of these particles
for a 4 howr incubation time at three temperatures: 49, 25°C and 37°C. The results,
sunmarized 1w Figure 39A, Cindicate an increase in cell-assoctated cRGDY-PEG-C-dots
at 37°C as compared to 25°C or to 4°C in both cells line tested. Moreover, imternalization
of CRGDY-PEG-C-dots was parttafly blocked m the presence of excess (x250) antibody
to oy receptor in M21 and HUVEC cells {Figures 39A, 39C), sugpesting @ component
of receptor-mediated binding. Additionally, uptake 1 oufnegative M21L cells was
roughly a factor of 4- to 8-fold lower than that seen with aufi-expressing cells at both

37°C and 25°C (Figure 39B), respectively.

To further characterize the cellolar compartments wvolved in ¢RGDY-PEG-C dot
internalization, we performed colocalization assays in M21 cells with cRGDY-PEG-C
dots and biomarkers of different endocytotic vesicles. Internalization of the targeted
particle (~1 uM, red, 4-br mcubation) was sensitively detected by an inverted confocal
microscope (Lerca TCS SP2 AOBS) equipped with & HCX PL APO cbjective (63%
LINA Water DIC D) (Figure 39D). Using endocytotic markers LysoTracker Red (100
oM, green) (Figure 39D) and wansferrin-Alexad®8, uptake imte acidic endocytic
structures was confirmed, suggesting clathrin-dependent pathway activity and gradus
acidification of vesicles. Figure 39D shows co-localization data between the particle and
acidic endocytic 30 vesicles (vellow puncia). Uptake imto macropinocytes was also
observed with 70-kDa dexiran-FITC which co-localized with ¢RGDY-PEG-C dots; this
finding suggested a second pathway of internalization, Nuclear counterstaining {blug)
was done with Hoechst. No particles entered the nucleas. Tone lapse imaging confinms

particle uptake mto M21 cells and co-localization with the lysosomal marker, Lampl.

Competitive aofh Integrin Recepior Binding and Molecular Specificity

Competitive binding assays showed blocking of receptor-mediated particle binding in

M21 and HUVEC cells (Figwre 48A) by 80%-85% in the former and 30-40% 1w the

fatter using excess (x50-x100) cRGDY peptide and gamma counting of the radiolabeled
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particle fracer (124LPEGcRGDY-C dots). By contrast to cRGDY-PEG.C dots,
significant redactions were seen in the magnitude of receptor binding in M21 {~30%-
43%;) and HUVEC {(~13%-27%:} celly after incubation with non-targeted (L&, PEG-C

dots) particle probes by flow cviometry (Figure 48B).

Influence of eRGDY-PEG-C dots on Cell Viahility and Proliferation

To demonstrate that ¢RODY-PEG-C dois did not adversely atfect cell survival and
proliferation, GO/GI phase-svachronized M21 and HUVEC cells were oxposed to a
range of particle concentrations {25 - 200 nM cRGDY-PEG-C dots; 15 win or 24 hr) and
incubation times (0 - 93 hus) m serum-supplemented media (2%, 10% FBS) at 37°C, and
time-dependent changes in absorbance were measured using sn optical plate reader
{~=440 pm). Relauve to conwrols {ie, serum-supplemented medial, absorbance
measurements were seen fo be relatively constant over the range of particle
concentrations tested, suggesting no significant loss of cell survival (Figures 49A, 498).
Fuarther, no time-dependent decreases m absorhance were found following multi-dose
{n=5) addition of 100 nM cRGDY-PEG-C dots to M21{ and HUVEC cells, suggesting no

alteration in the proliferative properties of cells (Figures 49C, 49D).

Activation of the FAK pathway by cRGDY-PEG-Cdots

The binding of a ligand to the o/ integrin receptor 15 known to mitiate signal
transduction pathways. Upon the bindmg, mtegrin clustering occurs which leads to
autophosphorvlation of the non-receptor kinase FAK at tyrosine 397, a binding site for
the Sre famuly kinases. Recruitment of Sre kinase results v the phosphorylation of FAK
at tyrosine S76/377 and FAK at tyrosine 925 in the carboxyl-terminal region. The
phosphorviation of FAK at tyrosine 397 is also knowa o activate numerous signaling
cascades and downstream pathway intermediates, such as the Ras-Mitogen Activated
Protetn  {MAPK} signaling, which induces activation of RafMEK/Erk and
phosphatidylinositol 3-kinase (PR AKT pathways (AKT, mTOR, 56K} (Figure 404},

To determune whether o integrin-binding ¢cRGDY-PEG-C-dots modulates the activity
of these pathways, we treated serum-deprived (0.2% FCS) M21 cells with 100 aM of

cRGDY-PEG-C-dots for 2 hrs at 37°C; seram-deprived cells treated with 0.2% FCS alone
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served as controls. Western blot analyses of lysates from particle-exposed cells revealed
enhancement of the phosphorylation levels of maltiple protein mtermediates: pFAK-397
and pFAK-576/577, Sre, pMEK, pErk, and AKT (Figure 40B), which suggested
activation of downstream signaling pathways. These findings, depicted graphically as
normalized iatensity ratios, have been expressed relative to their respective total protein
levels, and normalized to corresponding values measured under control conditions
{Figure 40C). Incubation of cells with PEG-C dots &id not aagment phosphorelation

fevels of the protems tested {data not shown).

