wo 2014/059022 A1 |1 I} NN TP OO0 RO

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/059022 A1

17 April 2014 (17.04.2014) WIPO I PCT

(51) International Patent Classification: (72) Inventors: VALENCIA, Pedro M.; 60 Wadsworth
A61K 9/14 (2006.01) AG61K 47/30 (2006.01) Streete, #26F, Cambridge, Massachusetts 02142 (US).
A61K 31/282 (2006.01) AG61P 35/00 (2006.01) PRIDGEN, Eric M.; 9 Knapp St. Apt 601, Boston, Mas-
A61K 45/06 (2006.01) B82Y 5/00 (2011.01) sachusetts 02111 (US). GADDE, Suresh; 9 Devotion St.,
A61K 45/08 (2006.01) Apt 2L, Brookline, Massachusetts 02446 (US). KARNIK,
. . e ) Rohit; 931 Massachusetts Ave., Apt. 704, Cambridge,
(21) International Application Number: PCT/US2013/064138 Massachusetts 02139 (US). LANGER, Robert S.; 98
Montvale Road, Newton, Massachusetts 02459-01363
(22) Imternational Filing Date: (US). LIPPARD, Stephen J.; 975 Memorial Drive, #602,
9 October 2013 (09.10.2013) Cambridge, Massachusetts 02138 (US). FAROKHZAD,
- . Omid C.; 490 Beacon Street, Chestnut Hill, Massachusetts

(25) Filing Language: English 02141 (US).
(26) Publication Language: English 74y Agents: REITER, Tiffany et al.; Fish & Richardson P.C.,
(30) Priority Data: P.O. Box 1022, Minneapolis, Minnesota 55440-1022 (US).
61/711,655 9 October 2012 (09.10.2012) Us (81) Designated States (uniess otherwise indicated, for every
(71) Applicants: THE BRIGHAM AND WOMEN'S HOS- kind of national protection available): AE, AG, AL, AM,

PITAL, INC. [US/US]; 75 Francis Street, Boston, Mas-
sachusetts 02115 (US). MASSACHUSETTS INSTI-
TUTE OF TECHNOLOGY [US/US]; 77 Massachusetts
Avenue, Cambridge, Massachusetts 02142-1324 (US).

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,

[Continued on next page]

(54) Title: NANOPARTICLES FOR TARGETED DELIVERY OF MULTIPLE THERAPEUTIC AGENTS AND METHODS OF

USE

PRMA Tabpoting Agom

MG

S Revopae

’\!\i\é el

L DNA
L oanldue
o

splatin
Tornuion

DN A-Topoisomerase Complex

Figure 1

(57) Abstract: Provided herein are compositions that contain
a nanoparticle containing a plurality of polymers, wherein at
least a fraction of the polymers comprise a hydrophobic poly-
mer, a topoisomerase inhibitor, and a Pt-containing chemo-
therapeutic agent, where the polymers self-assemble in an
aqueous liquid to form the nanoparticle, and where the Pt-
containing chemotherapeutic agent and the topoisomerase in-
hibitor are present within the hydrophobic core of the nano-
particle in a ratio of between about 24:1 to about 1:24. Also
provided are methods of reducing the proliferation ot a can-
cer cell and methods of treating cancer in a subject that in-
clude the use of these compositions. Also provided are meth-
ods of making these nanoparticles.



WO 2014/059022 A1 WK 00N 000 V0

84)

MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SA, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA,ZM, ZW.

TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF, S, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Designated States (unless otherwise indicated, for every Published:

kind of regional protection available): ARIPO (BW, GH, __

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

with international search report (Art. 21(3))



10

15

20

25

30

WO 2014/059022 PCT/US2013/064138

MANOPARTICLES FOR TARGETED DELIVERY OF MULTIPLE
THERAPEUTIC AGENTS AND METHODS OF USE

Crass-Reference to Related Applications
This application claims to the benefit of United States Provisional Patent Application
No. 61/711,655, filed on October 9, 2012, The contents of the foregoing application are

jncorporated herein by reference in their entirety.

Technical Field

This invention relates to the field of cancer biology and medicine.

Background of the Invention
Combination chemotherapy has been used to treat diverse types of cancer (Chabner et
al., Nat. Rev. Cancer 5:65-72, 2005). While drug combination is an option for cancer
therapy, the reality 1s that combination chemotherapies have several disadvantages, including
(1) distinct pharmacokinetics and tissue distribution of cach drug due to differences in cach
drug’s physicochemical properties, and {2) more serious side etfects, because each drug may
have ditferent toxicity profiles. These disadvantages make dosing and scheduling of cach

drug a challenging task.

Summary

The inventions described herein are based, at least in part, on the discovery that
targeted and non-fargeted nanoparticles that contain both a Pt-containing chemotherapeutic
drug and a topoisomerase inhibitor result in a significant improvement in inhibiting or
reducing cancer cell proliferation. In view of this discovery, the present disclosure provides
compositions that contain nanoparticles (fargeted and non-targeted nanoparticles) containing:
a phurality of polymers, where at least a fraction of the polymers contain a hydrophobic
polvmer hinked to a platinum (Pt}-containing chemotherapeutic agent, and a topoisomerase
jnhibitor, where the polymers self-asseruble in an aqueous higuid to form the nanoparticle,
and where the Pt-containing chemotherapeutic agent and the topoisoraerase inhibitor are
present within the hydrophobic core of the nanoparticle in a ratio of between about 24:1 to
about 1:24 {e.g., sbout 15:1 to about 1:15, about 10:1 to about 1:16, about 5:1 to about 1:5,
about 4:1 to 1:4, or about 2:1 to about 1:2, The nanoparticles can be targeted and contaim a
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targeting moiety linked to at least one of the polymers, where the targeting moicty is exposed
on an outer surface of the nanoparticle (e.g., present on the cuter surface of the nanoparticle
at a density of about 500 to about 1,000,000 molecules per pm’). Tn some embodiments, the
topoisomerase inhibitor is linked to at least one of the polymers.

Also provided are compositions containing a nanoparticle (e.g., targeted and non-
targeted) containing a plurality of polymers, where at least a fraction of the polymers contain
a hydrophobic polymer linked {0 a topoisomerase inhibitor, and a platinum-containing
chemotherapeutic agent, where the polymers self-assembic in an aqueous liguid to form the
nanoparticle, and where the fraction of the polymers containing a hydrophobic polymer form
a hydrophobic core of the nanoparticle, and where the Pt-containing chemotherapeutic agent
and the topoisomerase inhibitor are present within the hydrophobic core of the nanoparticle in
a ratio of between sbout 24:1 to about 1:24 (e.g., about 15:1 to about 1:15, about 11 1o
about 1:10, about 5:1 to about 1.5, about 4:1 to about 1:4, or about 2:1 to about 1:2).

Also provided are compositions containing a nanoparticle containing a plurality of
polymers, where at least a fraction of the polymers contain a hydrophobic polyroer, a
platinum-containing chemotherapeutic agent, and a topoisomerase inhibitor, where the
polymers self-assemble in an aqueous liquid to form the nanoparticle, and where the fraction
of the polymers containing a hydrophobic polymer form a hydrophobic core of the
nanoparticle, and where the Pt-containing chernotherapeutic agent and the topoisomerase
inhibitor are present within the hydrophobic core of the nanoparticle in a ratio between about
24:1 to about 1:24 {e.g., about 15:1 to about 1:15, about 10:1 to sbout 1:14, about 5:1 to
about 135, about 4:1 to about 1:4, or about 2:1 o about 1.2},

Also provided are methods of reducing the proliferation of a cancer cell and methods
of treating cancer in a subject that include the use of these compositions, and methods of
maling these targeted nanoparticles.

