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TITLE: ENCAPSULATION AND HIGH LOADING EFFICIENCY OF
PHOSPHORYLATED DRUG AND IMAGING AGENTS IN NANOPARTICLES

REFERENCE TO RELATED APPLICATIONS
This application claims priority to previously filed and co-pending provisional
application USSN 62/281,970, filed January 22, 2016, the contents of which are

incorporated herein by reference.

REFERENCE TO GOVERNMENT SUPPORT

This invention was made with Government support under Grant Nos. CA167535
and CA170121 awarded by the National Institutes of Health/NCATS. The Government
has certain rights in the invention.

This invention was made with support from the National Institutes of Health (NIH)
under Grant RO1CA167535 and R21CA170121 from the National Cancer Institute (NCI).
This was also supported, in part, by the Grants UL1 TR000127 and TL1 TR000125 from the
National Center for Advancing Translational Sciences (NCATS).

BACKGROUND OF THE INVENTION
Amorphous calcium phosphosilicate nanoparticles (CPSNPs) have been previously

used to deliver a diverse range of therapeutic and imaging agents in biological systems.” %%

49,6789 10,11, 12 13, 14, 15 Because CPSNPs are made of bioresorbable substances, calcium
and phosphate, they are relatively non-toxic compared to heavy metal-based vehicles.
CPSNPs are engineered to encapsulate chemotherapeutics or imaging agents within the
particle matrix to enhance their biological half-life and pharmocokinetic properties during
systemic delivery. Colloidal stability is maintained by covalently attaching polyethylene
glycol (PEG) to the surface of CPSNPs, which prevents interactions with the
reticuloendothelial system and allows circulation times for at least 96 hours in a murine
animal model before clearance through the hepatobiliary duct and feces. The PEG also
provides a platform for further bioconjugation of antibodies to target specific over expressed
receptors on metastatic tumors.

The reverse-micelle synthetic scheme allows for explicit control over the final

CPSNP diameter, ranging 15 to 200 nm. Particle diameters <200 nm can penetrate the cell



10

15

20

25

30

WO 2017/127697 PCT/US2017/014363

membrane of drug resistant or highly fibrotic cancers such as pancreatic adenocarcinoma
(PDAC). Controlled intracellular release of the drug is triggered by an acidic pH
environment at late-stage endocytosis which causes the CPSNPs to dissolve into Ca?*(aq),
HxPO4**(aq) and Si(OH)«’(aq).* A change in the osmotic pressure from the dissolution
ruptures the late endosome to release the bioresorbable products and active agents.
Alternatively, external physiological fluids surrounding many types of solid tumors are
typically low pH, which enables a high local release of the chemotherapeutics from CPSNPs
within the vicinity. The ultimate goal is to deliver a therapeutic dose of active agents to the
tumor of interest without inducing severe systemic side effects that is apparent with
conventional chemotherapy.

Pancreatic adenocarcinoma (PDAC) patients often respond poorly to
chemotherapeutic drugs, and even new drug combinations have demonstrated only a modest
improvement in patient survival.!® This lack of efficacy has been attributed in part to poor
drug delivery to tumor cells, since PDAC tumors are poorly vascularized with extensive

17" Among the most common drugs used to treat PDAC patients are

desmoplastic stroma.
5FU and gemcitabine, which act by blocking key enzymes in nucleotide synthesis.!® 5FU,
a component of the FOLFIRINOX regiment, is metabolized to 5-fluoro-2'-deoxyuridine
monophosphate (FAUMP) which, in the presence of 5,10-methylene-tetrahydrofolate (THF)
as a methyl donor, irreversibly inhibits thymidylate synthase (TS).!*2° TS is a common target
for chemotherapeutic drugs, since it can be inhibited both by folate analogs, such as
raltitrexed, as well as nucleotide analogs such as SFU/FAUMP. In addition, the efficacy of
FAUMP can be enhanced by leucovorin, which increases the intracellular levels of CH2THF
and improves the binding of FAUMP to TS. TS inhibition results in nucleotide pool
imbalances, misincorporation of nucleotides into DNA, inhibition of DNA synthesis as DNA
polymerase stalls and replication forks collapse, and a reduction in DNA repair. SFU-treated
cells undergo cell cycle arrest and apoptosis.'®

Similarly, the prodrug gemcitabine (2°,2°-difluorodeoxycytidine or dFdC) is
intracellularly phosphorylated by deoxycytidine kinase (dCK) to form dFdCMP (also
referred to as GemMP, dFdCDP and dFdCTP (62) . Gemcitabine has multiple modes of
action; gemcitabine diphosphate (dFdCDP) inhibits ribonucleotide reductase (RR), which is
responsible for producing the deoxynucleotides required for DNA synthesis and repair. This

favors dFdCTP incorporation into DNA, resulting in stalled DNA replication forks and
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apoptosis (62). Thus, both 5-FU and gemcitabine are activated within tumor cells by
conversion to phosphorylated drug metabolites.

There are many drawbacks with SFU that limit its use, including severe side effects
from systemic administration (e.g. bone marrow suppression, cardiomyopathy,
neurotoxicity), metabolic inactivation and rapid clearance. Each of these factors contributes
to the high 5FU doses required for maximum therapeutic efficacy. It has been well
documented that patient to patient differences also can influence both the efficacy of SFU
and the severity of drug side-effects. In vivo studies have shown that less than 20% of the
S5FU pro-drug becomes activated to FAUMP; more than 80 % of 5FU is catabolized to the
inactive SFU metabolite 5-fluorodihydrouracil by the enzyme dihydropyrimidine
dehydrogenase (DPD).!® Colon cancer patients with a DPD mutation that causes a partial
enzymatic inactivation (the IVS14+1G>A SNP, rs3918290, known as DPYD*2A) have SFU
clearance rates 2.5 times lower than wild-type controls and are at increased risk for SFU
induced toxicities.?! Many patients treated with 5FU have significant off-target effects due
to the accumulation of toxic SFU metabolites and increased dosing of SFU directly correlates
with cardiovascular and gastrointestinal toxicity, giving SFU a narrow therapeutic index.?
Metabolites of SFU and 5FU that differ only slightly in their composition can have vastly
different side-effects, toxicities and efficacies.

Likewise, gemcitabine can be inactivated by cytidine deaminase (CDA) and rapidly
cleared from the body (28-30). Both gemcitabine and 5-FU are transported into tumor cells
by nucleoside transporter systems, including human equilibrative nucleoside transporters
(hENTs), which have low affinity for FAUMP or dFdCMP (31).

Others have reported that FAUMP[10] and GemMP[10], a synthetic polymer of ten
FdUMP and GemMP molecules, are highly active in preclinical models of acute myeloid
leukemia, acute lymphoblastic leukemia, glioblastoma, thyroid, and prostate cancers. % %%
29,30, 31, 32,33, 34,33, 36, 37, 38, 39, 40, 41, 42,43 FqUMP[10] and GemMP[10] effectively blocked the
growth of multiple cancer cell lines in vifro and had anti-tumor activity in vivo. However,
since the metabolic breakdown and side-effects associated with 5FU limit its utility and
FdUMP and GemMP has been shown to be effective, direct delivery of FAUMP and GemMP
to tumors with CPSNPs could further increase its efficacy and reduce off-target toxicities.

SUMMARY
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Methods of encapsulation and high loading efficiency of active phosphorylated drugs
and imaging agents is provided. In an embodiment, prodrug chemotherapeutic agents,
FAUMP and GemMP, in calcium phosphosilicate nanoparticles have increased efficiency
and increased capacity to inactivate cancer cell proliferation, arrest cancer cells prior to G1
phase, inhibited thymidylate synthase compared to the non-phosphorylated counterparts, of
the drug, in one embodiment, compared to SFU, FUdR, and Gem. The presence of a
phosphate group allows phosphorylated agents to adsorb and become encapsulated at
therapeutic doses. These potent active drugs in CPSNPs is directly delivered to cells, which
makes treatment highly efficacious at FAUMP doses up to ~1000x less than the free drug in
vitro on human pancreatic cancers. Methods of making such encapsulated drugs and/or
imaging agents, methods of treating cancer cells, methods of treating cancer and

compositions comprising same are described.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a graphic showing a schematic of the calcium phosphosilicate
nanoparticle double reverse-micelle synthesis and encapsulation procedure. Micelle water
pool size is maintained by the water-to-surfactant mole ratio, @=[H20]/[Igepal CO-520]=4.
Microemulsions A and B consist the aqueous calcium chloride, and hydrogen
phosphate/metasilicate/drug precursors, respectively. Immediately following micellar
exchange from combining A and B, sub-particles form as phoshorylated agents (black dots)
adsorb to, or get encapsulated by, the calcium phosphate material. Secondary nucleation and
growth complete the nanoparticle and the reaction is quenched with sodium citrate. This Cit-
X-CPSNP suspension is laundered with a van der Waals HPLC system equipped with a
UV/Vis spectrophotometer to monitor the launder cycles. The laundered nanoparticles are
PEGylated to obtain mPEG-X-CPSNPs. X = 5FU, 5FU:ATP, FAUMP, FUdR, Gem,
GemMP, or Ghost (negative CPSNP control). Micelles and CPSNPs are not drawn to scale.

Figure 2 shows the structures of the encapsulated drug agents in this study, 5-
fluorouracil (5FU), 5-fluorouracil, adenosine 5'-triphosphate (SFU:ATP), 5-fluoro-2'-
deoxyuridine (FUdR), 5-fluoro-2'-deoxyuridine monophosphate (FAUMP), gemcitabine
(Gem), and gemcitabine monophosphate (GemMP).
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Figure 3 are two graphs of therapeutic effect tested in vitro on BxPC-3 and PANC-1
cell lines after centrifugation and van der Waals HPLC laundering as described in Example
1.

Figure 4A —C are a micrograph and graphs showing the (A) lognormal particle size
distribution and transmission electron microscopy micrograph with enlarged inset of a
selected surface-modified mPEG-FAUMP-CPSNP formulation. The lognormal mean by
diameter for mPEG-FAUMP-CPSNPs is 57 = 1 nm and for (B) mPEG-Ghost-CPSNPs is 30
+ 1 nm. Surface characterization is summarized in (C) where the average zeta potentials of
five replicated formulations were (1) —35 £ 4 mV for Cit-Ghost-CPSNPs and (3) -36 + 4
mV for Cit-FdUMP-CPSNPs. After surface modification, the zeta potential magnitude is
depressed by the presence of the mPEG coating in (2) mPEG-Ghost-CPSNPs and (4) mPEG-
FAUMP-CPSNPs, which were —1 = 1 mV and -5 + 4mV, respectively.

Figure 5 is a graph showing the in vitro proliferation of human pancreatic cancer cell
lines BxPC-3 and PANC-1 after no treatment (NT), treatments with PBS vehicle, and 200uM
of free SFU and FAUMP. While both SFU and FAUMP were equally effective in decreasing
BxPC-3 proliferation, the equivalent dose of FAUMP was twice as effective as SFU in
reducing PANC-1 proliferation, *p=0.01.

Figure 6 are graphs showing a greater pancreatic cancer cell knock-down effect by
mMPEG-FAUMP-CPSNPs than the free, unencapsulated drug. The in vitro proliferation of
human pancreatic cancer cell lines BxPC-3 and PANC-1, human pancreatic ductal epithelial
cell line H6¢7, and human pancreatic stellate cell line RLT-PSC was measured at 72 hours
after (A) no treatment, (B) PBS vehicle, treatment with (C) 200 uM free FAUMP, (D) mPEG-
Ghost-CPSNPs, and mPEG-FdUMP-CPSNPs in decreasing doses, (E1) 21 uM, (E2) 840
nM, (E3) 420 nM, (E4) 280 nM, and (E5) 210 nM. MPEG-FdUMP-CPSNPs blocked the
growth of pancreatic cancer cells and stellate cells while having a lesser effect on normal
human pancreatic ductal cell proliferation. Proliferation was normalized to the vehicle
control for each cell line.

Figure 7 are a series of graphs compared side by side showing in vitro growth of
human PDAC cell lines BxPC-3 and PANC-1 is effectively blocked by mPEG-CPSNPs
containing gemcitabine monophosphate (dFACMP), with ECso values of 130 and 550 nM,
respectively. BxPC-3 cells were more resistant to mPEG-FdUMP-CPSNPS than PANC-1
cells, which had an ECso of 1.3 uM. Empty CPSNPs (light hatched bars), free drug (dark
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bars) or drug-containing CPSNPs (dark hatched bars) are expressed as relative proliferation
(percent of vehicle controls, white bars). Values are the mean of 3-4 independent
experiments with *=p<0.001 and **=p<0.01.