We evaluated whether the observed activation of downstream signaling pathways was
dependent on the phosphorvlation of FAK at tyrosine 397 by blocking this pathway with
a small molecyle nbibitor, PE-S73228 This mhibitor interacts with FAK. io the ATP-
hinding pocket and effectively blocks both the catalytic activity of FAK protein and
subsequent FAK phosphorvlation on Tyr™. Following the addition of two concentrations
of PF-573228 to serum-deprived M21 cells previously exposed to 100 oM cRGDY-PEG-
C dots, Western blol analyses revealed mhibition of the phosphorviation of FAK on
Tyr™ and Src {Figure 414), graphically displaved in Figure 41B. Inhibition of MEK or
Erk phosphorylation was observed only at the higher inhibitor concentration (Figures

41A, 418).

Effect of cRGDY-PEG-C dots on Cellular Migration

The wfs integrn receptor, which is highly expressed on many types of wmor and
angiogenic cells, 18 known to modalate a namber of downstream biological processes,
mchiding cell migration, adhesion, proliferation, invasion, and anglogenesis. In the
following experiments, we sought to detenmne whether CRGDY-PEG-C dots alter the
migration of M21 and HUVEC cells. An initial set of experiments exanuped time-
dependent changes m M21 cell migration, as reflected m mean areas of closure, using
time-~lapse maging at three successively higher particle concentrations (0 nM - 400 nM;
37°CY during a 96-howr tme period {(Figure 424, i-xx). Statistically significant increases
i mean area closure were observed over & 96-br pentod, as a percentage of the baseline

atues (=0}, which were relatively constant for the particle concentration range used {ig.,
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~8T - 2%, as compared to conwol samples (73%; p<0.03)) (Figure 424, B). No
significant changes were seen at earhier time intervals (Figure 42B),

Incubation of HUVECQ cells (37°C, 20 bours) with a range of ¢RGDY-PEG-C dot
concentrations of (100 - 400 nM) m the presence of 0.2% FCS showed a statistically
significant mcrease in the mean area closare for a concentration of 400 nM (1.e., 34%)
{Figures 43A, 43B), as compared to {9% (p<0.03) for non-particle exposed cells. No
appreciable change in nugration was observed for the lower particle concentrations used
(Figeres 434, 43B). Particle-exposed cells were seen 1o exhibit higher migration rates as

compared 1o contrel cells,

We further showed that incresses in cell migration rates were attenuated by the addition
of FAK inhibitor, PF-S73228. Imitial phase contrast tmages were acquired after
incubating HUVEC cells with 400 oM particles over a 24 bour time mterval (Figure 444,
Eviit), and mean area closure was determined and graphically displayed relative o serum
alope (Figure 448}, Percentage change 10 mean areas of closure relative to controls, and
hefore and after addiion of an ivhibitor, was seen to decrease from +34% to +3%.
Statistically significant differences were foand between values for particle-exposed cells
without inhibitor {p<0.03) and particles weated with different inhibitor concentrations
{250nM, 300nM; p<0.001) relative to seram-deprived controls; differences hetween the

first two groups were also statistically sigaificant (Figure 44C),

ha

Effect of cRGDY-PEG-C dots on Cellular Adhesion and Spreading

The RGD wipeptide 5 known to be 3 component of extracellular mattix constituents,
fibronectin and vitronectin. A competitive binding assay was performed using M21 cells
(107 cells/well) pre-incubated (25°C. 30 minutes) with or without 400 nM cRGDY-PEG-
C dots and fibronectin, after transferning cells 1o fibronectin-coated wells. Abour ~60% of
the cells that were not pre~incubated with cRGDY-PEG-Cedots attached and spread on
fibronectin coated plates in the first 30 minutes, By contrast, a very low percentage {15%)
of M21 cells pre~-incubated with 408 nM cRGDY-PEG-C-dots attached and spread on the
fibronectin coated well, even 120 minutes afier seeding (Figures 45A, 458} Average cell
coants of ‘elongated” (spreading cells) versus ‘rounded” cells over a 2 hour period

revealed that m the absence of particles (1e., contrel condition}, cell spreadmg
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(*elongated” cells) was observed m the majority of cells, while a predominantly “rounded’
appearance was seen in the case of panticle-exposed cells (Figure 454}, These results are
graphically depicted in Figores 45B and 45C, respectively. Quantification of the optical
densities of cells after addition of methylene blue (absorbance) revealed that cells which
attached and spread oo fibrosectin {t.e., no particle pre-incubation) took up two Umes
more methvlene blue than particle-exposed cells (Figure 43D). We observed the same
phenomena i vitronectin-coated wells were used {data not shown). Altogether, these data
demonstrate that cRGDY-PEG-C-dots enhanced the mugration and spreading of cells

through the binding to the imegrin aoffvreceptor found on M21 and HUVEC ¢ells,
Influence of cRGDY-PEG-C dots on Cell Cyele in M21 Cells