Provided herein are compositions contaiming a nanoparticle containing: a plurality of
polymers, wherein at least a fraction of the polymers comprise a hydrophobic polymer linked
to a platinam (Pt)-containing chemotherapeutic agent; and a topoisomerase inhibitor; where
the polymers self-assernble in an aqueous hiquid to form the nanoparticle, and where the
fraction of the polyruers containing a hydrophobic polyraer form a hydrophobic core of the
nanoparticie, and where the Pt-containing chemotherapeutic agent and the topoisomerase
inhibitor are present within the hydrophobic core of the nanoparticle in a ratio between about
I:4 to about 4:1. Some embodiments further contain a targeting moiety Hnked to at least one

-
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of the polymers, where the targeting moicty is cxposed on an outer surface of the
nanoparticie. In some embodiments of any of the compositions described herein, the
topoisomerase inhibitor is linked to at least one of the polymers. In some embodiments of
anty of the compositions described herein, the targeting moiety specifically binds to prostate-
specific membrane antigen. In some embodiments of any of the compositions described
herein, the targeting moiety is a mucieic acid, a small molecule, or a polypeptide. In some
embodiments, the nucleic acid comprises at least one mucleoside analogue or at least one
modification in a polyphosphate backbone. 1n some embodiments, the mucleic acid is an
aptamer. In some embodiments, the small molecule s a carbohydrate or hydrocarbon. In
some embodiments, the small molecule 1s §,5-2[3-}[5-amino-1-carhoxypentyli-ureido}-
pentanedioic acid (LIG). In some embodiments, the polypeptide is selected from the group
of: a growth factor, a hormone, a cytokine, an interleukin, an antibody, an antigen-binding
antibody fragment, an integrin, a fibronectin receptor, a P-glycoprotein receptor, a
peptidomimetic, an atfibody, a nanobody, an avimer, a small modular
immunopharmaceutical, and an adnectin, or a fragment thereof, In some embodiments, the
targeting moiety is linked to at least one of the polvmers through an ester, an amide, or an
ether bond.

Some embodiments of any of the compositions described herein further contain
comprising a pharmaccutically acceptable excipient. In some embodiments of any of the
compositions described herein, the plurality of polymers includes at least one amphiphilic
polvmer. In some embodiments, the at least one amphiphilic polymer contains poly{lactide-
co-glycolic acid)-polyvethviene glycol (PLGA-PEG) or polvlactic acid (PLAY-PEG. Insome
embaodiments, the plurality of polymers includes (1) at least one amphiphilic polymer
containing at least one first hydrophobic polymer and at least one hydrophilic polymer, and
(11} at least one second hydrophobic polymer that self-assemble i an agoeous liquid to form
the nanoparticle, and where the at least one first hydrophobic polymer and the at least one
second hydrophobic polymer form a hydrophobic core of the nanoparticle, and the at least
one hydrophilic polymer forms a shell of the nanoparticle. In some embodiments of any of
the compositions described herein, the hydrophobic polymer contains a polycaprolactone, a
polvanhydride, a polyalkylene, a polycarbonate, a polyvhydroxyacid, a polyfumarate, a
polycaprolactone, a polyamide, a polyacctal, a polyether, a polyesier, a poly(orthoester), a

polyvinyl aleohol, a polvurethane, a polyphosphazene, a polyacrylate, a polymethacrylate, a
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polycyanoacrylate, a polyurea, a polystyrene, or a polyamine. In some embodiments, the
polyester i3 a polylactic acid.

In some embodiments of any of the compositions described herein, the Pt-containing
chemotherapeutic agent is selected from the group oft cisplatin, carboplatin, oxaliplatin,
satraplatin, picoplatin, and aroplatin. In some embodiments of any of the compuositions
described herein the Pt-containing chemotherapeutic agent is cisplatin. In some embodiments
of any of the compeositions described herein, the Pt-containing chemotherapeutic agent is
linked to the hydrophobic polymer through an ester, an amide, or an cther bond. In some
embodiments of any of the compositions described herein, the topoisomerase inhibitor is
selected from the group consisting of! rinotecan, SN-38, topotecan, camptothecin, and
lamellarin D, In some embodiments of any of the compositions described herein, the
topoisomerase inhibitor is irinotecan. In some embodiments of any of the compositions
described herein, the nanoparticle further comprises an outer layer comprising a surfactant.

Tn some embodiments, the plurality of polymers contains poly(lactide-co-glycolic
acid)-polyethylene glyeol (PLGA-PEG) and polylactic acid; the targeting moiety 1s 8,5-2[3-
i 5-amino-1-carboxypentylj-urcido-pentanedioic acid (LIG); the Pi-containing
chemotherapeutic agent is cisplatin; and the topoisomerase imhibitor is irinotecan. In some
embodiments of all of the compositions described herein, the topoisomerase inhibitor and Pt-
containing cherotherapeutic agent are prosent in a ratio of about 3:1 to 411,

In some embodiments of any of the compositions described herein, the nanoparticle
has a diameter of about 40 nm to 80 nm {e.g., about 45 iy to 65 nmy). In sorwe embodiments
of any of the corapositions described herein, the composition s formuulated for mtravenous,
intraarterial, intraperitoneal, subcutancous, intrathecal, ocular, or intramuscular
administration. Some embodiments of any of the compositions described herein further
contain one or more additional anti-cancer agents selected from the group of: an alkvlating
agent, an antimaetabolite, an anthracycline, a plant alkyloid, and a therapeutic antibody or
antigen-binding antibody fragment that specifically binds to a tumor antigen.  Also provided
are pharmaceutical compositions that contain one or more of any of the compositions
described herein.

Also provided are methods of reducing the proliferation of a cancer coll that include
contacting a cancer cell with any of the compositions described hercin in an amount sufficient
to reduce the proliferation of the cancer cell. In some embodiments, the proliferation of the
cancer cell is reduced by at least 10% within 24 hours of contact with the composition. In
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some embodiments, the cancer cell is present in vitro. In some embodiments, the cancer cell
is present in @ mammal. In some embodiments, the mammal has been previously diagnosed
as having a cancer. In some embodiments of any of the methods described herein, the cancer
is selected from the group of! breast cancer, colon cancer, leukemia, bone cancer, lung
cancer, bladder cancer, brain cancer, bronchial cancer, cervical cancer, colorectal cancer,
endometrial cancer, ependymoma, retinoblastoma, gallbladder cancer, gastric cancer,
gastrointestinal cancer, glioma, head and neck cancer, heart cancer, liver cancer, pancreatic
cancer, melanoma, kidney cancer, laryngeal cancer, lip or oral cancer, lymphoma,
mesothioma, mouth cancer, myeloma, nasopharyngeal cancer, neurchlastoma, oropharyngeal
cancer, ovarian cancer, thyroid cancer, penile cancer, pituitary cancer, prostate cancer, rectal
cancer, renal cancer, salivary gland cancer, sarcoma, skin cancer, stomach cancer, testicular
cancer, throat cancer, uterine cancer, vaginal cancer, and vulvar cancer,

In some embodiments, the contacting results in treatment of cancer in the mammal.
In some embodiments of any of the methods described herein, the manymal is a human, In
some embodiments, the composition is administered by intravenous, intraarterial,
subcutaneous, intraperitoneal, intramuscular, ocular, or intrathecal administration. In some
embodiments of any of the methods described herein, the cancer cell is selected from the
group of! a breast cancer cell, a colon cancer cell, a leukemia cell, a bone cancer cell, a lung
cancer cell, a bladder cancer cell, a brain cancer cell, a bronchial cancer cell, a cervical cancer
cell, a colorectal cancer cell, an endometrial cancer cell, an ependymoma cancer cell, a
retinoblastorma cancer cell, a galibladder cancer cell, a gastric cancer cell, a gastromntestinal
cancer cell, a ghioma cancer cell, a head and neck cancer cell, a heart cancer cell, a hiver
cancer cell, a pancreatic cancer ¢ell, a melanoma cancer cell, a kidoey cancer cell, a laryngeal
cancer cell, a lip or oral cancer cell, a lymphoma cancer cell, a mesothioma cancer cell, a
mouth cancer cell, a myeloma cancer cell, a nasopharyngeal cancer cell, a neuroblastoma
cancer cell, an oropharyngeal cancer cell, an ovarian cancer cell, a thyroid cancer cell, a
penile cancer cell, a pituitary cancer cell, a prostate cancer cell, a rectal cancer cell, a renal
cancer cell, a salivary gland cancer cell, a sarcoma cancer cell, a skin cancer cell, a stomach
cancer cell, a testicular cancer cell, a throat cancer cell, a uterine cancer cell, a vaginal cancer
cell, and a vulvar cancer cell. Sorae ermnbodimuents of any of the methods described herein
urther include contacting the cancer cell with one or more additional anti-cancer agents

selected from the group of an alkylating agent, an antimetabolite, an anthracycline, a plant
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alkvloid, and a therapeutic antibody or an antigen-binding antibody fragment that specifically
binds to a fumor antigen.