Figure 8 are two gels of the FAUMP target enzyme thymidylate synthase (TS) from
PANC-1 (upper panel) or BxPC-3 (lower panel) cells treated with 250 uM free FAUMP
(Lane 3) or 2 uM mPEG-FdUMP-CPSNPs (Lane 5). Both cell lines showed significant
(>80%) conversion of TS to an inactive ternary complex (TS:FAUMP) with free drug and
with mPEG-FAUMP-CPSNP treatment. Controls that received no treatment (Lane 1), PBS
vehicle (Lane 2) or mPEG-CPSNPs containing no FAUMP (Lane 4) exhibited only active
TS with no evidence of TS:FAUMP ternary complex formation..

Figure 9 are graphs showing the arrest of PANC-1 cell progression through the cell
cycle by mPEG-FAUMP-CPSNPs. Cell cycle phase was assessed by flow cytometric
analysis of propidium iodide-labeled PANC-1 cells treated for 72 hr with mPEG-FdUMP-
CPSNPs. Treatment groups included cells treated with the PBS vehicle, no treatment, 250
uM free FAUMP, mPEG-Ghost-CPSNPs, and 200 nM mPEG-FdUMP-CPSNPs.
Arrowheads indicate GO/G1 and G2/M peaks, in red, while S phase cells are indicated with
hatch marks.

Figure 10 is a graph showing the in vitro evaluation of metastatic colon cancer cell
lines, LoVo, HCT116, and SW620, and pancreatic cancer, PANC-1, after a 72 hr treatment
with the PBS vehicle, free Gem, mPEG-Ghost-CPSNP control, and mPEG-GemMP-
CPSNPs at various doses. A similar response in reduced cell proliferation is observed with
125 nM of mPEG-Ghost-CPSNPs compared with 500 nM of the free non-phosphorylated
Gem.

Figure 11 is a graph showing CCKBR-targeted CPSNPs deliver active FAUMP to
PDAC tumors in vivo. Levels of active thymidylate synthase (unbound TS) was determined
by immunoblotting, and reflects that amount of the TS inhibitor FAUMP taken up by PANC-
1 tumors in mice treated with various CPSNP formulations (n= 5 mice/treatment group).
Tumors from mice treated with empty (non-drug containing) CPSNPs (#1, black bar) or
untargeted mPEG-FdUMP-CPSNPs (#2, grey bar) had equivalent amounts of unbound,
active TS, suggesting that untargeted particles were not efficiently taken up by tumor cells
in vivo. Although the mean TS levels in tumors from gastrin-16 peptide targeted-mPEG-
FAUMP-CPSNPs treated mice was decreased (#4, light hatched), only tumors in mice treated
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with CCKBR aptamer targeted mPEG-FAUMP-CPSNPs (#3, dark hatched) had significantly
reduced TS levels (*p<0.05) compared to empty CPSNP or untargeted mPEG-FAUMP-

CPSNP controls. Bars represent £ SEM of 2 independent experiments.

DETAILED DESCRIPTION

The present invention now will be described more fully hereinafter with reference
to the accompanying examples, in which some, but not all embodiments of the invention
are shown. Indeed, the invention may be embodied in many different forms and should not
be construed as limited to the embodiments set forth herein; rather, these embodiments are
provided so that this disclosure will satisfy applicable legal requirements. Like numbers
refer to like elements throughout. References referred to herein are incorporated by
reference in their entirety.

Many modifications and other embodiments of the invention set forth herein will
come to mind to one skilled in the art to which this invention pertains, having the benefit of
the teachings presented in the descriptions and the drawings herein. Therefore, it is to be
understood that the invention is not to be limited to the specific embodiments disclosed and
that modifications and other embodiments are intended to be included within the scope of
the appended claims. Although specific terms are employed herein, they are used in a
generic and descriptive sense only and not for purposes of limitation.

The articles "a" and "an" are used herein to refer to one or more than one (i.e., to at
least one) of the grammatical object of the article. By way of example, "an element" means
one or more than one element.

Based on numerous fundamental studies on the binding of calcium to adenosine

44.45.46.47 an embodiment here demonstrates

triphosphate to form ionic Ca-ATP complexes,
that high encapsulation efficiencies can be achieved via adsorption of the negatively
charged phosphate groups to calcium sites as CPSNPs are formed in the reverse micelles
by an agglomerative-growth process.

The methods described herein can be utilized with any convenient drug or imaging
agent. When referring to a drug is meant a substance or compound that can be used in the
diagnosis, treatment or prevention of a disease or as a component of a medication.

Imaging agents are compounds designed to allow improved imaging of specific organs,

tissues, tumors, diseases or physiological functions within a mammalian body.
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Additionally, the nanoparticles used in the invention may encapsulate other agents,
including those useful in the treatment of tumors. Preferred agents include drugs, apoptosis
inducers such as bioactive lipids, including ceramide or dihydroceramide, DNA, plasmids,
shRNA, siRNA, antineoplastic chemotherapeutics, other agents that useful in inhibiting or
treating tumors.

Optionally, the nanoparticles used in the invention may be conjugated to various
ligands or antibodies to facilitate targeting to the target tissue. These ligands include those
that are receptor-specific as well as immunoglobulins and fragments thereof. Preferred
ligands include antibodies in general and monoclonal antibodies, as well as
immunologically reactive fragments of both including antiCD71 and transferrrin for breast
cancer, gastrin and penta-gastrin for pancreatic and colon cancer, antiCD 151 for
melanoma and similar targets for other cancerous tumors.

The nanoparticles may be PEGylated for surface polyethylene glycol (PEG)
functionalizaiton to facilitate their accumulation in tumors. (Altinoglu et al. (2008) Near-
infrared emitting fluorophore-doped calcium phosphate nanoparticles for in vivo imaging
of human breast cancer. ACS Nano. 2: 2075-2084.). See Example 16. In a preferred
embodiment, ICG has been encapsulated into PEGylated CPNP's. See the Examples
disclosed herein.

In an embodiment the active phosphorylated forms of the drug agents, FAUMP and
GemMP, are being delivered by CPSNPs, which are biologically more potent that their
non-phosphorylated prodrug counterparts, SFU and GEM. Encapsulated drug agents have
higher efficacy than the delivery of the free form in vifro on the cancer cells, in this
example, on human pancreatic and colon cancers. The delivered drug dose by CPSNPs is
not toxic to healthy normal cells.

Phosphorylated drugs were believed to be almost immediately cleared by the
immune system in vivo and thus expectations are there would be little efficacy for
treatment of diseases including human cancer. However, here therapeutic levels of the
drugs and imaging agents are encapsulated and delivered to human concerns and cancer
cells and overcomes both poor encapsulation efficiency and poor efficacy of
phosphorylated drugs and imaging agents.

In certain embodiments, the encapsulated drugs have increased efficacy of at least

10 %, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100% or more or amounts in-between
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compared to nonencapsulated forms of the drug. The efficacy in one embodiments can be
measured by reduction in cancer cell proliferation, in vitro or in vivo. The encapsulated
drug or imaging agent can in an embodiment have the same efficacy as a nonencapsulated
form of the drug, but at a dose that is up to 1000X less than the nonencapsulated form of
the drug or imaging agent. The ability of the encapsulated drug can in a stiff further
embodiment arrest cancer cells at a critical phase of development, and in another
embodiment can arrest cancer cells prior to G1 phase.

The calcium phosphosilicate and calcium phosphate nanoparticle systems are
efficacious at delivering drugs or imaging agents encapsulated within the particles. In one
instance encapsulation efficiency is defined as the amount of drug or imaging agent
introduced at the beginning of the synthesis divided into the amount of drug or imaging
agent encapsulated in the nanoparticles. Previously, the best encapsulation efficiency
achieved was 2%. The encapsulation efficiency achieved with the phosphorylated drugs
and imaging agents ins in the range of at least 10%, and can be 30%, 40%, 50%, 60%,
70%, 80%, 90%, up to 100%.

Unlike surface decorated nanoparticles that are also tailored for drug delivery, the
drug molecules are located within the CPSNP matrix, which protects the agents from
metabolic breakdown by liver enzymes. This ensures that the drug is able to reach the
tumor and reduce off-target toxicities. The nanoparticle carrier material, calcium
phosphate, is inherently non-toxic to cells and degraded products are bioresorbable.

Accordingly, the compositions and methods of the present invention can be used to
treat a variety of cancer cells of mammalian tumors. As used herein, the term "treating"
refers to: (i) preventing a disease, disorder or condition from occurring in a mammal,
animal or human that may be predisposed to the disease, disorder and/or condition but has
not yet been diagnosed as having it; (i) inhibiting the disease, disorder or condition, i.e.,
arresting its development; and/or (iii) relieving the disease, disorder or condition, i.e.,
causing regression of the disease, disorder and/or condition. For example, with respect to
cancer, treatment may be measured quantitatively or qualitatively to determine the
presence/absence of the disease, or its progression or regression using, for example,
reduction in tumor size, a reduction in the rate of metastasis, and/or a slowing of tumor

growth, and/or no worsening in disease over a specified period of time or other symptoms
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associated with the disease or clinical indications associated with the pathology of the
cancer.

As used herein, the term "nano-encapsulated" refers to enclosing or embedding the
photosensitizer within a nano matrix, e.g. within a nanoparticle. The photosensitizer may
be encapsulated within any suitable matrix of a nanoparticle. As used herein, the term
"nanoparticle" includes a nanosphere and/or a nanocolloid. In a preferred embodiment, the
nanoparticle comprises a calcium phosphate matrix to produce a calcium phosphate
nanoparticle (CPNP). CPNP includes nano-sized calcium phosphate-based composite
particles. It is preferred that the nanoparticles are composed of non-toxic, resorbable
compounds that are colloidally stable in physiological fluids or solutions, those solutions
having a pH around 7.4. e.g. phosphate buffered 0.15M saline. Physiological fluid includes
but is not limited to, blood, cerebrospinal fluid, interstitial fluid, semen, sweat, saliva, urine
and the like. The term colloidally stable refers to nanoparticles that are non-agglomerated,
able to form a uniform and stable suspension of solids in solution or combinations thereof.
As used herein, the term "nano" in reference to nanoparticles refers to nanoparticles that
are less than 200 nm in diameter and typically less than 60 nm. Typically, the encapsulated
nanoparticles preferably have a mean diameter of less than about 200 nm, more preferably
between about 10 nm and about 75 nm, with the preferred particle diameter range between
about 15 to about 25 nm. The size of nanoparticles can be measured by a number of means
known in the art for sizing small particles, including the use of a Malvern Zetasizer,
Nanosight NTA system, Nicomp.TM. particle sizer or a Coulter. TM. Nano-Sizer (Coulter
Electronics, Harpenden, Hertfordshire, UK). Without wishing to be bound by this theory, it
is believed that particles greater than 200 nm interact with organics in the bloodstream to
agglomerate and do not survive the immune response.

Various methods of preparing nanoparticles for encapsulating agents may be used.
By way of example without limitation, see Adair et al, US Patent No. 8,771,741,
incorporated herein by reference in its entirety. See also for further examples, Altinoglu,
E. ., et al. "Near-Infrared Emitting Fluorophore-Doped Calcium Phosphate Nanoparticles
for in Vivo Imaging of Human Breast Cancer." ACS Nano 2.10 (2008): 2075-84.). CPNPs
or CPNSPs are both referred to here, and where referring to CPNPs also applies to
CPNSPs. The nanoparticles may be prepared using any suitable technique, for example,

from a controlled addition to a phosphate solution to a calcium solution to the use of a

10
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double microemulsions as templates for particle size. (Bisht, S.; Bhakta, G.; Mitra, S.;
Maitra, A. International Journal of Pharmaceutics 2004, 288, 157-168; Welzel, T.;
Radtke, I.; Meyer-Zaika, W.; Heumann, R.; Epple, M. Journal of Materials Chemistry
2004, 14, 2213-2217, Sadasivan, S.; Khushalani, D.; Mann, S. Chemistry of Materials
2005, 17, 2765-2770; Sarda, S.; Heughebaert, M.; Lebugle, A. Chemistry of Materials
1999, 11, (2722-2727). Preferably, methods utilized to prepare nanoparticles of the
invention produce colloidally stable nanoparticles with diameters less than 100 nm that are
well-dispersed and avoid agglomeration in physiological fluids. The CPNPs or CPNSPs
are colloidally stable in a wide range of solutions including phosphate saline (10 mM
phosphate buffered to pH 7.4, 0.14M NaCl, 0.01M KCl) and various ethanolic solutions
used in the processing. More importantly, the polyethylene glycol surface conjugated
CPNPs demonstrated colloidal stability and the ability to remain in the circulatory of a
nude mouse model for at least 96 hours, verifying the colloidal stability and non-
agglomerating characteristics in this animal model.