Since integrin receptors are mnvobved in servival and proliferation of the cells, we
analyzed the effect of cRGDY-PEG-C-dots on cell eyele. Go/Gi-phase-syachronized M21
cells were incubated for 48 hours using two concentrations of cRGDY-PEG-C-dots {100
nM, 300 oM) in 0.2% FCS sapplemented meadia. Over this yange, the percentage of cells
in the S phase rose by 11%, with statistical significance achieved at 100 oM {p< 0.05)
and 300 nM (p< 0.005) in relation to controls (Figures 46A, 46B). Corresponding
declines of 6% and 5% were seen in the G1 and (G2 phases of the cell cycle, respectively.
Taken together, these data indicate an enhancement in § phase 1o the presence of

cRGDY-PEG-C dots.

MATERIALS AND METHODS

Reagents, Antibodies and Chemicals, RPMI 1640, fetal bovine senwm (FBS), pemcillin,
streptomvein and HBSS (without calciam and magnesivm contaming 8.25% trypsin and
0.05% EDTA} were obtamed from the Core Media Preparation Facibty, Memeorial Sloan
Kettering Cancer Center (New York, NY). Anti-polyclonal mabbit phospho-Ekl/2 {p-
Bl /2™ BTNy nhogpho-AKT {p-akt™™®™) phospho-Sre {p-Src™™1), phospho-p70
56 (p-p7086 Y shospho-MEKL2  (p-MEK1R2 NN ahasho-FAK- Y
phospho-FAR-%7 ghasho-FAK 7% | Erk, AKT, Src, p70S8, MEK1/2 (47E6) and

FAK were obtamed from Cell Signaling Technology {Danvers, MA) Goat anti-rabbit
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JeG, Goat anti-mouse JpG horseradish peroadase (HRP) conjugates were acquired from
Santa Cruz Biotechnology {Santa Cruz, CA). Propidium jodide, RNase A, Transferrin-
Alexa Fluor 488 conjugate, FITC-Dextran, Fluorescein, LysoTracker Red DND-99,
LysoTracker Green DND-26, pHrodo Red Dextran and Hoechst were procuwred from
Invitrogen-Life Technologies {Carlsbad, CA). PF-8373228 was obtamed from TOCRIS
bioscience {Ellisville, MO)Y.  Cvclo {Arg-Gly-Asp-D-Tyr-Cys) was from Peptides

International {Louisville, KY'},

Synthesis of c(RGDY-PEG-C dots and PEG-dots. Fluorescent particles, containing the
previously described. Tyrosine residues wese conjugated to PEG chains for attachment of
rachioiodine. cRGDY peptides contammg the seguence ovelo-{Arg-Oly-Asp-Tyr}, and
beartng cysteine residues {Peptide International), were attached to functionalized PEG
chains via a cysteine-maleimide linkage. The number of ¢cRGD ligands per nanoparticle

was empirically calcalated.

Mechanism of PEG attachment to the € dot surface. Bifunctional PEGs, MAL-~
dPEGEI12-NHS ester (Quanta Biodesigns, Lid) were dervatized with  silanes,
specifically 3-aminopropyl tricthoxysilane (Gelest), for attachment to the silica swrface
and for peptide coupling via reactions between the sulthyvdrvl groups and maleimide
moteties of the derivatized PEGs. In addition, methoxy~capped PEG chains were added o
the particle surface using functonal orzanosilicon compounds (S{ compounds),
specifically  (MeQ)SI-PEG  (Gelest), according to modiied  protocols.  Brefly,
{MeO)3SI-PEG was added, at approximately three molar excess, fo particles in 2
waterfalcohiol basic mixture (~13 viv), and the mixture stirred ovenmght at room

temperature.

Hydrodynamic size and relative brightness comparison measurements by
fluorescence correlation spectroscopy (FCR). The hydrodynamic radius, brightness,
and concentrations of ¢RGDY-PEG- and PEG-dots, as against free Cvd dye, were

mitially  determined by dialvzing these particle samples to water, diluting info

physiological saline (0.15 M NaCl in H:0), and analyzing the resulting specimens on a
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Zewss LSM 310 Confocor 2 FCS using HeNe 033-nm excitation. The nstrument was
calibrated with respect to particle size prior to all measurements. Average hydrodynamic
sizes of the dye and particle species were estimated based on diffusion time differences,
while relative differences in brightness were assessed using count rates per

molecule/pasticle.

Cells and Cell Colture: Human melanoma cell line M21 and M21 varant M21L (a0
negative) were obiained from DA, Cheresh (University of California, San Diego, CA).
Cells were mamntained in RPMI 1640 supplemented with 10% fetal bovise serum, 2 M
L-glutamine and Penicillin Streptomyvcin. Human Umbilical Vein Endothelial Cells
{HUVECS) were obtained from LONZA (Walkersville, MD} cultured 1n EGM-2 medium

contamning 2% FBS, and growth factors LONZA.