In some embodiments of any of the methods described herein, the phurality of
polymers contain poly (lactide-co-glycolic acid)}-polyethylene glycol (PLGA-PEG) and
polvlactic acid; the Pi-containing chemotherapeutic agent is cisplatin; the topoisomerase
inhibitor is irinotecan; and the nanoparticle further containg a targeting moiety of §,8-2[3-1{5-
amino- I-carboxypentyij-urcido}-pentanedioic acid (LIG) linked to at least one of the
polymers, and the targeting moicty 1s exposed on an outer surface of the nanoparticle, In
some embodiments of any of the methods described herein, the nanoparticle in the
composition contains irinotecan and cisplatin in a ratio of about 3:1 to 4:1.

Also provided are roethods of making a nanoparticle that include: mixing (H a
plurality of polymers, where at least a fraction of the polymers contain a hydrophobic
polymer linked to a platinum (Pt}-containing chemotherapeutic agent; and (ii} a
topoisomerase inhibitor in an organic solvent to form an organic precursor solution; and
contacting the organic precursor solution with an aqueous solvent to achieve a ratio of 5:1 to
281 volume of organic precursor solution to volume of aqueous solvent, where the
contacting results in the self-assembly of a nanoparticle. In some embodiments, the plurality
of polymers further comprises at least one polymer linked to a targeting moiety. In some
erabodiments of any of these methods, the topoisomerase inhibitor s linked fo at least ore of
the polymers. In some embodiments of any of these methods, the organic solvent contains
acetonitrile.

In some embodiments of any of these methods, the contacting is performed by passing
the organic precursor solution through a microfluidic device. In some embodiments, the
passing of the organic precursor solution through the microfiuidic device is performed at a
rate of between 1 pL/mmute to 100 pl/minute. In some ersbodiments of any of these
methods, the plurality of polymers countains an amphiphilic polymer and a hydrophobic
polymer in a ratio of approximately 3:1. In some embodiments of any of these methods, the
the nanoparticle has a diameter of between 40 nm to 80 nm. In some embodiments of any of
these methods, the plurality of polymers contains a poly(lactide-co-glycolic acid)
polvethylene glyeol (PLGA-PEG) or polylactic acid (PLAY-PEG. In some embodiments of
any of these methods, the targeting moicty specifically binds to prostate-specific membrane
antigen. In some ernbodiments, the targeting moiety 1s a nucleic acid, a small molecule, ora
polypeptide. In some embodiments, the mucleic acid contains at least one nucleoside
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analogue or at least one modification in the polyphosphate backbone. In some embodiments,
the nucleic acid is an aptamer. In some embodiments, the small molecule is a carbohydrate
or hydrocarbon. In some embodiments, the smal molecule 18 5,5-2{3-}[5-amino-1-
carboxypentyll-urcido]-pentanedioic acid (LI1G). In some embodiments, the polypeptide is
selected from the group of: a growth factor, a hormone, a cytokine, an inierleukin, an
antibody, an antigen-binding antibody fragment, an integrin, a fibronectin receptor, a P-
glycoprotein receptor, a peptidomimetic, an affibody, a nanobody, au avimer, a small
modular immunopharmaceutical, and an adnectin, or a fragment thereof. In some
embodiments of any of these methods, the targeting moiety s linked to at least one of the
polymers through an ester, an amide, or an ether bond.

In some ernbodiments of any of these methods, the fraction of the polymers
containing a hydrophobic polymer comprise a polycaprolactone, a polyanhydride, a
polvalkyviene, a polycarbonate, a polyhydroxyacid, a polytfumarate, a polycaprolactone, a
polyvamide, a polyacetal, a polvether, a polyester, a polv{orthoester), a polyvinyl alcohol, a
polyurcthane, a polyphosphazene, a polyacrylate, a polymethacrylate, a polycvanoacrylate, a
polyurea, a polystyrene, or a polyamine. In some embodiments, the polyester is a polylactic
acid. In some embodiments of any of these methods, the Pt-containing chemotherapeutic
ageunt 1s selected from the group of: cisplatin, carboplatin, oxaliplatin, satraplatin, picoplatin,
and aroplatin. In some embodiments of any of these methods, the Pt-containing
chemotherapeutic agent is cisplatin. In some embodiments of any of these methods, the
Pt-containing chermotherapeutic agent is Hinked to the hydrophobie polymer through an ester,
an antide, or an cther bond.  In some ervbodiments of any of these methods, the
topoisomerase whibitor is selected from the group of! winotecan, SN-38, topotecan,
camptothecin, and lameilarin D. In some embodiments of any of these methods, the
topoisomerase inhibitor 18 rinotecan. In some embodiments of these methods, the plurality
of copolymers contains poly (lactide-co-glycolic acid) polyethylene glveol (PLGA-PEG) and
polvlactic acid (PLAY; the targeting moicty is §,5-2[3-1 S-amino- 1 -carboxypentyl}-ureido]-
pentanedioic acid (LIG); the Pt-containing chemotherapeutic agent s cisplatin; and the
topoisomerase inhibitor is irinotecan. In some embodiments of any of these methods, the
nanoparticie contains the topoisomerase inhibitor and the Pt-containing cherotherapeutic
agent in a ratic of about 3:1 to about 4:1.

Also provided are compositions containing a nanoparticle containing a plurality of
polymers, where at least a fraction of the polyruers contain a hydrophobic polymer linked to a
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topoisomerase inhibitor; and a platinum-containing chemotherapeutic agent; where the
polymers self-assemble in an aqueous liquid to form the nanoparticle, and where the fraction
of the polymers containing a hyvdrophobic polymer form a hydrophobic core of the
nanoparticie, and where the Pt-containing chemotherapeutic agent and the topoisomerase
inhibitor are present within the hydrophobic core of the nanoparticle in a ratio between about
P:4 to about 4:1.

Also provided are compositions containing a nanoparticle containing a plurality of
polymers, where at lcast a fraction of the polymers contain a hydrophobic polymer; a
platinum-containing chemotherapeutic agent; and a topoisomerase inhibitor; where the
polymers self-assemble in an aqueous hiquid to form the nanoparticle, and where the fraction
ot the polymers containing a hyvdrophobic polymer form a hydrophobic core of the
nanoparticie, and where the Pt-containing chemotherapeutic agent and the topoisomerase
inhibitor are present within the hydrophobic core of the nanoparticle in a ratio between about
I:4 to about 4:1.

By the term “polymer” is meant a molecular structure containing one Ot roore repeat
units {monomers) connected by covalent bonds. In some embodiments, the repeat units in a
polymer can all be identical. In some embodiments, there can be more than one type of
repeat unit present in a polyroer {a copolymer). In some embodiments, the polymer i3
biologically derived, 1.¢., a biopolymer. In some erabodiments, additional moietics can also
be present in the polymer, e.g., targeting moieties, Pt-containing chemotherapeutic agents,
and/or topoisomerase inhibitors, such as those described herein, Tn some embodiments, the
polymer can be an amphiphilic polymer (e.g., an amphiphilic copolymer).

By the term “araphiphilic polymer” is racant a molecular structure containing one or
more repeat units {monomers) connected by covalent bonds, that has both hydrophilic (polar)
and lipophilic (apolar) properties. In some embodiments, an amphiphilic polymer can
contain a hvdrophobic polymer and a hydrophilic polymer.

By the term “targeting moiety” is meant a molecule that specifically binds to a
molecule {e.g., a protein, lipid, or carbohydrate, or any combination thereof) present on the
surface ot a target marmmalian cell {(e.g., a target mammalian cell present in a mammal).
Some of the compositions described hercin contain a nanoparticie containing a targeting
moiety linked to at least one of the plurality of polymers in the nanoparticle.

By the term “hydrophobic polymer” is rueant a molecular structure containing one or
mare repeat units (monomers) connected by covalent bonds that is lipophilic (apolar). Asis
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known in the art, a polymer can be characterized as being hydrophobic, ¢.g., based on the
contact angle a droplet of water will make when placed on the polvmer surface. If the contact
angle 1s higher than 90° then the polymer is considered hydrophobic. A polymer can also be
characterized as being hydrophobic based on the surface tension of the polymer. [fthe
surface tension of the polymer is higher than approximately 45 dynes/cm, then the polymer is
considered hydrophobic.

On the other hand, a polymer can be characterized as being hydrophilie, ¢.g., based on
the contact angle a droplet of water will make when placed on the polymer surface. If the
contact angle is below 907, then the polymer is considered hydrophilic. A polymer can also
be characterized as being hydrophilic based on the surface tension of the polymer. H the
surface tension of the polymer is lower than approximately 45 dynes/cm, then the polymer s
considered hydrophilic.