Exemplary detailed methods for preparing CPNP's are described elsewhere herein.
Briefly, the general synthesis scheme of organically-doped, functionalized calcium
phosphate nanoparticles (CPNPs) was adapted from recently published silica syntheses.
Wang, J.; White, W. B.; Adair, J. H. Journal of American Ceramic Society 2006, 89, (7),
2359-2363; Wang, J.; White, W. B.; Adair, J. H. Journal of Physical Chemistry B 2006,
110, 4679-4685; Li, T.; Moon, J.; Morrone, A. A.; Mecholsky, J. J.; Talham, D. R.; Adair,
J. H. Langmuir 1999, 15, 4328-4334. It is preferred that the nanoparticles are prepared
using van der Waals chromatography.

Drug or imaging agent - encapsulated CPNP's may be formulated in any suitable
manner. In some examples, the CPNP's comprising the drug or imaging agent are
conveniently formulated as sterile, freeze-dried powders containing trehalose or another
lyoprotectant. The drug or imaging agent encapsulated nanoparticles are conveniently
formulated as sterile, freeze-dried powders containing trehalose or another lyoprotectant. A
typical powder can contain a lyoprotectant/nanoparticle ratio in the range of about 0.1 to
about 5, preferably in the range of about 0.6 to 3.0, and more preferably in the range of
about 0.8 to 2.0 on a weight/weight basis. A sterile freeze-dried power containing
nanoparticles and optional lyoprotectant may be reconstituted in an aqueous medium for

administration to a human or other animal. The aqueous medium is preferably a
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pharmaceutically acceptable sterile medium, for example 5% dextrose or normal saline.
Alternatively, the medium may be water for injection where the amount of lyoprotectant or
other additive is sufficient to render the reconstituted material suitable for pharmaceutical
or therapeutic use.

The nanoparticles of the invention may be formulated into a variety of additional
compositions. These compositions may also comprise further components, such as
conventional delivery vehicles and excipients including isotonising agents, pH regulators,
solvents, solubilizers, dyes, gelling agents and thickeners and buffers and combinations
thereof. Suitable excipients for use with photosensitizers include water, saline, dextrose,
glycerol and the like.

Appropriate formulations and dosages for the administration of the drugs or
imaging agents are known in the art. The particular concentration or amount of a given
drug or imaging agent is adjusted according to its intended use. Referring to Adair, US
patent 8,771,741, it was noted that CPNPs are colloidally stable in a wide range of
solutions including phosphate saline (10 mM phosphate buffered to pH 7.4, 0.14M NaCl,
0.01M KCI) and various ethanolic solutions used in the processing. The polyethylene
glycol surface conjugated CPNPs demonstrated colloidal stability and the ability to remain
in the circulatory of a nude mouse model for at least 96 hours, verifying the colloidal
stability and non-agglomerating characteristics in this animal model. Accordingly, contrary
to conventional teachings of colloidal chemistry, calcium phosphate nanoparticles
encapsulating drugs or imaging agents having citrate, amine or PEG surface functionalized
particles are stable in PBS and do not form agglomerates. Suitable isotonising agents are
preferably nonionic isotonising agents such as glycerol, sorbitol, mannitol, aminoethanol or
propylene glycol as well as ionic isotonising agents such as sodium chloride. The solutions
of this invention will contain the isotonising agent, if present, in an amount sufficient to
bring about the formation of an approximately isotonic solution. The expression "an
approximately isotonic solution" will be taken to mean in this context a solution that has an
osmolarity of about 300 milliosmol (mOsm), conveniently 300.+-.10% mOsm. It should be
borne in mind that all components of the solution contribute to the osmolarity. The
nonionic isotonising agent, if present, is added in customary amounts, i.e., preferably in
amounts of about 1 to about 3.5 percent by weight, preferably in amounts of about 1.5 to 3

percent by weight. Summaries of pharmaceutical compositions suitable for use with
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photosensitizers are known in the art and are found, for instance, in Remington's
Pharmaceutical Sciences.

As mentioned above, compositions and methods of the present invention may be
used in imaging of target tissue or tumors, to treat any number of cancers or tumors or
both. The nanoparticles here described are particularly suited for the imaging and/or
treatment of deep tissue tumors, such breast cancer, ovarian cancer, brain cancer, lung
cancer, hepatic cancers, and the like. Types of mammalian tumors that can be treated using
the compositions and methods of the present invention include, but are not limited to all
solid tumors, cutaneous tumors, melanoma, malignant melanoma, renal cell carcinoma,
colorectal carcinoma, colon cancer, hepatic metastases of advanced colorectal carcinoma,
lymphomas (including glandular lymphoma), malignant lymphoma, Kaposi's sarcoma,
prostate cancer, kidney cancer, ovarian cancer, lung cancer, head and neck cancer,
pancreatic cancer, mesenteric cancer, gastric cancer, rectal cancer, stomach cancer, bladder
cancer, leukemia (including hairy cell leukemia and chronic myelogenous leukemia),
breast cancer, solid breast tumor growth, non-melanoma skin cancer (including squamous
cell carcinoma and basal cell carcinoma), hemangioma multiple myeloma, and glioma. The
cancer in an embodiment is brain, breast, lung, pancreatic, hepatic, colon, melanoma,
ovarian cancer, or metastases thereof. In addition, embodiments for the invention can be
adapted for non-solid tumors.

In one aspect, the methods include administering systemically or locally the drug or
imaging agent-encapsulated nanoparticles of the invention. Any suitable route of
administration may be used, including, for example, topical, intravenous, oral,
subcutaneous, local (e.g. in the eye) or by use of an implant. Advantageously, the small
size, colloidal stability, non-agglomeration properties, and enhanced half-life of the
nanoparticles renders the nano-encapsulated drug or imaging agent especially suitable for
intravenous administration. Additional routes of administration are subcutaneous,
intramuscular, or intraperitoneal injections in conventional or convenient forms. For
topical administration, the nanoparticles may be in standard topical formulations and
compositions including lotions, suspensions or pastes.

The dose of nanoparticles may be optimized by the skilled person depending on
factors such as, but not limited to, the drug or imaging agent chosen, the nature of the

therapeutic protocol, the individual subject, and the judgment of the skilled practitioner.
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Preferred amounts of nanoparticles are those which are clinically or therapeutically
effective in the treatment method being used. Such amounts are referred herein as
"effective amounts".

Depending on the needs of the subject and the constraints of the treatment method
being used, smaller or larger doses of nanoparticles may be needed. The doses may be a
single administration or include multiple dosings over time. For compositions which are
highly specific to the target skin tissues and cells, such as those with the nanoparticles
conjugated to a highly specific monoclonal antibody preparation or specific receptor
ligand, dosages in the range of 0.005-10 mg/kg of body weight may be used. For
compositions, which are less specific to the target, larger dosages, up to 1-10 mg/kg, may
be desirable. One preferred range for use in mice is from 0.05 mg/kg to 10 mg/kg. The
useful range in humans for the photosensitizer-encapsulated nanoparticles will generally be
lower than mice, such as from 0.005 mg/kg to 2 mg/kg. The foregoing ranges are merely
suggestive in that the number of variables with regard to an individual treatment regime is
large and considerable deviation from these values may be expected. The skilled artisan is
free to vary the foregoing concentrations so that the uptake and stimulation/restoration
parameters are consistent with the therapeutic objectives disclosed above.

In addition to human subjects, the present invention may be applied to non-human
animals, such as mammals, particularly those important to agricultural applications (such
as, but not limited to, cattle, sheep, horses, and other "farm animals"), industrial
applications (such as, but not limited to, animals used to generate bioactive molecules as
part of the biotechnology and pharmaceutical industries), and for human companionship
(such as, but not limited to, dogs and cats).

The nanoparticles are administered to the subject and the tumor or tissue or cell in
the subject is exposed for a sufficient amount of time to achieve the desired results, as in
being able to bioimage or detect the target tissue or tumor or to reduce tumor growth or
size or reduce cell proliferation.

Figure 1 shows a schematic of the calcium phosphosilicate nanoparticle double
reverse-micelle synthesis and encapsulation procedure. Micelle water pool size is
maintained by the water-to-surfactant mole ratio, ®=[H20]/[Igepal CO-520]=4.
Microemulsions A and B consist the aqueous calcium chloride, and hydrogen

phosphate/metasilicate/drug precursors, respectively. Immediately following micellar
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exchange from combining A and B, sub-particles form as drug agents (black dots) adsorb
to, or become encapsulated by, the calcium phosphate material. Secondary nucleation and
growth complete the nanoparticle and the reaction is quenched with sodium citrate. This
Cit-X-CPSNP suspension is laundered with a van der Waals HPLC system equipped with a
UV/Vis spectrophotometer to monitor the launder cycles. The laundered nanoparticles are
PEGylated to obtain mPEG-X-CPSNPs. X = 5FU, 5SFU:ATP, FAUMP, FUdR, Gem,
GemMP, or Ghost (negative CPSNP control). Micelles and CPSNPs are not drawn to

scale.

Figure 2 shows structures of several encapsulated drug agents, 5-fluorouracil
(5FU), 5-fluorouracil, adenosine 5'-triphosphate (SFU: ATP), 5-fluoro-2'-deoxyuridine
(FUdR), 5-fluoro-2'-deoxyuridine monophosphate (FdUMP), gemcitabine (Gem), and
gemcitabine monophosphate (GemMP).

The delivery of chemotherapeutic drug agents by nanoparticles offers an alternative
method from chemotherapy to treat highly drug resistant and fibrotic cancers like
pancreatic ductal carcinoma (PDAC). This study investigated whether 5-fluoro-2°-
deoxyuridine 5°-monophosphate (FAUMP), an active metabolite of 5-fluorouracil (5FU),
can be encapsulated at therapeutic doses and retain biological activity in calcium
phosphosilicate nanoparticles (CPSNPs). CPSNPs were synthesized to encapsulate
FdUMP, 5FU or 5-fluoro-2’-deoxyuridine (FUdR), and surface-modified with methoxy-
terminated polyethylene glycol (mPEG). LC-MS/MS analysis showed that only the
phosphorylated agent, FAUMP, was encapsulated successfully and not the non-
phosphorylated 5FU and FAUR. The encapsulated concentration of FAUMP in CPSNPs
was 6.0x107-8.3x10* M at 7-97 mol% encapsulation efficiency in replicated formulations.
Free FAUMP was twice as effective as free SFU in reducing PANC-1 proliferation in vitro,
and the encapsulation of FAUMP within CPSNPs further improved efficacy. For BxPC-3
and RLT-PSC cells, treatment with 210 nM mPEG-FAUMP-CPSNPs was as cytotoxic as
200 uM free FAUMP, a dose that was at least 1000 times less, while leaving non-
transformed H6c7 cells less affected by treatment. Cell cycle analysis demonstrated that
treatment with mPEG-FAUMP-CPSNPs arrested cancer cells prior to entrance into G1
phase. Western blots revealed successful inhibition of thymidylate synthase, which
indicated that the FAUMP in CPSNPs remained biologically active to block cell

proliferation. Thus, the findings reported herein represent a novel methodology to
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encapsulate and deliver an efficacious dose of active agents to pancreatic cancer without
inducing non-specific toxicity.

Lipid-coated calcium-phosphate particles can successfully encapsulate and deliver
gemcitabine monophosphate, gemcitabine triphosphate,>* and siRNAs?* 2% 26 {0 a variety
of tumor types, the proposed CPSNP platform in this study does not require an additional
lipid coating to achieve colloidal stability due to the exposed surface carboxylate
functional groups that can also be readily modified to target cancer cell receptors. The
inventors hypothesized that chemotherapeutic drugs such as 5-FU or gemcitabine (dFdC)
would be less effectively encapsulated into CPSNPs than their bioactive nucleotide analogs
FAUMP and dFdCMP.

This present work also explicitly focuses and compares the encapsulation efficiency
of both phosphorylated and non-phosphorylated agents, which involves quantitative
analysis of drug concentration in the particles by a LC-MS/MS protocol specially designed
for this purpose. The development of a novel approach to delivering the cytotoxic
chemotherapeutic FAUMP by encapsulation of this active SFU metabolite in CPSNPs and
the efficacy of particles with FAUMP against human pancreatic cancer cells in vitro are
also described.