In vifro cell binding studies using optical detection methods: To assay pariicle binding
for M21, M21-L or HUVEC cells, 24-well plates were coated with 10 pg/ml collagen
type 1 {BD Biosciences) m PBS, incubated at 37°C for 30 minutes. and washed once with
PBS. Cells (3.0 x 107 cellshwell o 4.0 % 107 cells'well) were grown to confluency.
Differential binding of c(RGDY-PEG-C-dots to M21 or HUVEC cells was evaluated over
a range of incubation times (up to 4 hours) and particle concentrations {10-600 nM) using
flow cytometry. After incubation, cells were washed with RPMI 1640 media/0.53% BSA,
detached using 0.25% trypsin/EDTA, pelleted in a microcentrifuge tube (S minutes at 153
g, 23°C), re-suspended in BD FACSFlow solution {(BD Biosciences), and analvzed in the
Cy-5 chavnel to determine the percentage of particte-bound probe (FACSCalibur, Becton

Dickinsen, Mountain View, CA).

Internalization Study: The experiment was done as ghove but incubated for 4 hours at
three different temperatares: 4°C, 25 and 37 °C. Co-mneobation of excess (x250)
¢RGDY anti-human integuin aufls fluorescein-conjugated antibody {Millipore, Billerica,
MA} with cRGDY-PEG-C-dots was used for receptor blocking to assess specificity.
Assays were performed with fixed and live cells. For fixed M21 cells, inverted confocal
microscopy {Leica TCS SP2 AOBS) equipped with 2 HCX PL APO objective {63x

L2NA Water DIC D} was used and time-lapse imaging was used to track live M21 cells.
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Imaging was acquired following co-incubation of targeted {or control) particles at several
concentrations with the following dve markers) for 4 hours: 70-kDa dextran- FITC
conjugate {1 mg'mL, 37°C for 30 min; lavitrogen) to label macropinosomes, Lysotracker
Red (100 nM; Invitrogen) to label the endocytotic pathway (Le., aaidic organelles), and

transfernn Alexad88 (2 pg/ml.

Competitive binding studies: 1o assay specific binding M21 cells were meubated {25°C,
4 hoars) with PH-cRGDY-PEG-C-dots (25 aM) and excess cRGDY peptide. Cells were
then washed with RPMI 1640 media/ 3% BSA, and dissolved m 0.5 mi of 0.2 M NaOH.
Radiogctivity was assayed using ¢ 1480 Automatic Gamma Counter (Perkin Elmer)

calibrated for indme-124.

Western Blot (WB): M21 cells (1x10° cells/six wells plate) were grown in six wells
coated with collagen (10 ma/mi), and made quiescent by growing under serum-deprived
conditions. The medium was then changed to 8.2% FCS, and different concentrations
{25400 nM) of cRGDY-PEG-C-dots were added (37°C, 0.5-8 hours). Cells wete rinsed
twice in ice cold PBS, collected by wvpsinization, and the pellet re-suspended in lysis
buffer (10 mM Tris, pH-8.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100; ACROS
organics, NI}, 1% Na deoxycholate, 0.1% SDS, Complete'™ protease inhibitors {Roche,
Indianapolis, IN). and phosphatase inlubttor cockiasl Tablet —PhosSTOP (Roche,
Indianapolis, IN). Lysates were centrifuged {10 min, 4°C). Protein concentrations were
deternnined by the bicinchoninic acid assay {BCA, Thermo Scientific, Rockford, IL). A
50-ug protemn aliquot of each fraction was separated by 4-12% gradiont sodfum dodecyl
salfate-polyacrylanide gel electrophoresis (SDS-PAGE} and transferred 10 a PVDF
membrane (Invitrogen, Carlsbad, CA). Membranes were blocked with $% non-fat dry
milk (Bio-Rad, Hercules, CA)Y in Tris Buffered Saline (TBSi-Tween 0.1%, and signal
visualized by ECL chemiluminescence (Thermeo Scientific, Rockford, IL) or Immobilon
Western, {(Mallipore Billerica, MA) after applying printary (1:1000) and secondary
(1:2000 — 1:5000) antibodies.

Cell cyele analysis: Go'Gi-phase-synchronized M21 cells were mcubated for 48 houors
using two concentrations {108 and 300 aM) of cRGDY-PEG-C-dots after changing the
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medium to 8.2% FCS. Following trypsinization, cells were centrifuged (1200 rpm, 5
min}, and the pellet suspended in PRS, followed by fixation with 706% ethanol (4°C, 8.5-1
hour). Cells were successively re-sugpended in I mi PBS containing 1% FCS and 0.1%
Triton X-100, 200 ul PBS containing 25 up/ml propidiom 1odide, and 100 mg/ml

RNaseA (4°C, 60 munutes). Cell cvele avalysis was performed by fow cytowmelry,

FACSCalibur, (Mountain View, CA) and Phoenix Flow MuliCvcle software {Phoenix

Flow Systems, Inc., San Diego, CA).