By the term “topoisomerase inhibitor’ is meant an agent that binds to a mammalian
{(c.g., human) topoisomerase enzyme and decreases a biological activity of the mammalian
{(e.g., human) topoisomerase enzyme. A topoisorerase inhibitor can be a topoisomerase |
inhibitor and/or a topopisomerase I inhibitor. Non-limiting topoisomerase inhibitors are
described herein. Additional topoisomerase inhibitors are known in the art.

The term “linked,” as used herein, refors to abond, e.g., a covalent or non-covalent
linkage between two molecules. Tn some embodiments, a hydrophilic polymer (e.g., a first
hydrophilic polymer) present within an amphiphilic polymer (e.g., an amphiphilic
copolymer) can be linked {o a targeting moiety, e.g., using any of the examples of methods
described hercin. In some embodiments, a hydrophobic polymer {e.g., a second hvdrophobic
polymer) can be linked to a platinum-containing chemotherapeutic agent, ¢.g., using any of
the examples of methods described herein. In some embodiments, a hydrophobic polymer
can be linked (o a topoisomerase inhibitor, ¢.g., using any of the examples of methods
described herein. o some embodiments, the two different molecules can be linked by an
amide, an ester, or an ether boad.

The term “specific binding,” as used herein, refers {0 binding between a first molecule
and a binding partoer that occurs to a substantially higher degree than binding of the first
molecule to other, siruilar biological entities and other non-binding pariners. In some
embodiments, the first molecule binds to a binding party with a disassociation constant of
leas than about 1 uM {e.g., less than about SO0 aM, less than about 100 nm, at least sbout 10

uM, ot at least about 100 uM).
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As used herein, a “synergistic” effect of a pair of molecules, compositions, or drugs,
means that the combined effect is more than additive.

Other definitions appear i context throughout this disclosure. Unless otherwise
defined, all technical and scientific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this invention belongs. Methods and
materials are described herein for use in the present invention; other, suitable methods and
materials known in the art can also be used. The materials, methods, and examples are
itlustrative only and not intended to be hmiting. Al publications, patent applications,
patents, sequences, database entries, and other references mentioned herein are incorporated
by reference in their entirety. Tn case of conflict, the present specification, including
definttions, will control.

Other features and advantages of the invention will be apparent from the following

detailed description and figures, and from the claims.

Brief Description of the Drawings
Figure 1 is a schematic diagram showing the co-encapsulation of irinotecan (a
topoisomerase inhibitor} and cisplatin (a platinum-containing chemotherapeutic agent) ina
single nanoparticle targeted to prostate-specitic membrane antigen (PMSA) receptors
expressed on the surface of prostate cancer cells. Once the nanoparticles are taken up by the

cells, the nanoparticles co-deliver irinotecan and cisplatin, and mediate a synergistic cytoxic

[45)

cttfect in the prostate cancer cells,

Figure 2 is a schematic diagram of the synthesis of poly (Jactide-co-glyeolic acid) -
polvethyleneglycol- S,8-203-1{S-amino- | -carboxypentyi]-ureido}-pentancdioic acid (PLGA-
PEG-LIG).

Figure 3 is a schematic diagram of the synthesis of polylactic acid-cisplatin (PLA-
cisplating.

Figure 4A is a schematic diagram of the synthesis of targeted nanoparticles in g
microftuidic device using hydrodynamic flow focusing.

Figure 4B 1s a photograph showing the flow focusing in a microfluidic channel during
operation of a microfluidic device at an acetonitrile flow rate of 5§ ul/minute and a water flow
rate of 50 pl/minute,

Figure 4C 13 a graph of the size distribution of targeted nanoparticles by volume. The
average size of the nanoparticles s 55 nm, and the polydispersity index is 0.04.
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Figure 4D is a transmission oleciron micrograph of the nanoparticles stained with 1%
solution of uranyl acetate. The average size of the nanoparticles is 35 nm.

Figure S 18 a graph of the average size of prostate-specific membrane antigen
(PSMA)-targeted nanoparticles containing irinotecan {left column), PSMA-targeted
nanoparticies containing cisplatin {center columny, and PMSA-targeted nanoparticles
containing both irinotecan and cisplatin {right column}.

Figure 6 is a graph of the size stability of PLGA-PEG-LIG nanoparticles and PLGA
nanoparticies over time in 10% serum.

Figure 7 is a graph showing the percentage drug loading and percentage encapsulating
efficiency for a variety of nanoparticles containing either rinotecan {(left set of columns) or
cisplatin (center left set of columns), or both cisplatin and rinotecan (center right and right
sets of colummns). The fett st and right center sets of columns show the percent of irinntecan
loading and the irmotecan percentage encapsulation efficiency. The left center and left sets
of columns show the percent of cisplatin loading and cisplatin percentage encapsulation
cfficiency.

Figure 8 is a graph showing the percent of irinotecan and platinum release from
PLGA-PEG-LIG nanoparticles over time in phosphate buftered saline.

Figure 9 is graph of fluorescence assisted cell sorting (FACS) data showing the
average fluorescence of LNCaP cells treated with PSMA-targeted (right colunn) and PMSA-
untargeted (left column) nanoparticles containing Alexa 488 linked to PLGA.

Figures 10A and 10B are two FACS histograms showing the fluorescence intensity of
ENCaP cells treated with PMSA-untargeted (FIG. 10A) or PMSA-targeted (FIG. 10B)
nanoparticies containing Alexa 488 linked to PLGA.

Figure 11 is a graph showing the percentage cell viability in LNCaP cells following
treatment with PMSA-targeted cisplatin-containing nanoparticles (INP-Pt-LIG) and PMSA-
targeted irinotecan- and cisplatin-containing nanoparticles (NP-irinotecan-Pt-LIG).

Figure 12 is a graph showing the percentage ccll viability in LNCaP cells following
treatment with PMSA -targeted irinotecan nanoparticles (NP-irinotecan-LIG) and PMSA-
targeted rinotecan- and cisplatin-containing nanoparticles (NP-irinotecan-Pt-LIG).

Figure 13 is table showing the combination mndex calculated for the PMSA-targeted
irinotecan- and cisplatin-containing nanoparticles (irinotecan-cisplatin NPs). The
combination index was calculated by the Talay and Chou method at EDg. According to the
metric 0.20 represents strong synergy.
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Figure 14 is g schematic diagram showing the synthesis of nanoparticles containing
both PLA-cisplatin, PLA-irinotecan, PLGA-PEG-LIG, and PLGA-PEG.

Figure 15 15 a set of two graphs showing the average size (top graph) and percent cell
viability of human prostatic carcinoma (ENCaP) celis following treatment with 1 mg/mbL for
12 houss (bottom graph) of nanoparticles containing PLA-cisplatin, PLA-irinotecan, PLGA-
PEG-LIG, and PGLA-PEG and having different ratios of irinotecan to cisplatin, and recovery
ju fresh culture medium for 48 hours.

Figure 16 is a graph showing the survival ratc of Swiss albino mice over time
following intravenous administration {(at day ¢} of nanoparticles containing different
concentrations of PLA-OH polymer blended m a 11 ratio with PLGA-PEG polymer. The
total dose of polymers administered to mice was 87 rag/kg (1 mouse), 174 mg/kg (2 nuce),
870 mg/ke (3 mice), 1740 meg/kg (2 mice), and 4360 mg/kg (3 mice).

Figure 17 is a graph showing the percentage change in body weight in mice over time
following intravenous admimstration (at day 0) of nanoparticles containing different
concentrations of PLA-OH polymer blended i a 1:1 ratio with PLGA-PEG polymer. The
total dose of polymers administered to mice was 87 mg/kg (1 mouse), 174 mg/kg (2 mice)},

870 mg/kg (3 mice}, 1740 mg/kg (2 mice), and 4360 mg/ke (3 mice).