The following is presented by way of exemplification and is not intended to limit

the scope of the invention.

EXAMPLES
Example 1
Encapsulation efficiencies of CPSNPs
The encapsulation efficiencies (EE) in Table 1 was experimentally determined by
LC-MS/MS for SFU, 5FU:ATP, FUdR, FdUMP, Gem, and GemMP, as drawn in Figure 2
1. The EE is defined by the following equation,

msg
mol% EE = —X x 100

i

where m; was the total drug content in moles and mywas the moles encapsulated as assessed
by LC-MS/MS. Particles were diluted in 10% methanol with 0.1% formic acid and 5-CU
was spiked in as an internal standard. Chromatography was done on a 2.1 mm x 10 cm HSS

T3 or C18 CSH column (Waters) on a Waters I-class FTN chromatography system with the
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column temperature at 40°C. Mobile phase A was water with SmM ammonium acetate and
B was methanol. The flow rate was 0.5mL/min and the chromatography consisted of holding
at 7.5% B for 1 min, increasing to 95% B over 0.5 min, holding at 95% B for 0.5 min before
equilibration to starting conditions. Eluate was analyzed by an inline Waters TQ-S mass
spectrometer. The capillary was set at 1.0kV, source temperature at 150°C, desolvation
temperature at 600°C, cone gas at 150L/hr, and desolvation gas flow at 1200L/hr. Multiple
reaction monitoring (MRM) was used to detect 5-CU, FAUMP, Gem, and GemMP. The
MRM transition used for 5-CU was 145 > 42 with the collision energy set at 12. The MRM
transition used for drug agents was 325 > 195 with the collision energy set at 12. Drug
concentrations were determined using TargetLynx version 4.1 (Waters) using an external
calibration curve with 1/x weighting.

Both centrifugation and van der Waals HPLC laundering methods were used in early
attempts at encapsulating SFU. The micellar exchange time was also increased from 2 min
(5FU-1, 2, 3) to 30 min (5FU-4, 5, 6) in effort to encapsulate more drug molecules. Although
the goal was to encapsulate an effective dose of 5FU in CPSNPs, only 1.7 to 7.6x10”7 M
5FU, or 0.07 to 0.2 mol% EE, uptake was achieved. See Table 1.

TABLE 1A

Encapsulated drug concentration and encapsulation efficiency (EE) of non-phosphorylated
agents, SFU, SFU:ATP, FUdR, Gem, and phosphorylated agents, FAUMP and GemMP, in
Cit-X-CPSNPs. Simplify table, give average and confidence interval for n=x. With average
and confidence interval, this table goes into patent application.

Formulation no. druglg(l)lzzclglslﬁgttie(?n ™) EE (mol%)
Cit-5SFU-CPSNP
SFU-1 1.700 + 0.002 x 107 0.08 £ 0.01
SFU-2 2.100 £ 0.003 x 107 0.11+0.01
SFU-3 3.600 + 0.005 x 107 0.10£0.01
SFU-4 7.60£0.01 x 107 0.21+0.03
SFU-5 5.80+0.01 x 107 0.12+0.02
SFU-6 3.900 £ 0.005 x 107 0.07+0.01
Cit-SFU:ATP-CPSNP
SFU:ATP-1 1.400 + 0.002 x 10 093+0.12
SFU:ATP-2 1.900 + 0.002 x 107 0.01+0.01
SFU:ATP-3 2.200 £ 0.003 x 107 0.15+0.02
SFU:ATP-4 550+0.01 x 10° 0.37+0.05
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Cit-FUdR-CPSNP
FUdR-1
FUdR-2
FUdR-3
FUdR-4
FUdR-5

Cit-Gem-CPSNP
Gem-1
Gem -2
Gem -3
Gem -4
Gem -5

Cit-FAUMP-CPSNP
FAUMP-1
FAUMP-2
FAUMP-3
FAUMP-4

Cit-GemMP-CPSNP
GemMP-1
GemMP-2
GemMP-3
GemMP-4
GemMP-5

50+£3.0x10%
30+1.5x%x10°%
28+22x10%
21+20x10%
1.1+£0.7 x 10%®

8.7+0.1x 107
2.10+0.04 x 10°
1.80+0.02 x 107
2.90+0.08 x 10°
2.00+0.06 x 10°

55+£02 %107
1.30+0.03 x 10
3.50+£0.07 x 10
830+0.02 x 10*

240+0.03 x 107
3.00+0.03 x 10°
1.90+0.05 x 107
2.00+0.01 x 10°
220+0.04 x 107

PCT/US2017/014363

<0.01
<0.01
<0.01
<0.01
<0.01

<0.01
<0.01
<0.01
<0.01
<0.01

7+02
21+1
57+ 1
97+ 0.3

24+ 0.3
28+ 0.3
15+ 04
15+ 0.1
30+ 0.5
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TABLE 1B
Encapsulated concentrations and encapsulation efficiency (EE) for 5-FU, 5-FU:ATP, FUdR,
FdUMP, dFdC (gemcitabine) or dFACMP (gemcitabine monophosphate) in citrate-functionalized
CPSNPs.

Formulation Drug concentration (M)* EE (mol%)*
Cit-5-FU-CPSNP 4.1 (£1.8) x107 0.11 (£0.04)
Cit-5-FU:ATP-CPSNP 1.8 (£2.5) x10¢ 0.36 (£0.39)
Cit-FUdR-CPSNP 2.8 (£1.2) 108 <0.01
Cit-FAUMP-CPSNP 3.0 (£1.4) x10* 41 (£16)
Cit-dFdC-CPSNP 1.9 (£0.6) 107 <0.01
Cit-dFdCMP-CPSNP 2.3 (£0.4) 107 22 (£6)

* Concentration and encapsulation efficiency (EE) are expressed as the weighted mean+95%

confidence interval of n=4-6 experimental replicates.

CPSNP encapsulation of 5-FU was only 4.1 (+1.8)x107 M, or 0.11 (£0.04) mol%
EE (Table 1B), and extending micellar exchange times failed to improve 5-FU
encapsulation. FUdR, the deoxynucleoside analog of 5-FU, was incorporated in CPSNPs
even less effectively than 5-FU, with an EE of <0.01 mol% and 2.8 (+1.2)x10®%M
encapsulated drug. When a mixture of 5-FU and ATP was used for encapsulation, the EE
increased only slightly to 0.36 (0.39) mol%.

This is an amount of uptake that was not sufficient for a therapeutic effect when
tested in vitro on both BxPC-3 and PANC-1 cell lines, as shown in Figure 3 example with
both 250 uM and 5 uM free SFU as reference points (the 1:50 dilution is the left bar, the
1:100 dilution is the right bar).Using a pre-mixed precursor solution of SFU and ATP, the
EE increased to nearly 1 mol%. A triple microemulsion method was implemented to create
a core-shell CPSNP, which consists a calcium phosphosilicate (CPS) core with SFU:ATP
and an additional CPS shell to bring the final water-to-surfactant ratio to 4. The
incorporation of ATP utilizes the hydrogen bonds between the fluorouracil group and
adenine ring, so that the phosphate tail can become incorporated with SFU for adsorption-

mediated encapsulation. However, these weak hydrogen bonds were compromised once
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introduced to the high ionic strength environment of micelles during synthesis. Thus, this
method was not easily reproducible and 0.93 mol% was the highest EE that was achieved
out of SFU:ATP-1,2,3, and 4.

FudR is SFU with an extra ribose ring and can either be rapidly cleaved to SFU or
phosphorylated into FAUMP in vivo by enzymes. FudR was incorporated in CPSNPs at
<0.01 mol% EE, corresponding to only 1.1 to 5.0x107 M of encapsulated drug in five
repeated formulations, FudR-1, 2, 3, 4, and 5. Both the encapsulation of 5SFU and FudR were
relatively unsuccessful compared to FAUMP.

FdUMP was reproducibly encapsulated into CPSNPs from 6.0x107 to 8.3x10™* M,
which revealed the significance of the phosphate group for successful encapsulation
(FAUMP-1, 2, 3, 4). This concentration was ~100x higher than encapsulated SFU. The EE
of Cit-FdUMP-CPSNPs was 7 to 97 mol% with batch-to-batch variations influenced by the
laundering procedure. In contrast to the low encapsulation efficiencies of 5-FU and FudR,
FAUMP was reproducibly encapsulated into CPSNPs at 3.0 (+1.4)x10“ M and an EE of 41
(£16) mol% - several orders of magnitude higher than 5-FU or FudR encapsulation (Table
1). The recovery of FAUMP after PEGylating the Cit-FAUMP-CPSNPs was 30 (9) mol%,
in part due to the binding of particles to the filter membrane. The increased EE for FAUMP
versus FudR suggests that encapsulation is enhanced by the formation of a metal-ligand bond
between calcium and phosphate (see Supporting Information Figures S2 and S3 for further
discussion). Similarly, free gemcitabine (dFdC) was poorly encapsulated into CPSNPs, 1.9
(£0.6)x10" M with an EE of <0.01 mol%, while gemcitabine monophosphate (dFACMP)
was encapsulated with significantly higher efficiency, 2.3 (£0.4)x10° M and an EE of 22
(£6) mol%. Thus, while the standard chemotherapeutics 5-FU and gemcitabine were not
well encapsulated into CPSNPS, we have demonstrated successful encapsulation of the
bioactive phosphodrugs FAUMP and dFACMP into mPEG-CPSNPs.

Changes in the internal flow rate of the HPLC and the amount of fractions collected
per elution cycle contributed to this wide range of EE obtained. Thus, the yield consistency
can be further improved in future work by reducing the loss of particles during laundering
such as increasing the loading capacity of the column or shortening the loading time.

The concentration of FQUMP after surface modification, summarized in Table 2, was

comparable to the corresponding Cit-FdUMP-CPSNPs from Table 1, 2.0 to 6.4x10* M.
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TABLE 2

FdUMP, Gem, and GemMP concentration and percent recovery in PEGylated Cit-X-
CPSNPs. Combine with Table 1, but give averages and confidence intervals under
subheadings; as-prepared with Citrate and then

. Recovered o
Formulation no. drug concentration (M) Recovery (mol%)

mPEG-FdUMP-CPSNP

FdUMP-2 20+£0.1 x 10* 48 + 1

FdUMP-3 32+0.2x 10* 2142

FdUMP-4 54+04 % 10* 2241

FdUMP-5 64+02x 10" id.
mPEG-GemMP-CPSNP

GemMP-1 1.8+ 0.4 x 107 75+ 8

GemMP-2 22402 % 107 83+2

1.d., incomplete data (value not calculated)

The recovery from the original Cit-FAUMP-CPSNPs was 22 to 48 mol%, which

revealed that at least half of the material was lost from ultracentrifugation despite different

10  surface modifications. Results for surface modified GEMPQO4-CPSNPs that were synthesized

more recently yielded improved percent recoveries ranging 60 to 83 mol%, which translates

to 1.3 to 2.2x10° M of encapsulated drug. The non-phosphorylated prodrug GEM was below

the detection limit in mPEG-GEM-CPSNPs because only 8.7x107° to 2.9x10° M was

originally present in the Cit-GEM-CPSNPs. Like FAUMP, a higher EE was achieved with

15  GEMPOs4 than with GEM. The encapsulated GEMPOs in Table 1 was a narrow range of 1.9
to 3.0x107° M, or 15-30 mol% EE.

Example 2
CPSNP preparation
20 Reagents to perform the synthesis outlined in Figure 1 include the HPLC stationary
phase, which are solid glass microspheres ~200 uM in diameter (Spheriglass A-Glass 1922,
Potters Industries) soaked in purified water for 48 h and thoroughly rinsed with 10°M HCI
(Sigma-Aldrich) and 10*M NaOH (J. T. Baker) solutions before use. The stationary phase
was wet-packed in a 5 cm long x 3/8" OD, 1/4" ID polycarbonate tube (McMaster-Carr).
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General chemicals include Igepal CO-520 (Rhodia Chemical Co.), cyclohexane (Alfa
Aesar), 5-fluorouracil (SFU, >99%, Sigma-Aldrich), 5-fluoro-2'-deoxyurdine (FUdR, >98%,
Tocris), 5-fluoro-2'-deoxyuridine-5'-monophosphate (FAUMP, ~85-91%, Sigma-Aldrich),
adenosine 5'-triphosphate disodium salt hydrate (ATP, 99%, Sigma-Aldrich), gemcitabine
hydrochloride (Gem, >99%, Sigma-Aldrich), gemcitabine monophosphate formate salt
(GemMP, 95%, TRC Canada) calcium chloride dihydrate (CaCl2, >99%, Sigma-Aldrich),
sodium hydrogen phosphate (Na2HPO4, >99%, Sigma-Aldrich), sodium metasilicate
(Naz2Si0s, Sigma-Aldrich), sodium citrate dihydrate (Cit, >99%, Sigma-Aldrich), potassium
hydroxide pellets (KOH, J. T. Baker) for pH adjustment, neat ethanol (Koptec). N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) was purchased from
Sigma-Aldrich and N-hydrosulfosuccimide (Sulfo-NHS) was from Thermo Scientific
Pierce. The 2kD methoxy-polyethylene glycol-amine tether (mPEG) was purchased from
JenKem Technology. Reagents were all used without further purification. Aqueous solutions
were filtered with 0.2 um cellulose acetate syringe filters (VWR) before use. Deionized-
distilled water was obtained from a High-Q 200PT-SYS (RO/IX2) purification system and
purged with pre-purified argon. Purified water was tested for endotoxins (<0.100 EU/mL)
using a Charles River Limulus Amebocyte Lysate Endochrome kit.