Cell Profiferation: Cells were sphit {1x107 cellsiwelly in a 96-well plate conted with
collagen as described in the in-viro cell binding studies. Different concentrations of
cRGDY-PEG-C-dots were added (25-200 oM} for 24-48 hows at 37°C. Then, 20 mi of
the probiferation reagent WST-1 {Roche, Indianapolis, IN} was added to the plate (37°C,
1 honr). For determination of optical densities, we used a SpectraMaxd micro plate reader

{Molecular Devices, Sunayvale, CA). Absorbance was measured at 440 nm.

Migration assay: M27 cefls: M21 cells were seeded {6x 107 cellsiwell) using a migration
kit (Oris™ Collagen I coated plate, PLATYPUS TEC). Twenty-four hours after seeding
the cells, stoppers in the plate were removed. Fresh cultare media (100 ) supplemented
with 0.2% FBS was introduced and ¢RGDY-PEG-C-dots were added at several
concentrations: 25, 100 and 400 nM. Every 24 howrs thereafter, media was replaced,
along with new particles, over a 72 hr time interval. Prior to incubating the plate at 37°C
overnight, time zero images were captured by the Axiovert 200M microscope (Carl
Zeissy using a Sx ((15NA) objective and using a scan slide module w the Metamorph
software {molecular devices, PAY. Serial microscopy was then performed and images
captured every 24 hrs for a total of 96 hours post-incubatien. The data were analyzed by
using lmagel software. HUVEC cells: HUVEC cells were additionally seeded (3x10°
cellsiwell) and, 24 hours later, incubated with several particle concentrations (100, 200,
and 400 aM) after replacement of the media. A similar microscopy procedure was

performed as that for M21 cells, with serial imaging acquired 20 hours later,

Adhesion and spreading assay: The effect of cRGDY-PEG-C-dots on the binding of
M21 cells to fibronectin coated plates was evaluated by inttially coating 96-well micro
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titer plates with fibronectin i PBS (5 ge/ml), followed by 200 pl RPMIN.5% BSA
{(37°C, 1 hour,). Cells {1-3 x 10% cells/100 uliwell) were incubated (25°C, 30 minutes),
with or without 400 nM of cRGDY-PEG-C-dots in RPMEG.1% BSA, and added to
fibronectin~coated wells (37°C, 30-120 minutes). For quantification of the number of
atiached cells, wells were nnsed with RPMIA. 1% BSA to remove nog-adberent cells.
Adberent cells were fixed with 4% PFA (25°C, 20 minutes) and stained with methylene
blue {37°C, 1 hour). The methylene blue was extracted from cells by the addition of 200
mi of 0.1 M HCE (37°C, 1 howr). For determination of optical densities we used a
SpectraMax$ mucro plate reader and absorbance was measured at 650 sun. For spreading
assay: Time lapse was performed (37°C, 2 howrs) and images were captured by Axiovert
200M mucroscope {Carl Zewss) using a 205 (15NA) objective and using a scan shide

maodule i the Metamorph Software (Molecalar Devices).

Queantitative analvees: In order to quaniify the differences in the size and intensity
between Western blot bands, we performed densitometry of phosphorviated and total
protein ntermediates using Photoshop €S2 (Adobe, San Jose, CA). Bands were scamed
at 300 dpi (Scanjet 7650, Hewlett Packard, Palo Alto, CA), and converted to gravscale.
The lasso tool was then ased to draw a region of interest {ROT) within the boundaries of
each band i order to derive the following: area {number of pixels), mean grayscale value
within the selected arca (0-253) and the assected standard deviation. The product of the
first two values for each band was computed, and divided by the product for the mutial
band in each set {(control band), vielding an mtensity value for each sample relative to the
control. Finally the ratio of phosphorylated protein to total protein and the correspondimg
propagated error {SD) were computed for each sample using the relative intensities,

Phase countrast images captured for migration studies were analyzed vsing hmaged
L4355 (National lnstivstes of Health, rsbwebnih.goviiy} in order to quantify the extent of
cedt migration (Le., area closure) for M21 cells and HUVEGs. Ap high power views, an
enclosed area was drawn adjacent to the rim of aftached cells seen in each image after
stopper removal, The enclosed area for each image was measured (pixels) and vsed to
calculate percent closere relative to time zero (following particle addition and media
replacemient) as follows: difference m area at a given time point (24, 48, 72 or 96 hr} and
at ime zero divided by the same area at time zero multiphed by 100, The resolting valaes
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were averaged and a standard ervor computed for each group.