Detalled Bescription

The inventions described herein are based, at least in part, on the discovery that
nanoparticies that contain both a Pt-containing chemotherapeutic drug and a topoisomerase
inhibitor result ina significantly improved (synergistic) level of cancer cell mhibition, e.g.,
cancer cell death., Inview of this discovery, provided hercin are corapositions that include «
nanoparticie containing a plurality of polymers, where at least a fraction of the polymers
contain a hydrophobic polymer linked to a platinum (Pii-containing chemotherapeutic agent,
and a topoisomerase inhibitor, where the polymers sclf-asserable in an aqueous hguid to form
the nanoparticle, and where the fraction of the polymers containing a hydrophobic polymer
form a hydrophobic core of the nanoparticle, and where the Pi-containing chemotherapeutic
agent and the topoisomerase inhibitor are present within the hydrophobic core of the
nanoparticie in a ratio between about 24:1 to about 1:24 (e.g., about 4:1 to about 1:4). In
some embodiments, the nanoparticies further contain a targeting moicty linked to at least one
of the polymers, where the targeting moiety 1s exposed on an outer surface of the
nanoparticie. In some embodiments, the topoisomerase inhibitor is linked to at least one of
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the polymers. In some embodiments, the polvmer containing a hydrophobic polymer is an
amphiphilic polymer (e.g., an amphiphilic copolymer). In some embodiments, the polymer
containing a hydrophobic polymer 1s hydrophobic polymuer. In some embodiments, the
nanoparticic contains a fayer of a surfactant (¢.g., an outer layer of a surfactant). A surtactant
can be an anionic, cationie, of non-ionic surfactant,

The Pi-comtaining chemotherapeutic agent and the topoisomerase inhibitor are present
within the hyvdrophobic core of the nanoparticle, e.g., in 4 ratio between about 24:1 to about
1:24 {e.g., between about 20:1 to about 1:20, between about 18:1 to about 1:18, between
about 16:1 to about 1:16, between about 14:1 {o about 1:14, between about 12:1 to about
1:12, between about 10:1 to about 1:10, between about 8:1 to about 1, between about 6:1 to
about 1, between about 4:1 to about U4, and between about 4:1 to about 1:5:1). Also
provided are methods of reducing the proliferation of a cancer cell and methods of treating
cancer in a subject that include the use of the compositions described herein, as well as
methods of making the nanoparticles described herein. Various, non-limiting features of cach

aspect of the invention are described below.

Compositions

The compositions described herein inclade one or more nanoparticles {e.g., targeted
and/or non-targeted nanoparticles), and typically include 100s or manyi000s of
nanoparticles, in an aqueous Hquid, such as water, e.g., distilled or purified water, a buffer, or
some other aqueous excipient.  The nanoparticles described herein can have an average
diameter of about 1000 nm or less, ¢.g., about 800 nm or less, 600 nm or less, 500 nm or less,
400 nm or less, 300 om or less, 250 nm or less, 200 nm or less, 100 om or less, 80 mm or less,
60 nm or less, 5O nm or less, or 40 nm or less. I some embodimenis, the nanoparticles
described herem have a mean diameter of between 20 nu to 100 om, 30 nm to 90 nm, 40 nm
to 80 nn, 30 nm to 70 nm, or 40 nm to 60 v, In some embodiments, the compositions
contain a plurality of the nanoparticles (e.g., targeted and/or non-targeted nanoparticles), and
the nanoparticles have a polydispersity index of .8 or less, e.g., 0.6 or less, 0.4 or less, 0.2 or
less, or 0.1 or less.

In some embodiments, the nanoparticles present within a population, e.g., ina
composition, can have substantially the same shape and/or size (i.¢., they are
“monodisperse”). For example, the particles can have a distribution such that no more than
about 5% or about 10% of the nanoparticles have a diameter greater than about 109 greater
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than the average diameter of the particles, and m somce cases, such that no more than about
8%, about 5%, about 3%, about 1%, about 8.3%, about 0.1%¢, about 0.03%, or about 0.01%
have a diameter greater than about 10% greater than the average diameter of the
nanoparticies. In some embodimentis, no more than about 3% of the nanoparticles have a
diameier greater than about 5%, about 3%, about 1%, about $.3%, about 0.1%, about 0.03%,
or about 0.01% greater than the average diameter of the nanoparticles.

Tu some embodiments, the diameter of no more than 25% of the navoparticles varies
from the mean nanoparticle diameter by more than 150%, 100%, 75%, 50%, 25%, 20%,
10%, or 5% of the mean nanoparticle diameter. It is often desirable to produce a population
of nanoparticles that is relatively umiform in terms of size, shape, and/or composition so that
mast of the nanoparticles have similar propertics. For exarople, at least 80%, at least 90%, or
at least 95% of the nanoparticles produced using the methods described herein can have a
diameier or greatest dimension that falls within 5%, 10%, or 20% of the average diameter or
greatest dimension. In some embodiments, a population of nanoparticles can be
heterogeneous with respect to size, shape, and/or cornposition. In this regard, see, e.g., WO
2007/150030, which is incorporated herein by reference in its entirety.

Non-limiting examples of each constituent or component of the nanoparticles are
described below. Auy of the exeroplary constituents described below can be used in any
combination. In some emboduments, any of the exemplary constituents described below can
be used with one or more corresponding constituents known in the art.

One skilled in the art will appreciate that similar nanoparticles can be made that
inchude a plurality of polymers, wherein at least a fraction of the polymers contain a
hydrophobic polymer linked to a first therapoutic agent, and a second therapeutic agent,
wherein the polymers containing a hydrophobic polymer self-associate in an aqueous solution
to form a nanoparticle with a hydrophobic core, and the first and second therapeutic agents
are present in the hvdrophobic core of the nanoparticle.

Examples of methods for generating the nanoparticles described herein are also
provided below. Additional methods for generating the nanoparticles provided herein are

known in the art.

Palymers Containing a Hydrophobic Polymer
A variety of ditferent polymers that contain a hydrophobic polymer are known in the
art. Non-limiting examples of hydrophobic polymers include, but are not imited to:
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polylactic acid (PLA}, polypropylene oxide, poly(lactide-co-glyeolide} (PLGA),
poly(epsilon-caprolactone)}, poly(ethylethylene), polybutadiene, polyglveolide,
polymethylacrylate, polyvinylbutylether, polystyrene, polycyclopentadienyi-
methylnorbornene, polyethylenepropylene, polyethylethylene, polyisobutylene, polysiloxane,
methyl acrylate, ethyl acryvlate, propyt acrylate, n-butyl acrylate, isobutyl acrylate, 2-ethyl
acrylate, i-butyl acrylate, methacrylates {¢.g., ethyl methacrylate, n-butyl methacrylate, and
isobutyl methacrylate), acrylonitriles, methacrylomitrile, vinyls (e.g., vinyl acetate,
vinylversatate, vinylpropionate, vinylformamide, vinylacetamide, vinylpyridings, and
vinyllimidazole), aminoalkyls {e.g., aminoalkyvlacrylates, amincalkylsmethacryvlates,
aminoalkyl(meth)acrylamides), styrencs, and lactic acids.

A polymer that contains a hvdrophobic polymer can be an amphiphilic polymer.
Amphiphilic polymers contain a molecular structure containing one or more repeating units
{(monomers) connectied by covalent bonds and the overall structure includes both hydrophilic
(polar} and lipophilic {apolar) propertics, e.g., at opposite ends of the molecule. In some
embodiments, the amphiphilic polvruers are copolymers containing a first hydrophilic
polymer and a first hydrophobic polymer. Several methods are known in the art for
identifying an amphiphilic polymer. For example, an amphiphilic polvmer {e.g., an
amiphiphilic copolymer) can be identified by its ability to form micelles 10 an aqueous solvent
and/ot Langrouir Blodgett films.

In some embodiments, the amphiphilic polymer (e.g., amphiphilic copolymer)
contains a hvdrophilic polymer sclected from the group of: polyethylene glvcol (PEG),
polvethylene oxide, polyethyleneimine, dicthyleneglyeol, tricthyleneglveol, polyalkalene
glveol, polvalkvline okxide, polyvinyl alcohol, sodium polyphosphate, polyvinyipyrrolidone,
polyvinylmethylether, polymethyloxazoline, polyethyloxazoline, polyhydroxypropyl-
oxazoline, polyhydroxypropylimethacrylamide, polymethacryvlamide, polydimethvlacryl
amide, polvhydroxypropylmethacrylate, polyhvdroxyethylacrylate, hydroxymethyleelhulose,
hydroxyethylcelhilose, polyglyeering, polyaspartamide, hyaluronic acid, polyoxyethiene-
polvoxypropyiene copolymer {poloxamer), fecithin, carboxylic acids {e.g., acrylic acid,
methacrylic acid, itaconic acid, and maleic acid), polyoxyethylenes, polvethylencoxide, and
unsaturated cthylenic monocarboxylic acids.