CPSNPs were prepared by a reverse-micelle water-in-oil (Igepal CO-
520/cyclohexane/water) microemulsion method and laundered by van der Waals HPLC as
previously reported by the Adair group.! In a standard formulation, two microemulsions with
650 pl of 102 M CaCl2'H20q@q) in 14.06 ml of 29 vol% Igepal CO-520/cyclohexane and 65
ul of 6.0x102 M Na2HPOus(q) /65 ul of 8.2x10° M Na2SiOs3q/520 ul of purified water in
14.06 ml of 29 vol% Igepal CO-520/cyclohexane were equilibrated for 15 min with constant
stirring at ~200 rpm. For drug-doped CPSNPs, the 520 ul of purified water used for Ghost-
CPSNPs was substituted by an equal volume of drug agent to maintain the micelle aqueous
pool size, m=4. The starting concentration of the 5FU precursor was 6.3x10° M, 0.1 M for
S5FU:ATP, 9.2x10° M for FAUMP, and 2.5 x10° M for Gem and GemMP. Micellar
exchange occurred for 2 min and the reaction was quenched with 225 ul of 102 M citrate for
15 min. The CPSNPs were released from the micelles by the addition of 50 ml of ethanol
(pH ~7.4-9.0). The suspension was loaded in aliquots onto the HPLC column at a flow rate
of 2.5-3ml/min for 10 min and was monitored by UV-Vis absorption (Amax=269-276 nm, set
to the wavelength of drug agent or Igepal CO-520). The mobile phases were pH adjusted to

22



10

15

20

25

30

WO 2017/127697 PCT/US2017/014363

pH 7.4-9.0 with KOH to mitigate CPSNP dissolution. Excess surfactant and reagents were
laundered from the column for 20-30 min with neat ethanol until the absorption baseline was
reached and CPSNP fractions were collected in 70/30 ethanol/water (v/v) for 1 min after
elution. The load, launder, and collection cycles were repeated until the entire suspension
was fully laundered twice.

Filtered citrate-functionalized CPSNPs were preheated to 50°C and stirred at 550
rpm. For every 10 ml of CPSNP, 1 ml of EDC (2 mg/ml) was added drop-wise to the particle
suspension. After 5 min, 1 ml of Sulfo-NHS (15 mg/ml) and 1 ml of the 2 kDa mPEG-amine
tether (6 mg/ml) were added drop-wise. The reaction proceeded for 15 h. Excess EDC, Sulfo-
NHS, and mPEG were removed from the retentate with the 30 kDa Amicon Centrifugal
Filter at 5000 g (6755 rpm) for 2-3 min. The filtrate was filtered once more to maximize
particle recovery.

The presence of mPEG on the surface of CPSNPs was verified with the Brookhaven
Instruments zeta potential analyzer in ZetaPlus software v. 3.23 (Holtsville, NY).
Suspensions were diluted 1:1 to 1:5 in 70/30 ethanol/water (pH ~7.4-9.0). Solvent
parameters were 1.363 for the refractive index, 2.025 cP for viscosity, and 30.23 for
dielectric constant. Five runs were averaged per sample as listed in Table 1. These values
were combined into Fig. 1¢ with 95% confidence intervals. Particles were imaged on the FEI
Tecnai G Spirit BioTWIN TEM (Materials Characterization Lab, Pennsylvania State
University) at 120kV. Selected CPSNP samples were diluted 1:3 in 70/30 ethanol/water (pH
~7.4-9.0) and a drop was transferred onto a copper grid (CF-300Cu, Electron Microscopy
Sciences). The images were processed and quantified with Image J (NIH) and the data was
transferred to Origin (OriginLab) for lognormal fitting (n=1300-1900 particles).

The CPSNP diameters, which are shown in Figure 4A and B to be less than 100 nm,
lie within the range shown to be optimal for penetration into pancreatic tumors.*® A lack of
efficacy in conventional pancreatic cancer treatment has been attributed in part to poor drug
delivery to tumor cells, since PDAC tumors are not well vascularized with extensive
desmoplastic stroma.!”

The synthetic preparation of mPEG-terminated CPSNPs (Figure 1) used a reverse
micelle approach (11-14, 16, 32, 35, 36) and resulted in CPSNPs with a mean diameter of
<100 nm; a range that is optimal for nanoparticle penetration into fibrotic pancreatic tumors

(16, 37). The mean particle size distribution (=1, the lognormal standard deviation) of the
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mPEG-CPSNPs was 30 nm (£[1,=0.28) (Figure 2B) and the distribution for mPEG-FdUMP-
CPSNPs was 57 nm (£[0,=0.55) (Figure 2A). CPSNPs were surface functionalized with
citrate and methoxy-terminated PEG to improve colloidal stability (36). Zeta potential was
measured to monitor changes in surface functionalization (Figure 2C). The average zeta
potentials for Cit-CPSNPs (C1) and Cit-FdUMP-CPSNPs (C2) were —35+4 mV and —36+4
mV, respectively. PEGylation leaves a methoxy group termination on the CPSNP surface,
resulting in a near neutral zeta potential for mPEG-CPSNPs (C3) and mPEG-FAUMP-
CPSNPs (C4) of —1£1 mV and —5+4 mV, respectively.

A preliminary investigation with the FEI Titan® TEM (Materials Characterization
Lab, Pennsylvania State University) on the encapsulation mechanism of CPSNPs revealed
that the nanoparticles are composed of ~1-2nm sub-particles. The hypothesis is that upon
inter-micellar exchange of the calcium and phosphate precursors, these sub-particles are
immediately produced. Drug molecules adsorb to the surfaces and become encapsulated as
the sub-particles agglomerate into the final 15-60 nm CPSNP during secondary nucleation
and growth. This agglomerative-growth process is well-known in the Stéber silica system*®-
30.51 and is speculated to be observed for the first time in the Ca-P-H20 and Ca-P-Si-H>0O
systems. Because CPSNPs are composed mainly of low Z-number, or low contrast, elements,
the material is subjected to beam damage without cryo-EM and surface features are
indistinguishable. Thus, a high Z-number element, osmium, was incorporated as osmium
(ITT) chloride to partially substitute calcium chloride. Bright field TEM showed ~1-2 nm
osmium-containing particles in 60 nm CPSNPs. Dark field HAADF imaging suggests that
these osmium sub-particles are homogenously distributed throughout the particle. Elemental
mapping suggests that the expected elements, calcium, oxygen, osmium, and phosphate are
present.

Colloidal stability of mPEG-X-CPSNPs is maintained by the steric repulsion of the
polymer coated surface, which prevents agglomeration and enables the delivery of the
nanoparticles in physiological conditions. The PEGylation procedure is a widely used click
chemistry reaction, which in this case, involves the crosslinkage of carboxyl groups and
primary amines on mPEG in the presence of EDC and Sulfo-NHS.*>3% In addition, it is
essential to buffer the CPSNP suspension with KOH for long-term storage after PEGylation
to prevent significant pH drop when acidic mPEG, EDC, and Sulfo-NHS precursors are

introduced. Dissolution of calcium phosphate is known to occur at pH<7.0.
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The averaged zeta potentials in Figure 4 confirms the success of PEGylation from
Cit-X-CPSNP to mPEG-X-CPSNP. The reduced magnitude in zeta potential between C1-
C2 and C3-C4 is the result the change of surface functionalization. Exposed carboxyl groups
from citrate are crosslinked to the primary amines on one end of mPEG, which leaves a
neutrally charged methoxy group termination on the surface of CPSNPs. Examples of this

surface charge shift was also previously demonstrated by the Adair group.

Example 3

In vitro evaluation of free drug and CPSNP encapsulated FAUMP

The use of nanocarriers to deliver chemotherapeutic drugs can reduce toxic side-
effects, increase efficacy, and obviate the drawbacks of poorly soluble drugs. These studies
investigated whether CPSNPs can encapsulate FAUMP and deliver the active drug to cancer
cells at an adequate dose to block tumor cell proliferation. While others have reported that
polymeric FAUMP has efficacy against other cancers,** the effect of FAUMP on pancreatic
cancer cells, which are more inherently resistant to chemotherapeutic drugs, had not been
shown. Initial studies therefore focused on the effect of free SFU and FAUMP on the
proliferation of the cultured human pancreatic cancer cell lines, Bx-PC3 and PANC-1 as
shown in Figure 5. BxPC-3 has been shown to be more sensitive to SFU and gemcitabine,

while PANC-1 is more resistant to both drugs.3**

Referring to Figure 5, in vitro
proliferation of human pancreatic cancer cell lines BxPC-3 and PANC-1 after no treatment
(NT), treatments with PBS vehicle, and 200uM of free SFU and FAUMP. While both SFU
and FAUMP were equally effective in decreasing BxPC-3 proliferation, the equivalent dose
of FAUMP was twice as effective as 5FU in reducing PANC-1 proliferation, *p=0.01.At a
dose equivalent to the ICso of SFU, 200 uM free FAUMP was twice as effective at reducing
PANC-1 proliferation as was free SFU, but equally effective as SFU for BxPC-3 cells. The
concentration of free FAUMP required for PDAC cell growth inhibition is much higher than
that demonstrated for the FAUMP polymer F10 against the glioblastoma cell line G48a (ICso
of 1 uM),*® or prostate cancer cells PC3 and C4-2 cells (ICso values for F10 in the
nanomolar range).*> This could in part be due to the difference in drug formulation - prior
studies comparing equal amounts of free FAUMP and the F10 polymer have shown that F10

is more efficacious than the equivalent dose of FAUMP.?* 5FU is known to be transported

into the cell by nucleoside transporter systems, including human equilibrative nucleoside
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transporters (hENTSs), which do not transport nucleotides such as FAUMP. However, the

inherent chemoresistance of PDAC cells likely also to play a role in drug efficacy.

Example 4
Efficacy of nanoparticle encapsulation

To test whether nanoparticle encapsulation would improve FAUMP efficacy, free
FAUMP and mPEG-FdUMP-CPSNPs were used to treat BxPC-3, H6¢7, PANC-1, and RLT-
PSC cells in Figure 6 A-D. A greater pancreatic cancer cell knock-down effect by mPEG-
FdUMP-CPSNPs than the free, unencapsulated drug was observed. The in vitro proliferation
of human pancreatic cancer cell lines BxPC-3 and PANC-1, human pancreatic ductal
epithelial cell line H6¢7, and human pancreatic stellate cell line RLT-PSC was measured at
72 hours after (A) no treatment, (B) PBS vehicle, treatment with (C) 200 uM free FAUMP,
(D) mPEG-Ghost-CPSNPs, and mPEG-FdUMP-CPSNPs in decreasing doses, (E1) 21 uM,
(E2) 840 nM, (E3) 420 nM, (E4) 280 nM, and (E5) 210 nM. MPEG-FdUMP-CPSNPs
blocked the growth of pancreatic cancer cells and stellate cells while having a lesser effect
on normal human pancreatic ductal cell proliferation. Proliferation was normalized to the
vehicle control for each cell line.

CPSNPs in 70/30 ethanol/water suspensions were completely dried under pre-
purified argon and reconstituted in sterile 1x PBS without calcium or magnesium. MPEG-
FAUMP-CPSNPs were added to cells at the equivalent doses of 21 uM, 840 nM, 420 nM,
280 nM, and 210 nM, along with 200 uM free FAUMP as a positive control.