Statistics: Al graphical values are plotted as mean = SE, except where noted.
One-tailed Student’s t-test was used to test the statistical significance of differences in
cellular migration between HUVECs or M21 cells incubated with serum alone or
cRGDY-PEG-C dots. One-way analysis of variance (ANOVA)Y was used to perform
statistical pair-wise comparisons between the percentage of M21 cells m S phase that
were incubated with serum alone, 100 nM or 300 M ¢RGDY-PEG-C dots. We assigned

statistical sigmiticance for alf tests at P < .05,

Example 17 Sphingomyelin liposomes for enhanced tumor delivery of silica
diagnostic/therapeutic particles

The therapeutic potential of sub~10 nm pasticles {e.g., C dots) as drug delivery
vehicles is under investigation. Drug-bosnd particles have been developed by attaching
drugs to particke-bound bifanctionahized PEG chams. Model drugs utilized for this prootf-
of-concept work are receptor tyrosine kinase (RTK) inhibitors. Delivery and
acenmulation of particles therapentic payloads at the target site can be maximized by
emploving dose escalation strategies 1o assess for enhanced particle uptake and
distribation within tumers by oeptical andfor PET imaging. An alternative approach to
enhance particle load delivery utilizes iposomal formulations to encapsulate therapeutic
particle probes. Liposomes passively target twmors via the enhanced permeability and
retention {EPR} effect while protecting paylocads from degradation in the circulation.
Prior to particle encapsulation, either cCRGDY or limker-drug conjugates wall be attached
to the particle surface as an active tasgeting mechanism to maxtmize dehvery to the target
site.

Once at the target site, release of particles from liposomal formulations into the
tumor interstithum can occur as a resalt of upregulated enzymatic systems present in
tumors. Extracellular refease of acid sphingomyelinase (ASMase, scid SMase or SMase)
from tumor cells in response to cellular stwess, such as X-ray irradiation and toxins, leads
to rapid ceramude-mediated cell injury and, subsequently, apoptosis. Agd SMase
hvdrolyzes sphimgomyelin, present within the liposomal formulations, to ceramide.
Ceranude has a role in biological systems as a secondary messenger i the apoptotic
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process. Cesamide has significantly different membrane properties than the parent
molecule sphingomyelin. When sphingomyelin-contaiming liposomes are cleaved with
SMase, there is a dramatic change in the membrane rigidity. Sphingomyelin is a suitable
tipid for liposome formulation; this is not true for ceramide, as its incorporation as a
fiposome bulding block leads to hposome leakage. This leakage will lead to release of
liposomal contents. This opens the possibility for the intracellular targeting of a large
payload of silica nanopatticles, functionalized with drugs andfor cell-intemalizing
markers {1.e., peptide KLAKLAC and small molecule mhubitors) to monttor andfor treat
disease.

To determine whether liposome encapsulation sigmficantly increases particles
delivery to the tumor site refative to non-encapsulated particle probes, we will utilize
opticat and PET imaging approaches to monitor uptake of both sphingomyelinase
tiposome encapsulated and non-encapsalated particle batches in EGFRmit+ expressing
brain tumor xenograft models {i.e., H1630, A431) both Hposomes and particle probes will
contamn optical markers for visualization.

Ref: Sochanik A1, Mitros I, Smolarczyk R, Cichon T, Snietiwa M, Craja M, Szala
S. Experimental anticancer therapy with vascular-disruptive peptide amd liposomse-
entrapped chemotherapewic agent. Arch Immuno! Ther Exp (Warsz), 2010 Jun;
S8(3235-43,

The foregoing methods for detecting and targeting stressed cells invelve a
formulation comprised of bilayer liposomes each having an initial outer layer of
tiposome-forming lipids, sphingontyelin, or a mixture thereof] a second toner laver of
fiposome-forming lipids, sphingomyehin or a mixture thereof, the first and second layers
forming a bilayer liposome and defining an interior space therein; wherein the interior
space contains a silica nanoparticle. The silica nanoparticle andfor liposome will be
compromised of optical markers and/or PET labels {dyve, fluorophore, radiolabel, contrast
agent), an enzyme substrate, andfor therapentic agents, including cvtotoxic drugs, DNA
segments, or a radiofracer indicator label. The marker- andfor drug-labeled silica
particles, contained within sphingomyelin lippsomes, contact a cell sample under
conditions wherein sphingomyelinase is present in of released by the cell. This enzymatic

costtact will, in turn, hydrolyze the sphingomyelin in the hiposome to release the silica
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nanoparticle and/or marker label and/or drug from the hydrophilic (interior) or

hydrophobic {bilavery compartments of the liposome.

L]

The scope of the present invention 1s not Hmited by what has been specitically
shown and described hereinabove. Those skilled in the ant will recogmze that there are
suitable alternatives to the depicted examples of materials, configurations, constructions
and dimensions. Numerous references, meluding patents and vanous publications, are
cited and discussed in the deseription of this mvention. The citation and discussion of
10 such references is provided merely 1o clarify the description of the present invention and

is not an adnussion that any reference 18 priov art to the ivention described herein.

Variations, modifications and other implementations of what s described
herein will occur to those of ordinary skill in the art without departing from the spirit and
15 scope of the invention. While certain embodiments of the present invention have been
shown and described, it will be obvious to those skilled in the art that changes and
modifications may be made without departing from the spait and scope of the invention,
The matter set forth in the foregoing description and accompanying drawings s offered

by way of tlustration only and not as a limitation.
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CLAIMS
What is claimed is:

1. A nanoconjugate comprising:

a nanoparticle comprising a silica-based core and a silica shell surrounding at least a portion of
the core;

a fluorescent compound;
an organic polymer attached to the nanoparticle, thereby coating the nanoparticle; and

a plurality of F(ab’)2 antibody fragments attached to the polymer-coated nanoparticle, wherein
the plurality of F(ab’)2 antibody fragments attached to the polymer-coated nanoparticle is no greater
than thirty in number.