In some embodiments, the amphiphilic polymer contains a hydrophobic polymer
selected from the group oft polvlactic acid (PLA), pobpropylene oxide, poly(lactide-co-
glveolide) (PLGA), polv{epsilon-caprolactone), polyv(ethylethylene), polybutadicne,
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polygiyeolide, polymethylacrylate, polyvinylbutylether, polystyrene,
polycyclopentadienyimethylnorbornene, polyethylenepropylene, polyethylethylene,
polyiscbutylene, polysiloxane, methyl acrylate, cthyl acrylate, propyl acrylate, n-butyl
acrylate, isobutyl acrylate, 2-cthyl acrylate, t-butyl acrylate, methacrylates (e.g., othyl
methacrylate, n-butyl methacrylate, and isobutyl methacrylate)}, acrvlonitriles,
methacrylonitrile, vinyls (e.g., vinyl acetate, vinylversatate, vinylpropionate, vinyHormamide,
vinvlacetamide, vinylpyridines, and vinyllimidazole), aminoalkyis (e.g., aminoalkylacrylates,
aminoalkvlsmethacrylates, and amincalicyli(methlacrylamides), styrenes, and lactic acids,

In some embodiments, the amphiphilic polymer contains PLA-PEG, PLGA-PEG
{e.g., the amphiphilic polymer is PLGA-PEG), polystyreneblock-polyethylencoxide,
polybutylacrvlate-b-polyacrylicacid, or polybutylmethacrylate-b-polyethylencoxide.
Additional examples of amphiphilic copolymers are described in ULS. Patent Application
Publication No. 2004/0091546 (incorporated herein by reference in #ts entirety). Additional
examples of amphiphilic polymers {(e.g., amphiphilic copolymers) are known n the art.

In some implementations, the amphiphitic polymer contains as the hydrophilic portion
a poly(ethylene glycoly ("PEG™), having the formula -(CH-CH,-O)n-, where 1 is any
positive integer of n from 20 to 500 (corresponding approximately to PEG with a molecular
weight between about 1,000 to 20,000). In some embodiments, the amphiphilic polymer
{e.g., amphiphilic copolymer) contains a branched PEG (see, ¢.g., Veronese ot al,, BioDwugs
22:315-329, 2008; Hamidi et al, Drug Deliv. 13:399-409, 2006}, Methods for generating an
amphiphilic polymer (e.g., amphiphilic copolymer) that contains a PEG are known in the art
(e.g.. by using 1 -ethyl-3-(3-dimethylarninopropyl) carbodiimide hydrochloride) and NHS
{(N-hvdroxysuccinimide) to react a polymer to a PEG group terminating in an anune, ¢.g., by
ring opening polymerization techniques (ROMP)). In some embodiments, the amphiphilic
polymers are joined by ester bonds {e.g., R-C{0}-0-R’ bouds) and/or ether bonds (e.g., R-O-
R’ bounds). An exemplary method for generating an amphiphilic polymer is deseribed in
Example 1. Thus, in some embodiments, the amphiphilic polymers can comprise PLGA-

PEG.

Targeting Moieties

In some embodiments, targeting moictics can be used o direct the nanoparticles, once
admunistered to a subject, to move within the subject, e.g., through the bloodstream, the
tyraphatic systern, ot a tissue or organ, and accunwdate at and bind to a particular manunalian
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{e.g., human} cell type, collection of mammalian {e.g., human} cells, tissue, or organ. The
“directing” is passive, in the targeting moieties typically do not provide any motive force, but
enable the nanoparticles to bind to a specific cell or a specific receptor or molecule on the
surface of a cell. Thus, as the targeted nanoparticles move throughout the circulatory system,
they bind, and thus accumulate, in 2 predetermined location. In some embodiments, the
targeting moieties direct the nanoparticles to a particular mammalian (e.g., human) cancer
cell present in a mammal. The targeting moteties, when present in nanoparticles, should be
present on an outer surface of the nanoparticles, at least at some point in time, so that they
can interact with, e.g., specifically bind to, cellular targets, e.g., binding ligands, receptors, or
cell surtace markers and signalizing molecules. Thus, in some implementations, the targeting
maicties present in the targeted nanoparticles are linked to a hydrophilic portion or polymer
present in one of the polymers present in the nanoparticle. In some embodiments, the
targeting moiety may be located within the hydrophobic core of a nanoparticle when the
nanoparticie is administered to the blood stream, and over time the targeting moieties become
exposed at the surface of the hydrophilic shell so that they can provide their targeting effect.

A variety of suitable targeting moieties are known in the art (see, e.g., Cotten et al,,
Methods Enzym. 217:618, 1993; Torchilin, Fur J Pharm. Sci. 11:881, 2000; Garnett, Adv
Dwvug Deliv. Rev. 53:171, 2001). For example, any of a mamber of different targeting moieties
that bind to antigens on the surfaces of target celis {e.g., manwnahan cancer ¢olis) can be
employed. In some embodiments, the targeting moiety is an antibody or an antigen-binding
antibody fragment that can specitically bind to target cell surface antigens {e.g., a tumor
antigen). In some embodiments, the targeting moiety is an antigen-binding antibody
fragment, ¢.g., a Fab, a Fab', or a F(ab"), fragment, Excmplary antigen-binding antibody
fragments suitable for use in forming the amphiphilic copolymers linked to a targeting moiety
are already available in the art. In some embodiments, the targeting moiety is a ligand for a
receptor on the surface of a target cells. n some erobodiments, the targeting moiety can be a
small mofecule or biomolecule (natural or synthetic) that binds specifically to a cell surface
receptor, protein, glycoprotemn, or lipid, or a combination thereof, found on the surface of the
desired target cell. In some embodiments, the small molecule 15 8,5-2{3-}{5-amino-1-
carboxypentylj-ureido]-pentanedioic acid (LIG), which specifically binds to the prostate-
specific membrane antigen (PSMA).

MNon-limiting examples of targeting moicties include a peptide, a protein, an enzyme, a
nucleic acid, a fatty acid, a hormone, an antibody, an antigen-binding antibody fragment, a
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carbohydrate, a peptidoghycan, a glycopeptide, or the like. These and other targeting
moieitics are discussed in detail below. The targeting moicties can have a molecular weight
of at feast about 1,000 Da, at least about 2,500 Da, at least about 3000 Da, at least about 4006
Da, or at least about 5,000 Da. Relatively large targeting moictics can be useful, in some
cases, for differentiating between cells (e.g., differentiating between cancer and non-cancer
mammalian cells). In some embodiments, a targeting moiety can offer smaller dissociation
constants, e.g., tighter binding, to the target cell. In some embodiments, the targeting agent
can be relatively small, for example, having a molecular weight of less than about 1,000 Da
or less than about 500 Da.

In some embodiments, the targeting moicties include a protein or a peptide.
Generally, peptides are amino acid sequences of less than about 100 amino acids in length,
but can include sequences of up to 300 amino acids. Proicins generally are considered to be
molecules of at least 100 amino acids. In some embodiments, the protein targeting motety
can be a protein drug, an antibody, an antigen-binding antibody fragment, a recombinant
antibody, a recombinant protein, an enzyme, or the like, In some erubodiments, one or more
of the amino acids of the protein or peptide can be modified, for example, by the addition of 8
chemical entity such as a carbohydrate group, a phosphate group, a famesyl group, an
tsofarnesyl group, a fatty acid group, a linker for conjugation, functionalization, and/or other
modification.