BxPC-3 and Panc-1 were obtained from ATCC. RLT-PSC pancreatic stellate cells
were a gift from Professor Ralf Jesenofsky, University of Heidelberg, and H6c7,
immortalized human pancreatic ductal epithelial cells, were a gift of Dr. Ming-Sound Tsao,
University of Toronto. H6¢7 cells have a near normal genotype with wild type p53 and
KRAS genes. Cells were cultured in the appropriate media as follows: Dulbecco’s modified
Eagle medium with 10% FBS for PANC-1 and RLT-PSC, RPMI 1640 with 10% FBS for
BxPC-3, and complete keratinocyte basal medium (KBM), containing growth factors,
hormones and bovine pituitary extract for H6¢7 cells (Invitrogen).

PANC-1, BxPC-3, RLT-PSC and H6¢7 cells were seeded into 96 well plates at 5,000
cells per well. At 24 hours post seeding, media only/no treatment (NT), vehicle (1x sterile

PBS without calcium and magnesium), SFU and FAUMP treatments were initiated and viable
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cells determinations were made at 24, 48 or 72 hr post-treatment using an alamarBlue® assay
(Life Technologies). Data were normalized to vehicle treatments for all time points.
Untreated cells, cells treated with equal amounts of mPEG-Ghost-CPSNPs, and a
diluent control, PBS, served as negative controls. No difference in proliferation of untreated
cells, PBS-treated cells and cells treated with mPEG-Ghost-CPSNPs was observed,
indicating that the CPSNPs alone were non-toxic. PANC-1 and RLT-PSC proliferation was
significantly reduced by mPEG-FAUMP-CPSNPs. For both cell types, the lowest dose of
mMPEG-FAUMP-CPSNPs at 210 nM provided similar cell growth inhibition compared to 200
uM free FAUMP. A second pancreatic cancer cell line, BxPC-3 was slightly less sensitive
to the same concentration of free FAUMP and to mPEG-FAUMP-CPSNPs, although
treatment with drug-doped CPSNPs did significantly reduce cell proliferation compared to
vehicle-treated control cells. This is consistent with reports that BxPC-3 is more resistant to
5FU than is PANC-1 and contains higher levels of TS mRNA. 3 Thus by encapsulating
FAUMP in CPSNPs, similar efficacy in blocking cellular proliferation was demonstrated
using ~1000x less drug. Unlike PDAC cells or stellate cells, proliferation of the normal
pancreatic ductal epithelial H6c7 cells was less affected by the drug-loaded CPSNPs. One
potential explanation for the lack of CPSNP effect on these non-transformed (wild-type
Kras) cells could be the route of nanoparticle uptake. Unlike normal pancreatic ductal cells,
pancreatic cancer cells with oncogenic Kras have high levels of macropinocytosis, which
preferentially internalizes negatively charged macromolecules by enhanced endocytosis. 7
Others have recently demonstrated that SERRS nanostars, which also are negatively
charged, are taken up by PDAC tumor cells, and not normal cells, via this mechanism. 8
See further Figure 7. In vitro growth of human PDAC cell lines BxPC-3 and PANC-
1 is effectively blocked by mPEG-CPSNPs containing gemcitabine monophosphate
(dFdCMP), with EC50 values of 130 and 550 nM, respectively. BxPC-3 cells were more
resistant to mPEG-FdAUMP-CPSNPS than PANC-1 cells, which had an EC50 of 1.3 OM.
Empty CPSNPs (light hatched bars), free drug (dark bars) or drug-containing CPSNPs (dark
hatched bars) are expressed as relative proliferation (percent of vehicle controls, white bars).
Values are the mean of 3-4 independent experiments with *=p<0.001 and **=p<0.01.
Against both cell lines, 5-FU and FAUMP had similar efficacy, with a low uM ECso
for both compounds and both cell lines (Figure 4). Similarly, dFdC and dFACMP were both
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effective in blocking proliferation of BxPC-3 and PANC-1. ECso for free dJFdACMP against
both cell lines was in the nM range and was lower than for 5-FU or FAUMP.

Comparing FAUMP to CPSNP-encapsulated FAUMP, the response of BxPC-3 cells
to encapsulated FAUMP plateaued between 2.5 uM and 50 nM, and higher doses failed to
affect the proliferation of these cells (Figure 7). PANC-1 appeared to respond similarly to
both free FAUMP and encapsulated FAUMP, with an ECso for FAUMP-CPSNPs of 1.3 (M.
As noted, both BxPC-3 and PANC-1 were more sensitive to dFACMP-CPSNPs than to
FAUMP-CPSNPs. The ECso for dFdCMP-CPSNPs against PANC-1 was 550 nM, and
proliferation of BxPC-3 was decreased to a much greater degree by dFdACMP-CPSNPs (ECso
130 nM) than by FAUMP-CPSNPs. There was no significant difference between the efficacy
free dFACMP and encapsulated dFdCMP for either cell line. Again, neither BxPC-3 nor
PANC-1 proliferation was affected by empty mPEG-CPSNPs, consistent with previous work
indicating that the particles themselves were non-toxic. Thus nanoparticle encapsulation of
FdUMP and dFdCMP did not affect the ability of these phospho-drugs to inhibit the growth
of PDAC cell lines in vitro.

Pancreatic stellate cells (PSCs) also stimulate tumor growth and contribute to the
fibrotic microenvironment commonly found in pancreatic tumors. Tumor fibrosis inhibits
the penetration of anti-cancer drugs by decreasing tumor vascularity and creating physical
barriers. Previously, we and others have shown that CCKA and B receptors are present on
pancreatic stellate cells and when stimulated by CCK, PSCs increase stromal collagen
synthesis, contributing to tumor fibrosis. Reducing stellate cell growth with targeted

nanoparticles could make other treatments more effective.

Example 5
Encapsulated FAUMP inhibits thymidylate synthase
Inhibition of thymidylate synthase by FAUMP occurs because a covalent bond forms
between the drug and a cysteine near the TS active site. Thus in the presence of folate, TS
dimers and FdUMP create an irreversibly inactivated enzyme:drug complex. *°
Experimentally, the inhibition of TS activity by FAUMP can be detected by the presence of
this stable ternary complex. Since the inactive ternary complex composed of TS, FAUMP,

and THF displays a larger molecular weight than active TS, ® immunoblots in Figure 8 were
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used to establish that CPSNP-encapsulated FAUMP remained active and inhibited
thymidylate synthase in treated pancreatic cancer cells.

PANC-1 cells were incubated for 24 hours in the following treatment groups: NT,
vehicle, 250 uM free FAUMP, 200 nM FdUMP-CPSNPs, and Ghost-CPSNPs in PBS.
Lysates were collected by aspirating the media, washing with 1x PBS, and adding RIPA
buffer containing Complete Mini protease cocktail (Roche). Lysates were spun to remove
debris and the supernatants frozen at -80° C. Protein concentration was determined by micro
BCA protein assay (Thermo Scientific) and 20 ug of protein separated by gel electrophoresis.
After transfer to HyBond ECL and blocking for 1 hrin 5% BSA, blots were probed overnight
with anti-TS antibody (1:1000, D5B3, #9045 Cell Signaling). Blots were washed, probed
with anti-rabbit-HRP secondary antibody for 1 hour and developed with Pierce Pico (Thermo
Scientific). Quantitation of scanned blots was done using Image J software.

In the presence of folate, TS dimers and FAUMP create an irreversibly inactivated
enzyme:drug complex (59, 68), and the inactive ternary complex (TS, FAUMP and THF)
displays a larger molecular weight than active TS on immunoblots (460). Immunoblot
analysis of TS in untreated cells, cells treated with vehicle or cells treated with mPEG-
CPSNPs did not demonstrate formation of a TS ternary complex and only the lower
molecular weight, active form of TS was present in these cells (Figure 8, Lanes 1, 2, and 4).
Treatment with free FAUMP shifted most of the active TS into the inactive ternary complex,
as expected, although FAUMP was slightly less effective for PANC-1 cells (80% inhibition)
than for BxPC-3 cells (90% inhibition)(Figure 8, Lane 3). However, nearly all TS was in a
catalytically inactive TS:FAUMP:THF ternary complex when BxPC-3 and PANC-1 cells
were treated with mPEG-FAUMP-CPSNPs (89%-91% inhibition; Figure 8, Lane 5). Thus
when delivered in vitro, CPSNP-encapsulated FAUMP retained its capacity to bind to and
inhibit its target enzyme, TS, in both BxPC-3 and PANC-1 cells.

For PANC-1 cells of BxPC-3 treated with either free FAUMP or with mPEG-
FAUMP-CPSNPs nearly all the TS was in a catalytically inactive TS:FAUMP:THF ternary
complex (Lanes 3 and 5). See Figure 8. Immunoblots of the FAUMP target enzyme
thymidylate synthase (TS) from PANC-1 (upper panel) or BxPC-3 (lower panel) cells treated
with 250 uM free FAUMP (Lane 3) or 2 UM mPEG-FAUMP-CPSNPs (Lane 5). Both cell
lines showed significant (>80%) conversion of TS to an inactive ternary complex

(TS:FAUMP) with free drug and with mPEG-FdUMP-CPSNP treatment. Controls that
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received no treatment (Lane 1), PBS vehicle (Lane 2) or mPEG-CPSNPs containing no
FAdUMP (Lane 4) exhibited only active TS with no evidence of TS:FAUMP ternary complex
formation.

Cells that were untreated, treated with PBS vehicle, or with mPEG-Ghost-CPSNPs,
did not exhibit TS ternary complex formation, and only the lower molecular weight, active
form of TS was present (Lanes 1, 2, and 4). This indicates that free FAUMP inactivated TS
as expected and that encapsulated FAUMP did not reduce its efficacy. In fact, nanoparticle
delivered FAUMP was more effective at inhibiting TS than free drug. Treatment of PANC-
1 cells with mPEG-FdUMP-CPSNPs converted over 90% of TS into the ternary complex

form, while free FAUMP treatment resulted in only 80% ternary complex formation.

Example 6

Cell cycle arrest in FAUMP-treated PANC-I cells

Nuclear DNA content reflects the position of a cell within a cell cycle, and since TS
provides the sole de novo source of cellular thymidylate, which is necessary for DNA
replication and repair, inhibition of TS and depletion of nucleotide pools will eventually lead
to DNA strand breaks and arrest of the cell cycle. The following confirms that the
impairment of cell proliferation by mPEG-FAUMP-CPSNPs is consistent with the known
mechanism of action for this drug.

For determination of nuclear DNA content, PANC-1 treatments included NT, vehicle
(1X sterile calcium- and magnesium-free PBS), 250 uM free FAUMP, Ghost-CPSNPs, or
200 nM FdUMP-CPSNPs. After 72 hours of treatment, cells were fixed in 75% ethanol
overnight. Immediately prior to analysis, cells were treated with 1 ug/mL of RNase A and
stained with 50 pg/mL of propidium iodide, which is taken up by double-stranded DNA.
DNA content was determined using a FACSCalibur flow cytometer (BD Biosciences), and
data were analyzed with Cellquest (Verity Software).

PANC-1 cells treated with these CPSNPs were analyzed for cell cycle progression
by determining cellular DNA content as shown in Table 3 and Figure 9.
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TABLE 3. Cell cycle analysis of PANC-1 after treatment with free FAUMP and mPEG-

FAdUMP-CPSNPs.

Treatment Group % Cells in G1/GO % Cellsin S % Cells in G2/M
No treatment 54.1+4.0 246+ 1.5 214+12
PBS Vehicle 53.8+4.0 23.6+1.3 227+15
mPEG-Ghost-CPSNPs 52.0+£3.8 251+1.6 22.6+1.0
250 uM free FAUMP 203+3.0 563+103 235+63
200nM mPEG-FAUMP-CPSNPs 0.1+0.03 448=+7.0 55.1+53

To determine the fraction of cell population in each cell cycle phase, the DNA content
distribution was deconvolved using Cellquest software. Percentage of the total cells in each
cell cycle phase was determined using a non-parametric curve-fitting method for histogram
decomposition and are expressed as the average +/- standard error of the mean of three
independent experimental replicates.