2. The nanoconjugate of claim 1, wherein the F(ab’)2 antibody fragments target prostate specific
membrane antigen (PSMA).

3. The nanoconjugate of claim 1, wherein each of the F(ab’)2 antibody fragments comprise
HuJ591-F(ab’)2 antibody fragments.

4. The nanoconjugate of any one of claims 1 to 3, comprising a radiolabel.

5. The nanoconjugate of any one of claims 1 to 4, wherein the plurality of antibody fragments
attached to the polymer-coated nanoparticle is no greater than 10 in number.

6. The nanoconjugate of any one of claims 1 to 5, wherein the fluorescent compound is Cy5.5 or
Cyb.
7. The nanoconjugate of any one of claims 1 to 6, wherein the nanoparticle has a diameter within

arange from 1 nm to 25 nm.

8. The nanoconjugate of any one of claims 1 to 7, wherein the organic polymer comprises
polyethylene glycol.
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9. The nanoconjugate of claim 8, wherein the polyethylene glycol is attached to a silica surface of
the nanoparticie via an amino-silane coupled to an activated ester group on the organic polymer leading
to an amide bond.

10. The nanoconjugate of claim 4, wherein the radiolabel comprises a member selected from the
group consisting of 8Zr, 124], 125] 131] 0y 177] y 18F 84Cy, 9mTc 188Re 68Ga, and %Y.

11. The nanoconjugate of any one of claims 1-10, wherein the nanoconjugate comprises a chelate.

12. The nanoconjugate of claim 11, wherein the chelate comprises a member selected from the
group consisting of desferoxamine (DFO), 1,4,7,10-tetraazacyclododecane-N,N’,N” ,N'"-tetraacetic acid
(DOTA), triethylenetetramine (TETA), and diethylenetriaminepentaacetic acid (DTPA).

13. The nanoconjugate of claim 1, wherein fluorescent compound is positioned within the silica-

based core and the organic polymer comprises polyethylene glycol.

14. The nanoconjugate of claim 13, wherein the nanoparticle has a diameter from about 1 nm to

about 8 nm.

15. The nanoconjugate of any one of claims 1-14, further comprising a therapeutic agent.

16. The nanoconjugate of claim 15, wherein the therapeutic agent is a radionuclide.

17. The nanoconjugate of claim 11 or 12, wherein the chelate is adapted to bind a radionuclide.

18. The nanoconjugate of claim 16 or 17, wherein the radionuclide is a low energy beta-emitting
radionuclide.

19. The nanoconjugate of claim 16 or 17, wherein the radionuclide is a high energy beta-emitting
radionuclide.
20. A method of diagnosis and/or monitoring a disease in a human subject comprising:

(a) administering to the human subject a nanoconjugate comprising;

a nanoparticle comprising a silica-based core and a silica shell surrounding at least a portion of

the core,
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a fluorescent compound,
an organic polymer attached to the nanoparticle, thereby coating the nanoparticle, and
a plurality of F(ab’)2 antibody fragments attached to the polymer-coated nanoparticle,

wherein the plurality of F(ab’)2 antibody fragments attached to the polymer-coated nanoparticle
is no greater than thirty in number;

(b) directing excitation light into the human subject to excite the fluorescent compound; and

(c) imaging the nanoconjugate.
21. The method of claim 20, wherein the disease comprises cancer.
22. The method of claim 21, wherein the cancer is in a sentinel lymph node.

23. The method of claim 21, wherein the cancer overexpresses a level of prostate specific
membrane antigen (PSMA) compared to a level of PSMA expressed in normal tissue.

24, The method of claim 21 or 22, wherein the cancer comprises a member selected from the group
consisting of melanoma, thyroid cancer, colorectal cancer, ovarian cancer, lung cancer, breast cancer,
prostate cancer, cervical cancer, skin cancer, brain cancer, gastrointestinal cancer, mouth cancer,

kidney cancer, esophageal cancer, and bone cancer.

25. The method of claim 21 or 22, wherein the cancer comprises a member selected from the group

consisting of prostate cancer, endometrial cancer, and brain cancer.
26. The method of claim 21 or 22, wherein the cancer is endometrial endometrioid adenocarcinoma.

27. A use of a nanoconjugate of any one of claims 1 to 19 to diagnose and/or monitor a disease in
a human subject.

28. The use of claim 27, wherein the disease comprises cancer.
29. The use of claim 28, wherein the cancer is in a sentinel lymph node.

30. The use of claim 28 or 29, wherein the cancer overexpresses a level of prostate specific

membrane antigen (PSMA) compared to a level of PSMA expressed in normal tissue.
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31. The use of claim 28 or 29, wherein the cancer comprises a member selected from the group
consisting of melanoma, thyroid cancer, colorectal cancer, ovarian cancer, lung cancer, breast cancer,
prostate cancer, cervical cancer, skin cancer, brain cancer, gastrointestinal cancer, mouth cancer,

kidney cancer, esophageal cancer, and bone cancer.