Additional examples of peptide or protein targeting moieties include, but are not
lmited to, ankyrins, arresting, bacterial membrane proteins, clathrin, connexins, dystrophin,
endothelin receptor, spectrin, selectin, cytokines, chemokines, growth factors, insulin,
erythropoictin {EPO), tumor necrosis factor (TNF), ncuropepiides, neuropeptide Y,
neurctensin, transforming growth factor alpha, transforming growth factor beta, interferon
(IFN}, and hormones, growth inhibitors {e.g., genistein), steroids, glycoproteins (e.g., ABC
transporters), platelet glycoproteins, GPIb-IX complex, GPUb-1lla complex, vitronectin,
thrombomadulin, CD4, CDS5, CSE, CD59, CD44, CH16E, Iymphocyie function-associated
antigen, intercellular adhesion molecule, vascular cell adhesion molecule, Thy-1, antiporters,
CA-15-3 antigen, fibronecting, laminin, myeclin-associated glycoprotein, GAP, and GAP43.
In some erabodirents, the targeting moicty mncludes an affibody, a nanobody, an Avimer, an
Adnectin, a domain antibody, and a small modular immunopharmaceutical (Trubion

Pharmaceuticals Inc., Seattle, WA).
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In some embodiments, the targeting moiety is 3 CLT1 or CLT2 peptide, which binds
to tibrin-fibronectin complexes in blood clots. Additional peptide targeting moicties that can
specifically bind to cells in the brain, kadneys, lungs, skin, pancreas, infestine, uterus, adrenal
gland, and prostate are known in the art {c.g., see Pasqualini et al., Mol. Psychiatry 1:421-2
(1996}, and Rajotic et al, . Clin. fnvest. 102:430-437, 1998}

In some embodiments, the targeting moiety includes a cytokine or cytokine receptor,
such as Interleulan-t (-1}, 1L-2, 10-3, T4, 1L-5, 1L-6, TL-7, IE-§, 1L-9, TE-10, 11, JL-12,
H-13, H-14, I-15, 1116, 1L-17, IL-18, H.-1 receptor, 1L-2 receptor, [L-3 receptor, 1L-4
receptor, HL-5 receptor, 16 receptor, 1L-7 receptor, IL-8 receptor, 1L-9 receptor, IL-10
receptor, IL-11 receptor, IL-12 receptor, 1L-13 receptor, IL-14 receptor, HL-15 receptor, 1L-16
receptor, TL-17 receptor, IL-18 receptor, lvmphokine inhibitory factor, macrophage colony
stimulating factor, platelet derived growth factor, stem cell factor, tumor growth factor beta,
tumor necrosis factor, lymphotoxin, Fas, gramilocyte colony stimulating factor, granulocyte
macrophage colony stimulating factor, interferon alpha, interferon beta, or interferon gamma.
In some embodiments, the targeting moiety contains a transferrin receptor or a folate receptor.

In some embodiments, the targeting moiety includes a growth factor and protein
hormone, e.g., erythropoietin, angiogenin, hepatocyte growth factor, fibroblast growth factor,
keratinocyte growth factor, nerve growth factor, tumor growth factor alpha, thrombopotetin,
thyroid stimulating factor, thyroid releasing hormone, neurotrophin, epidermal growth factor,
VEGF, ciliary neurctrophic factor, LDL, somatomedin, insulin growth factor, or insulin-like
growth factor 1 and 1L

In some embodiments, the targeting moiety inchudes a chemokine, e.g., ENA-TS,
ELC, GRO-alpha, GRO-beta, GRO-garoma, HRG LIF, IP-10, MCP-1, MCP-2, MCP-3,
MCP-4, MIP-1 alpha, MIP-1 beta, MIG MBC, NT-3, NT-4, SCF, LIF, leptin, RANTES,
tymphotactin, eotaxin-1, cotaxin-2, TARC, TECK, WAP-1, WAP-2, GCP-1, GCP-2, alpha-

chemokine recepiors (e.g., CXCRI, CXCR2, CXCR3, CXCR4, CXCRS, CXCRSG, or
CXCRT), or beta-chemokine receptors {e.g., CCR1, CCRZ, CCR3, CCR4, CCRS, CCRS, or
CCR7).

Tu some embodiments the targeting moiety binds to components of the extracellular
matrix ("ECM™), e.g., glyecosaminoglycan (“GAG”) and collagen. In some embodiments, the
targeting moiety contains a pathogen-associated molecular pattern (PAMP}) that targets a Toll-
tike Receptor (TLR) on the surface of target cell or tissue. Nou-limiting examples of PAMPs
that can serve as a targeting moiety inclade: unmethylated CpG DNA (bacterialy, double-
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stranded RNA (viral}, lipopolysacharride (bacterial), peptidoglycan (bacterial},
lipoarabinomannin {bacterial), zymosan {veast}, mycoplasmal lipoproteins, such as MALP-2
{bacterial)}, flagellin (bacterial), poly(inosinic-cvtidyliciacid (bacterial}, lipoteichoic acid
(bacterial), or imidazoguinolines {synthetic).

In some embodiments, the targeting moiety can be a lectin that targets mucin or
mucosal cell lavers. Non-limiting examples of lecting that can be used as a targeting moiety
jnchude lectins isolated from Abrus precatroius, Agavicus bisporus, Anguilla anguiila,

Arachis hvpogaea, Pandeiraca simplicifolia, Bauhinia purpurea, Caragan arobrescens, Cicer
arietinum, Codium fragile, Datura siramonium, Dolichos biflovus, Evvihirina corallodendron,
Ervthring cristagalli, Euonymus ewropaeus, Givcine max, Helix aspersa, Helix pomaiia,
Lathyrus odoratus, Lens culinaris, Limulus polyphemus, Lysopersicon esculentum, Maclura
pomifera, Momordica charvantia, Mycoplasma gallisepticum, Naja mocambigue, as well as
the lectins Concanavalin A and Succinyl-Concanavalin A, and the lectins from Triticum
vulgaris, Ulex ewropaeus 1, 11, and I, Sambucus nigra, Maackia amurensis, Limax flivus,
Homarus americanus, Cancer aniennarius, and Lotus tetragonclobus.

In some embodiments, the targeting moiety specifically binds to a target antigen, e.g.,
prostate-specitic membrane antigen (PSMA), HER-2, HER-3, EGFR, and folate receptor.
PSMA 1s a well-established tumor marker, which is up-regulated in prostate cancer,
particularly in advanced, hormone-independent, and metastatic disease (Ghosh and Heston, J.
Cell Biochem. 91:528-539, 2004). PSMA has been employed as a tumor marker for imaging
of metastatic prostate cancer and as a target for experimental immunotherapeutic agents.
PSMA is the molecular target of ProstaScint™, a roonoclonal antibody-based frmaging agent
approved for diagnostic imaging of prostate cancer metastases. JS91, a de-ironunized
monoclonal antibody that targets the external domain of PSMA, has been evaluated clinically
as an agent for radioimmunotherapy and radioimmunocimaging. Radiolabeled JS91 is
reparted to accurately target prostate cancer metastases in hone and soft tissue, and to display
andi-tumor activity. Interestingly, PSMA is differentially expressed at high levels on the
neovasculature of most non-prostate solid tumors, including breast and lung cancers, and the
clinical feasibility of PSMA targeting for non-prostate cancers was recently demonstrated n
two distinet clinical trials (Morris et al., Clin. Cancer Res. 13:2707-2713, 2007, Milowsky ot
ak, J. Clin. Oncol. 25:540-547, 2007). The highly restricted presence of PSMA on prostate
cancer cells and non-prostate solid tumor neovasculatare makes 1t an attractive target for

delivery of cytotoxic agents to most solid tumors.
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In some embodiments, the targeting moiety can be an antibody or an antigen-binding
antibody fragment. An antibody typically refers to a protem or glycoprotein consisting of one
or yuore polypeptides substantially encoded by an immuanoglobulin gene or a fragment of an
immunoglobulin gene (e.g., a variable domain of a light or heavy chain immunoglobulin
gene). The immunoglobulin gene can include a kappa, lambda, alpha, gamma, delta, epsilon,
and mu constant region gene, and/or an immunoglobulin variable region gene. Light chains
are classified as either kappa or lambda. Heavy chains are classified as gamma, mou, alpha,
delta, or epsilon, which in turn define the immunoglobukin classes, gz IgM, 1gA, Igh, and
igE, respectively. A typical immunoglobulin {antibody) structural unit s known to comprise
a tetramer. Each tetrarser is composed of two identical pairs of polypeptide chains, each pair
having one “light” (about 25 ki) and one “heavy” chain {about S6-70 kD). The N-terminus
of each chain defines a variable region of about 100 to 110 or more amino acids primarily
responsible for antigen recognition. The terms variable light chain (VL) and variable heavy
chain (VH) refer to these light and heavy chains respectively. Antibodies exist as intact
mmmunoglobulins or as a number of well characterized fragments produced by digestion with
various peptidases or produced by molecular bislogy techniques known in the art.

Non-limiting examples of targets of any of targeting moictics described herein {e.g.,
antibodies or antigen-binding antibody fragments) include: anti-cluster of differentiation
antigens CD-1 through CD-166, cytokines (e.g., I~ through anti-1L-18), immune receptors
(e.g., T cell receptors, major histocompatibility complexes T and I, and B cell receptors),

g receptors, OX-40, MadCAM-1, Gly-

selectin killer inhibitory receptors, killer activating
CAM]I, integrins, cadherens, sialoadherens, Fas, CTLA-4, Fe-gamma receptor, Fe-aipha
receptors, Fe-epsilon receptors, Fe-miu receptors, anti-metalloproteinase antibodies (e.g.,
collagenase, MMP-1 through MMP-8, TIMP-1, and TIMP-2}, anti-cell lysis/proinflammatory
molecules (e.g., perforin, complement components, prostanoids, nitrous oxide, and
throraboxanes), and adhesion molecules {(¢.g., carcinoembryonic antigens, lamins, or
fibronectins).