Untreated cells, vehicle-treated cells, and mPEG-Ghost-CPSNP-treated cells all had
equivalent percentages of cells in S-phase, indicating that the nanocarriers themselves had
no effect on cell division. Compared to these controls, cells treated with 250 uM of free
FdUMP demonstrated a partial S-phase arrest and a reduced number of cells in G1/GO phase.
The percentage of free FAUMP-treated cells in the G1/GO phase decreased from 54% to 20%,
and the percentage of cells in the S phase of the cell cycle increased from 25% to 56%
compared to untreated cells. Furthermore, cells treated with 200 nM mPEG-FdUMP-
CPSNPs were completely arrested and showed no G1/GO phase cells. The percent of cells
in G2/M and in S phase was nearly equal, indicating a complete block in proliferation. Thus
the arrest of cell division in cells treated mPEG-FAUMP-CPSNPs was even more
pronounced than in free FAUMP-treated cells, despite the fact that the drug concentration
delivered by CPSNPs was significantly lower (200 nM encapsulated drug versus 250 uM
free drug). The observed cell cycle arrest of PANC-1 cells by mPEG-FAUMP-CPSNP is
consistent with the known mechanism of action for FAUMP, and has been also seen for
FdUMP-treated colon cancer cells. ®! This is additional evidence that mPEG-FdUMP-

CPSNPs can deliver active drug to cancer cells and induce cell cycle arrest.
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Example 7

Effects of encapsulated GemMP on cancer cells

The effects of encapsulated GemMP in mPEG-GemMP-CPSNPs were also assessed
in vitro on PANC-1 cells and colon cancer cell lines, LoVo, HCT116, and SW620, in Figure
10. This initial data shows that GemMP at 125 nM is just as effective as 500 nM of the free
non-phosphorylated Gem, which suggests similar efficacy as mPEG-FAUMP-CPSNPs and
that CPSNP treatment is versatile for treating other types of cancers. While studies are
ongoing, the colon cancers may be similarly or more sensitive to mPEG-GemMP-CPSNPs as
PANC-1. Reduced cell proliferation was not observed with the control particles, mPEG-
Ghost-CPSNPs, which further support that CPSNPs are made of a non-cytotoxic material.

Example 8

CCKBR-Targeted FAUMP-CPSNPS Deliver Active Drug to PDAC Tumor Cells in vivo.

We have identified a DNA aptamer, a small structured oligonucleotide, which can
bind to a receptor on the surface of PDAC tumor cells, the CCK-B receptor, and trigger
receptor internalization (69). This aptamer is a nucleic acid molecule that selectively binds
to a pancreatic adenocarcinoma cell and other cholecystokinin type B receptor (CCKBR)
and which recognizes amino acid regions 5 — 21 and/or 40 — 57 of a CCKBR such as that
found at NCBI Reference Number No. 795344.1 (2015). When this aptamer was attached
to the surface of fluorescent CPSNPs it significantly enhanced CPSNP accumulation in
murine PANC-1 tumors. In this study, either CCKBR aptamer or the endogenous CCKBR
peptide ligand gastrin, were attached to mPEG-FAUMP-CPSNPS using established
protocols (8). The ability of these targeted nanoparticles to deliver active FAUMP to PDAC
tumor cells in vivo was assessed by TS immunoblotting of tumor tissues. Active TS protein
levels in tumors from mice treated with empty-CPSNPs and untargeted-FAUMP-CPSNPS
were not significantly different from each other (Figure 11). This indicated that CPSNPs
without tumor-specific targeting are poorly taken up by PDAC tumors iz vivo. Tumors from
mice treated with FAUMP-CPSNPs surface bioconjugated with gastrin-16 peptide, which
also binds to CCKBR on PDAC tumor cells, had reduced TS protein levels compared to
untargeted-FAUMP-CPSNPs. This is consistent with previous studies which showed that
fluorescent CPSNPS targeted with gastrin had enhanced PDAC tumor uptake in vivo (8).
Tumors from mice treated with aptamer targeted-FAUMP-CPSNPs had the lowest active TS
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levels of all treatment groups - a 60% reduction versus both empty CPSNPS and untargeted
FAUMP-CPSNP controls, *p<0.05. This suggests that significantly more FAUMP cargo was
internalized by PDAC tumors from mice treated with aptamer-FAUMP-CPSNPs. This result
is again consistent with recent data showing that this CCKBR aptamer enhanced fluorescent
CPSNP accumulation in PANC-1 tumors in vivo compared to untargeted or gastrin-targeted
particles (69). However, the previous studies with aptamer-targeted fluorescent-CPSNPs
did not specifically address cellular intemalization of these nanoparticles, as the fluorescent
CPSNPS could have been on the tumor cell surface (i.e. associated with CCKBR at the
plasma membrane) rather than inside of the tumor cells. These studies clearly demonstrate
that targeted-FdAUMP-CPSNPs were internalized by PDAC tumor cells. Intracellular
accumulation of the TS inhibitor FAUMP by PDAC tumor cells in vivo was also most
effective when the FAUMP was delivered by aptamer-targeted mPEG-FdUMP-CPSNPs.

These results indicate that encapsulated FAUMP is an effective anti-proliferative
agent for pancreatic cancer cells and pancreatic stellate cells. Due to ionic interactions
between phosphate groups on the drug molecule and calcium in the nanoparticles, FAUMP
was encapsulated in CPSNPs to a significantly greater degree than either SFU or FUdR. This
suggests that other phosphorylated compounds can also be effectively encapsulated into
CPSNPs, opening up the potential for using CPSNPs as a vehicle to deliver other
chemotherapeutic drugs. For example, a recent meta-analysis suggested that although
PDAC patients may benefit from SFU-gemcitabine combination therapy, significant
toxicities, including neutropenia, thrombocytopenia and diarrhea, can occur. Since this is in
part due to the high drug concentrations required to achieve a therapeutic response, a
treatment strategy which combines CPSNPs that encapsulate FAUMP with CPSNPs
containing an active metabolite of gemcitabine could increase the anti-tumor efficacy of the
drug combination with lower toxicity. If combined with agents that normalize tumor
vasculature, it is possible that efficacy could be increased even further®.

In addition to encapsulating effective concentrations of FAUMP, CPSNPs delivered
the FAUMP to cells in a biologically active form. Evidence that encapsulated FAUMP
retained activity was the formation of thymidylate synthase ternary complexes and complete
cell cycle arrest in treated pancreatic cancer cells. The concentration of encapsulated FAUMP
needed to block cancer cell growth was more than 1000 times less than the amount of free

FAUMP required to achieve a similar effect. This suggests that CPSNPs are effective drug
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delivery vehicles. The potential for encapsulated FAUMP to also impair pancreatic stellate
cell function within the tumor microenvironment is significant. Because the tumor
microenvironment is a major barrier for the effective delivery of therapeutics, any treatment
that can reverse stromal fibrosis by reducing the number of activated stellate cells is likely
to have a synergistic effect with traditional chemotherapeutics % and could reduce
metastases.®® However since two recent studies suggest that a complete ablation of cells
within the pancreatic tumor stroma can result in more aggressive tumor cell growth®’-%% g
balanced approach to targeting tumor versus stromal cells should be taken.®

CPSNPs serve as a novel vehicle which can effectively encapsulate phosphorylated
compounds such as FAUMP which, by definition, are limited by poor bioavailability and/or
poor cellular internalization. During systemic administration, the plasma concentration of
chemotherapeutic drugs can increase rapidly then quickly drop as the drug is metabolized.
By encapsulating chemotherapeutics into nanoparticles which are stable in circulation, a
more uniform drug delivery can be achieved - reducing the chance of both under-dosing and
overdosing. If drug-containing CPSNPs can be surface modified to direct these particles
selectively to cancer cells, their overall efficacy could be enhanced even further. This study
demonstrated a promising new methodology for encapsulating and delivering
chemotherapeutic agents to pancreatic cancer cells and supports current developments in
targeting pancreatic cancer iz vivo.

A functional group on a drug and/or imaging agent that results in a covalent bond
with Ca2+ making up a calcium ligand binding species defined by [Ca:L]2-z species that is
strongly incorporated as part of a resorbable, amorphous calcium phosphate or calcium
phosphosilicate material. Various embodiments provide for encapsulation of
phosphorylated drugs or imaging agents, often metabolic products of the prodrug, within
nanoparticles; where the nanoparticle is selected from a group of nanoparticle materials
including resorbable amorphous materials; where the amorphous resorbable nanoparticle is
calcium phosphosilicate or calcium phosphate; where the phosphorylated metabolic drugs
are chemotherapeutics; where the phosphorylated chemotherapeutics are selected from
anti-cancer drugs; where the anti-cancer drugs are anti-metabolites, micro-tubule
disruptors, platin-based drugs, and the like; where the anti-metabolities are 5-fluorouracil
and gemcitabine; where the SFU and phosphorylated gemcitabine are encapsulated at

greater than 10-5M in calcium phosphosilicate nanoparticles ranging in diameter from
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10nm to 200nm; where the preferred embodiment is 10-5M FAUMP encapsulated in the
CPSNPs; where the preferred embodiment is 10-3M FAUMP encapsulated in the CPSNs;
where the preferred embodiment of the FAUMP encapsulated in the CPSNPs have a
diameter from 30 to 70 nm; where the nanoparticle surface is conjugated with a PEG
chosen from a PEG with terminal groups ranging from hydroxy, methoxy, malemidie,
amine, carboxy, etc functional groups; where the preferred embodiment is MPEG; where
the preferred embodiment is a PEG carboxy, maleimide, amine, etc. terminal group
coupled with a carbodiimide-sulfo NHS strategy to a polypeptide or protein or other small
molecule; and where the formulation pH is maintained at pH 7.0 to pH 7.5 once the
bioconjugated and redispersed surface functionalized phosphorylated drug metabolite

encapsulated CPSNP is suspended in phosphated buffered saline.

MATERIALS AND METHODS

CPSNP Reagents and Materials. The HPLC stationary phase consisted of solid glass
microspheres ~200 uM in diameter (Spheriglass A-Glass 1922, Potters Industries) that was
soaked in purified water for 48 h and thoroughly rinsed with 10*M HCI (Sigma-Aldrich)
and 10°M NaOH (J. T. Baker) solutions before use. The stationary phase was wet-packed
in a5 cmlong x 3/8" OD, 1/4" ID polycarbonate tube (McMaster-Carr). General chemicals
include Igepal CO-520 (Rhodia Chemical Co.), cyclohexane (Alfa Aesar), 5-fluorouracil
(5FU, 299%, Sigma-Aldrich), 5-fluoro-2'-deoxyurdine (FUdR, >98%, Tocris), 5-fluoro-2'-
deoxyuridine-5'-monophosphate (FAUMP, ~85-91%, Sigma-Aldrich), adenosine 5'-
triphosphate disodium salt hydrate (ATP, 99%, Sigma-Aldrich), gemcitabine hydrochloride
(Gem, >99%, Sigma-Aldrich), gemcitabine monophosphate formate salt (GemMP, 95%,
TRC Canada) calcium chloride dihydrate (CaCl2, >99%, Sigma-Aldrich), sodium hydrogen
phosphate (NazHPOs, >99%, Sigma-Aldrich), sodium metasilicate (NaxSiOs, Sigma-
Aldrich), sodium citrate dihydrate (Cit, >99%, Sigma-Aldrich), potassium hydroxide pellets
(KOH, J. T. Baker) for pH adjustment, neat ethanol (Koptec). N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC) was purchased from Sigma-Aldrich and N-
hydrosulfosuccimide (Sulfo-NHS) was from Thermo Scientific Pierce. The 2kD methoxy-
polyethylene glycol-amine tether (mPEG) was purchased from JenKem Technology.

Reagents were all used without further purification. Aqueous solutions were filtered with 0.2
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um cellulose acetate syringe filters (VWR) before use. Deionized- distilled water was
obtained from a High-Q 200PT-SYS (RO/IX2) purification system and purged with pre-
purified argon. Purified water was tested for endotoxins (<0.100 EU/mL) using a Charles
River Limulus Amebocyte Lysate Endochrome kit.