32. The use of claim 28 or 29, wherein the cancer comprises a member selected from the group

consisting of prostate cancer, endometrial cancer, and brain cancer.
33. The use of claim 28 or 29, wherein the cancer is endometrial endometrioid adenocarcinoma.
34. A pharmaceutical composition comprising a pharmaceutically acceptable carrier and a

nanoconjugate, the nanoconjugate comprising:

a nanoparticle comprising a silica-based core and a silica shell surrounding at least a portion of
the core;

a fluorescent compound;
an organic polymer attached to the nanoparticle, thereby coating the nanoparticle; and

a plurality of F(ab’)2 antibody fragments attached to the polymer-coated nanoparticle, wherein
the plurality of F(ab’)2 antibody fragments attached to the polymer-coated nanoparticle is no greater
than thirty in number.

35. A nanoconjugate comprising:

a nanoparticle comprising a silica-based core and a silica shell surrounding at least a portion of
the core;

a fluorescent compound within the silica-based core;

aligand attached to the nanoparticle, wherein the ligand is N-Ac-Cys-(Ahx)>-D-Lys-ReCCMSH;
and

an organic polymer attached to the nanoparticle, wherein the nanoparticle has a diameter

between about 1 nm and about 15 nm.
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36. The nanoconjugate of claim 35, wherein after administration of the nanoparticle to a subject,
renal clearance of the nanoparticle ranges from about 80% initial dose (ID) to about 100% ID in about
24 hours.

37. The nanoconjugate of claim 35 or 36, wherein about 1 to about 20 ligands are attached to the
nanoparticle.

38. The nanoconjugate of any one of claims 35-37, wherein about 1 to about 10 ligands are attached
to the nanoparticle.

39. The nanoconjugate of any one of claims 35-38, wherein the organic polymer comprises

polyethylene glycol (PEG).

40. The nanoconjugate of claim 39, wherein the polyethylene glycol is attached to a silica surface of

the nanoparticle via an amide bond.

41. The nanoconjugate of claim 40, wherein the amide bond is formed by reaction of an amino-

silane on the nanoparticle and an activated ester group on the organic polymer.

42. The nanoconjugate of any one of claims 35-41, wherein the nanoparticle has a diameter from

about 1 nm to about 8 nm.

43. The nanoconjugate of any one of claims 35-42, wherein the fluorescent compound is Cy5.
44, The nanoconjugate of any one of claims 35-42, wherein the fluorescent compound is Cy5.5.
45, The nanoconjugate of any one of claims 35-44, wherein the ligand binds to a tumor marker.
46. The nanoconjugate of any one of claims 35-45, further comprising a therapeutic agent.

47. The nanoconjugate of claim 46, wherein the therapeutic agent is a radionuclide.

48. The nanoconjugate of claim 47, wherein the radionuclide is a low energy beta-emitting

radionuclide.

49, The nanoconjugate of claim 47, wherein the radionuclide is a high energy beta-emitting

radionuclide.
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50. A method of diagnosis and/or monitoring a disease in a human subject comprising:
(a) administering to the human subject a nanoconjugate comprising;

a nanoparticle comprising a silica-based core and a silica shell surrounding at least a portion of
the core;

a fluorescent compound within the silica-based core;

aligand attached to the nanoparticle, wherein the ligand is N-Ac-Cys-(Ahx)>-D-Lys-ReCCMSH;
and

an organic polymer attached to the nanoparticle, wherein the nanoparticle has a diameter

between about 1 nm and about 15 nm;

(b) directing excitation light into the human subject to excite the fluorescent compound; and

(c) imaging the nanoconjugate.
51. The method of claim 50, wherein the disease comprises cancer.
52. The method of claim 51, wherein the cancer is in a sentinel lymph node.

53. The method of claim 51, wherein the cancer overexpresses a level of melanocortin-1 receptor
(MCIR) compared to a level of MCIR expressed in normal tissue.

54. The method of any one of claims 51-53, wherein the cancer is melanoma.

B5. A use of a nanoconjugate of any one of claims 35-49 to diagnose and/or monitor a disease in a

human subject.
56. The use of claim 55, wherein the disease comprises cancer.
57. The use of claim 56, wherein the cancer is in a sentinel lymph node.

58. The use of claim 56 or 57, wherein the cancer overexpresses a level of melanocortin-1 receptor

(MCIR) compared to a level of MCIR expressed in normal tissue.

59. The use of any one of claims 56-58, wherein the cancer is melanoma.
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60. A pharmaceutical composition comprising a pharmaceutically acceptable carrier and a
nanoconjugate, the nanoconjugate comprising:

a nanoparticle comprising a silica-based core and a silica shell surrounding at least a portion of
the core;

a fluorescent compound within the silica-based core;

aligand attached to the nanoparticle, wherein the ligand is N-Ac-Cys-(Ahx)2-D-Lys-ReCCMSH;
and

an organic polymer attached to the nanoparticle, wherein the nanoparticle has a diameter
between about 1 nm and about 15 nm.
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