CPSNP Synthesis and Laundering, CPSNPs were prepared by a reverse-micelle water-in-
oil (Igepal CO-520/cyclohexane/water) microemulsion method and laundered by van der
Waals HPLC. In a standard formulation, two microemulsions with 650 pl of 102 M
CaCl2H20q@q in 14.06 ml of 29 vol% Igepal CO-520/cyclohexane and 65 ul of 6.0x102? M
Na2HPOu(ag) /65 ul of 8.2x107 M Na2Si03(aq/520 pl of purified water in 14.06 ml of 29 vol%
Igepal CO-520/cyclohexane were equilibrated for 15 min with constant stirring at ~200 rpm.
For drug-doped CPSNPs, the 520 wl of purified water used for Ghost-CPSNPs was
substituted by an equal volume of drug agent to maintain the micelle aqueous pool size, n=4.
The starting concentration of the SFU precursor was 6.3x10° M, 0.1 M for 5FU:ATP,
9.2x103 M for FAUMP, and 2.5 x107* M for Gem and GemMP. Micellar exchange occurred
for 2 min and the reaction was quenched with 225 ul of 102 M citrate for 15 min. The
CPSNPs were released from the micelles by the addition of 50 ml of ethanol (pH ~7.4-9.0).
The suspension was loaded in aliquots onto the HPLC column at a flow rate of 2.5-3ml/min
for 10 min and was monitored by UV-Vis absorption (Amax=269-276 nm, set to the
wavelength of drug agent or Igepal CO-520). The mobile phases were pH adjusted to pH
7.4-9.0 with KOH to mitigate CPSNP dissolution. Excess surfactant and reagents were
laundered from the column for 20-30 min with neat ethanol until the absorption baseline was
reached and CPSNP fractions were collected in 70/30 ethanol/water (v/v) for 1 min after
elution. The load, launder, and collection cycles were repeated until the entire suspension

was fully laundered twice.

PEGylation of CPSNPs. Filtered citrate-functionalized CPSNPs were preheated to 50°C
and stirred at 550 rpm. For every 20 ml of CPSNP, 2 ml of EDC (2 mg/ml) was added drop-
wise to the particle suspension. After 5 min, 2 ml of Sulfo-NHS (15 mg/ml) and 2 ml of the
2 kDa mPEG-amine tether (6 mg/ml) were added drop-wise. The reaction proceeded for 15
h. Excess EDC, Sulfo-NHS, and mPEG were removed from the retentate with the 30 kDa
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Amicon Centrifugal Filter at 5000 g (6755 rpm) for 2-3 min. The filtrate was filtered once

more to maximize particle recovery.

Particle Characterization. The presence of mPEG on the surface of CPSNPs was verified
with the Brookhaven Instruments zeta potential analyzer in ZetaPlus software v. 3.23
(Holtsville, NY). Suspensions were diluted 1:1 to 1:5 in 70/30 ethanol/water (pH ~7.4-9.0).
Solvent parameters were 1.363 for the refractive index, 2.025 cP for viscosity, and 30.23 for
dielectric constant. Measurements were averaged from five replicated formulations with
95% confidence intervals. Particles were imaged on the FEI Tecnai G? Spirit BioTWIN TEM
(Materials Characterization Lab, Pennsylvania State University) at 120kV. Selected CPSNP
samples were diluted 1:3 in 70/30 ethanol/water (pH ~7.4-9.0) and a drop was transferred
onto a copper grid (CF-300Cu, Electron Microscopy Sciences). The images were processed
and quantified with Image J (NIH) and the data was transferred to Origin (OriginLab) for
lognormal fitting (n=1300-1900 particles).

Liquid Chromatography-Mass Spectrometry (LC-MS/MS). Particles were diluted in
10% methanol with 0.1% formic acid and 5-CU was spiked in as an internal standard.
Chromatography was done on a 2.1 mm x 10 cm HSS T3 or C18 CSH column (Waters) on
a Waters I-class FTN chromatography system with the column temperature at 40°C. Mobile
phase A was water with 5SmM ammonium acetate and B was methanol. The flow rate was
0.5mL/min and the chromatography consisted of holding at 7.5% B for 1 min, increasing to
95% B over 0.5 min, holding at 95% B for 0.5 min before equilibration to starting conditions.
Eluate was analyzed by an inline Waters TQ-S mass spectrometer. The capillary was set at
1.0kV, source temperature at 150°C, desolvation temperature at 600°C, cone gas at 150L/hr,
and desolvation gas flow at 1200L/hr. Multiple reaction monitoring (MRM) was used to
detect 5-CU and FAUMP. The MRM transition used for 5-CU was 145 > 42 with the collision
energy set at 12. The MRM transition used for FAUMP was 325 > 195 with the collision
energy set at 12. FAUMP concentrations were determined using TargetLynx version 4.1

(Waters) using an external calibration curve with 1/x weighting.

Cultured human pancreatic cell lines. BxPC-3 and Panc-1 were obtained from ATCC.

RLT-PSC pancreatic stellate cells were a gift from Professor Ralf Jesenofsky, University of
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Heidelberg, and H6¢7, immortalized human pancreatic ductal epithelial cells, were a gift of
Dr. Ming-Sound Tsao, University of Toronto. H6¢7 cells have a near normal genotype with
wild type p53 and KRAS genes. Cells were cultured in the appropriate media as follows:
Dulbecco’s modified Eagle medium with 10% FBS for PANC-1 and RLT-PSC, RPMI 1640
with 10% FBS for BxPC-3, and complete keratinocyte basal medium (KBM), containing

growth factors, hormones and bovine pituitary extract for H6¢7 cells (Invitrogen).

Cell Proliferation Assay. CPSNPs in 70/30 ethanol/water suspensions were completely
dried under pre-purified argon and reconstituted in sterile 1x PBS without calcium or
magnesium. PANC-1, BXxPC-3, RLT-PSC and H6c7 cells were seeded into 96 well plates at
5,000 cells per well. At 24 hours post seeding, media only/no treatment (NT), vehicle (1x
sterile PBS without calcium and magnesium), SFU and FAUMP treatments were initiated
and viable cells determinations were made at 24, 48 or 72 hr post-treatment using an
alamarBlue® assay (Life Technologies). Data were normalized to vehicle treatments for all

time points.

Thymidylate Synthase Immunoblotting. PANC-1 cells were incubated for 24 hours in the
following treatment groups: NT, vehicle, 250 uM free FAUMP, 200 nM FAUMP-CPSNPs,
and ghost-CPSNPs in PBS. Lysates were collected by aspirating the media, washing with 1x
PBS, and adding RIPA buffer containing Complete Mini protease cocktail (Roche). Lysates
were spun to remove debris and the supernatants frozen at -80° C. Protein concentration was
determined by micro BCA protein assay (Thermo Scientific) and 20 (g of protein separated
by gel electrophoresis. After transfer to HyBond ECL and blocking for 1 hr in 5% BSA,
blots were probed overnight with anti-TS antibody (1:1000, D5B3, #9045 Cell Signaling).
Blots were washed, probed with anti-rabbit-HRP secondary antibody for 1 hour and
developed with Pierce Pico (Thermo Scientific). Quantitation of scanned blots was done

using Image J software.

Cell Cycle Analysis. For determination of nuclear DNA content, PANC-1 treatments
included NT, vehicle (1X sterile calcium- and magnesium-free PBS), 250 uM free FAUMP,
ghost-CPSNPs, or 200 nM FAUMP-CPSNPs. After 72 hours of treatment, cells were fixed
in 75% ethanol overnight. Immediately prior to analysis, cells were treated with 1 Cg/mL of
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RNase A and stained with 50 [g/mL of propidium iodide, which is taken up by double-
stranded DNA. DNA content was determined using a FACSCalibur flow cytometer (BD

Biosciences), and data were analyzed with Cellquest (Verity Software).

In vivo assessment of FAUMP-CPSNP up take by PDAC tumor cells. All animal
protocols were approved by the Penn State Hershey IACUC committee. Orthotopic PANC-
1 tumors were established in male, athymic (nu/nu) mice (Charles River). Pancreata were
injected with 5x10° cells and treatment with CSPNPs was initiated at one week post-surgery.
Treatment groups (n= 4-5 mice per group, with two experimental replicates) included empty
(no FAUMP) mPEG-CPSNPs, mPEG-FdUMP-CPSNPS without the addition of targeting
agents to the nanoparticle surface, mPEG-FAUMP-CPSNPs surface bioconjugated with
gastrin 16 peptide, and mPEG-FdUMP-CPSNPs surface bioconjugation with the CCKBR
aptamer AP1153 (34). CPSNPs were administered at a FAUMP dose of 100 Og/kg, or an
equal volume of empty CPSNPs, twice weekly via tail vein injection. After six weeks of
treatment, tumor proteins were extracted and thymidylate synthase immunoblots were

performed as described above.

Statistical Analysis. Results were expressed as means + standard error. Student t-tests were
used to evaluate statistical significance with a p < 0.05 considered to be significant. To
calculate ECsox 95% CI, nonlinear regression analysis was performed to generate the curve
of best fit for the data according to a Sigmoidal regression using a 4-parameter logistic curve

calibration [Y = Yo + (a/ (1+((X/X0)"b))] in SigmaPlot 12 (Systat, Inc.).

ABBREVIATIONS

CPSNP, calcium phosphosilicate nanoparticle; mPEG, methoxy-terminated polyethylene
glycol, Cit, citrate; NT, no treatment; GEM, gemcitabine; GemMP, gemcitabine
monophosphate; TS, thymidylate synthase; THF, 5,10-methylene-tetrahy drofolate; FAUMP,
5-fluoro-2’-deoxyuridine 5’-monophosphate; 5FU, S5-fluorouracil; FUdR, 5-fluoro-2'-

deoxyuridine; PSC, pancreatic stellate cells.
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What is claimed is:

1.

A method of treating a cancer cell or imaging targeted tissue in a subject, the

method comprising,

a) contacting at least one cancer cell or targeted tissue with an effective amount of
a drug or imaging agent encapsulated in a calcium phosphosilicate nanoparticle
(CPNSP).

b) exposing said at least one cancer cell or said targeted tissue to said CPNSP
encapsulated drug or targeting agent to obtain a desired result.

The method of claim 1, wherein said drug comprises a 5-fluorouracil (5FU)

metabolite or a gemcitabine metabolite.

The method of claim 1, wherein said drug comprises 5-fluoro-2’-deoxyuridine 5°-

monophosphate (FAUMP).

The method of claim 1, wherein said drug comprises gemcitabine monophosphate

(dFdACMP).

The method of claim 1, wherein said nanoparticle comprises on its surface

polyethylene glycol (PEG).

The method of claim 1 wherein said at least one cancer cell comprises at least one

pancreatic cancer cell, said drug comprises 5-fluoro-2’-deoxyuridine 5°-

monophosphate (FIUMP) and proliferation of said at least one pancreatic cancer
cell is reduced compared to said cancer cells not contacted with said CPNSP.

The method of claim 1, wherein said cancer cell comprises at least one pancreatic

cancer cell, said drug comprises 5-fluoro-2’-deoxyuridine 5’-monophosphate

(FAUMP) and proliferation of said at least one pancreatic cancer cell is reduced

compared to cancer cells contact with non-encapsulated FAUMP.

The method of claim 7 wherein said FAUMP encapsulated in said CPNSP reduced

proliferation of said cancer cells at least as much as that reduced by non-

encapsulated FAUMP.

The method of claim 8, wherein the dose of said FAUMP encapsulated in CPNSP is

1000 time less than the dose of said non-encapsulated FAUMP.
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10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

The method of claim 1, wherein said drug comprises 5-fluoro-2’-deoxyuridine 5°-
monophosphate (FIUMP)and said desired response is inhibition of thymidylate
synthase.

The method of claim 1, wherein said canceer cell comprises at least one pancreatic
cancer cell, said drug comprises FAUMP and said desired response comprises arrest
of said at least one cancer cell prior to G1 phase.

The method of claim 1, wherein said at least one cancer cell comprises a PANC-1
tumor.

The method of claim 1, wherein said CPSNP further comprises on the surface of
said CPSNP a CCKBR aptamer.

A method of producing encapsulated drugs or imaging agents, the method
comprising,encapsulating said drug or imaging agent into a calcium phosphosilicate
nanoparticle.

The method of claim 14, wherein said nanoparticles are produced that are 10nm up
to 200nm in diameter.

The method of claim 14, wherein the amount of said drug or imaging agent are
encapsulated is at least 10% up to 100%.

The method of claim 14, wherein the nanoparticle surface is conjugated with a
polyethylene glycol (PEG) chosen from a PEG with terminal groups selected from
hydroxyl, methoxy, malemidie, amine, carboxy functional groups.

The method of claim 14, wherein said drug is a S5-fluorouracil (5-FU) metabolite or
a gemcitabine metabolite.

A composition comprising a nanoparticle, said composition comprising a drug or
imaging agent nano-encapsulated with calcium phosphosilicate nanoparticle
(CPNSP), said drug or imaging agent having increased efficacy for a desired
outcome compared to efficacy where said drug or imaging agent is not
encapsulated with CPNSP.

The composition of claim 19, said drug comprising a 5-fluorouracil (5-FU)
metabolite or gemcitabine metabolite, said nanoparticle surface conjugated with
methoxy PEG, said drug in localized within said CPSNP and said drug has

increased efficacy in arrest or reducing proliferation of pancreatic cancer cells.
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