In some embodiments, the targeting moiety is a nucleic acid (e.g., an aptamer) that
specifically binds to a certain target molecule on the surface of the desived target cell (e.g., a
prostate cancer cell). A nucleic acid targeting moiety is a nucleic acid that can be used to
bind to a specitic molecule present on a target cell. Nucleic acid or oligonucleotide refer
generally to a polymer of nucleotides. A nucleotide is a molecule containing a sugar moiety,
a phosphate group, and a base (usually mitrogenous). Typically, a nucleotide contains one or
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more bases connected to a sugar-phosphate backbone {(a base connected only to a sugar
moiety, without the phosphate group, is a “nucleoside”). The sugars within a nucleotide can
be, for example, ribose sugars (a “ribonucleic acid,” or “RNA™), or deoxyribose sugars (a
“deoxyriborucleic acid,” or “DNA”). In some cases, a nucleic acid can contain both ribose
and deoxyribose sugars. Examples of bases include, but not limited to, the naturaily-
occurring bases {e.g., adenosine or “A,” thymidine or “1,” guanosine or "} cytidine or “C,”
or uridine or “U"). In some cases, the nucleic acid can also contain a nucleoside analog (e.g.,
aracytidine, inosing, isoguanasine, nebularine, pseudouridine, 2,6-diaminopuring, 2-
aminopurine, 2-thiothymidine, 3-deaza-S-azacytidine, 2’-deoxyuriding, 3-nitorpyrrole, 4-
methylindole, 4-thiouridine, 4-thiothymidine, 2Z-amincadenosine, 2-thiothymidine, 2-
thiouridine, S-bromocytidine, S-iodouridine, inosine, f-azauridine, 6-chloropurine, 7-
deazaadenosine, 7-deazaguanosine, 8-azaadencsine, S-azidoadenosing, benzimidazole, M1-
methyladenosine, pyrrolo-pyrimidine, 2-amino-6-chloropurine, 3-methyl adenosine, 5-
propynyleytidine, S-propynvhiridine, S-bromouridine, 3-thiorournidine, 3-methyleytidine, 7-
deazaadenosine, 7-deazaguanosine, §-oxoadenosine, 8-oxoguanosine, O(6)-methyiguanine,
and 2-thiocytidine}, a chemically- or biologically-modified base {e.g., a methylated base}, an
intercalated base, a modified sugar {e.g., 2" -tfluororibose, 2’ -aminoribose, 27 -azidoribose, 2°-
O-methylribose, L-enantiomeric nucleosides arabinose, or hexose), a modified phosphate
moicty {¢.g., a phosphorothioate or 3°-N-phosphoramidite linkage), and/or any other naturally
and non-naturally occurring bases substitutable into the nucleic acid, including substituted
and unsubstitated aromatic moieties. Other suitable base and/or polymer modifications are
well-known to those skilled mn the art. In some embodiments, the nucleic acid can mchude
DNA, RNA, modified DNA, modified RNA, antisense oligonmucleotides, expression plasmid
systems, nucleotides, modified nuclectides, nucleosides, modified mucleosides, intact genes,
or combinations thereot, Additional examples of nucleic acids inchide interfering RNA,
natural or unnatural siRNAg, shRNAs, microRNAs, ribozymes, DNA plasmids, antisense
oligomuicleotides, randomired oligonucieotides, or ribozymes.

Tn some embodiments, the targeting moiety is pegaptanb, a pegylated anti-VEGF
aptamer, Although the pegaptanib aptamer was originally approved by FDA in 2004 (o treat
age-related macular degencration {AMD) disease, it has the potential to target prostate cancer

clis because it binds specifically to VEGF165: a protein recognized as the key inducer of
tumor angiogenesis. In some embodiments, the targeting moiety is Aptamer O-7 which binds
to osteoblasts, A10 RNA aptarer which binds to prostate cancer cells, TTAL aptarner which
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binds to breast cancer cells, or A9 RNA aptamer (Javier ot al., Bioconjug. Chem. 19(6):1309-
1312, 2008). Additional target molecules are also described in U.S. Patent Application
Publication No. 2009/0105172. In general, aptamers are stable in a wide range of pH (~4-9),
physiological conditions, and solvents. Aptamers are known to be less inumunogenic than
antibodies and can penetrate a tumor more easily because of their size. The shape of aptamer
binding sites, which includes grooves and clefts, provide highly specific characteristics and
drug-like capabilities.

In some embodiments, a nanoparticle can at least two different types of polymers
{e.g., two different amphiphilic polymers) linked to one or two, or more, different types of
targeting moiety, e.g., where a first polymer 1s linked a first targeting moiety and a second
polymer is linked to a second fargeting moiety. In some embodiments, the first and second
targeting moieties specifically bind to the same target celf (or two different target cells). In
some embodiments, the first targeting moiety binds specifically to an immune system cell
(e.g., a leukoeyte or T-cell) and the second targeting moiety targets a cancer cell. Other
targeting agents include agents that specifically bind to biological targets such as a particular
immune system cell (e.g., a T cell or B cell), a protein, an enzyme, or other circulating agent
in a subject. In some embodiments, the targeting moiety is 8 heat shock protein HSP70 for
binding to dendritic cells, or folic acid for binding to cancer cells. In some embodiments, the
targeting moiety 15 a polysaccharide or sugar (¢.g., silvlic acid for targeting leucocytes), a
toxin {(e.g., saporin}, or an antibody {e.g., an antibody that specifically binds to CD2, CD3, or
CD28 on T-cells).

Additional examples of targeting moieities are described in WO 2008/124632, which
is incorporated hercin by reference in its entirety, Other targeting mwoieties are known in the

art are contemplated for use with the present disclosure.

Linidng a Targeting Moiety (o a2 Polymer

Any of polymers (e.g., anmphiphilic polymers, hydrophilic polvmers, and hydrophilic
polymers) described herein {or any of the amphiphilic polymers or hydrophilic polymers
known in the art) can be Huked to a targeting moiety using methods known 1n the art {e.g.,
linked through a hydrophilic polymer present in an amphiphilic polyraer {e.g., an amphiphilic
copolymer)}. Non-limiting examplies of linking a targeting moiety to a hydrophilic polymer
present in an amphiphilic polymer are described below. For example, in some embodiments,
a hydrophilic polymer present in an amaphiphilic polymer can be linked to a targeting moiety
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through an cster, an amide, or an ¢ther bond. The targeting moicty should be attached to the
hydrophilic polvmer present in the amphiphilic polymer in a2 manner that resulis in the
presence of the targeting moiety on an outer surface of the shell of the nanoparticle. For
cxample, the targeting moiety can be attached to the amphiphilic polymer in a portion of the
amphiphilic polymer that has hydrophilic or polar propertics.

To generate an amphiphilic polvmer or hydrophilic polymer linked to a targeting
motety, the amphiphitic polymer or hydrophilic polymer can be prepared with a pendant
functional group, i.¢., 3 functional group present within the hydrophilic polymer present in
the amphiphilic polymer or hydrophilic polymer for conjugation to a targeting moiety. In
some embodiments, the amphiphilic polymer or hydrophilic polymer can be prepared with
approximately one functional group (e.g., linked functional group) forevery 1,2, 3,4,5,6, 7,
8.9, 10, 12, 15, or 20 monomer units (¢.g., hydrophilic polymer units} of the amphiphilic
polymer or hydrophilic polymer. In some embodiments, the functional groups can be
restricted {o one portion of the amphiphilic polymer (e.g., a first hydrophilic polymer present
in an amphiphilic polymer). In some embodiments, the functional group can be a hydroxyl,
carboxyl, amine, amide, carbamate, maleimide, thiol, halide, azide, proparzyl, or allyl. In
some embodiments, the functional group can be joined to the amphiphilic polymer or
hydrophilic polymer by a linker.

Various methods are known to hink a heterofunctional linker to a targeting moiety
using covalent bonds {e.g., through o-bonding, n-bonding, metal to non-metal bonding,
agnostic interactions, disulfide bonds, and three-center two-electron bonds). In some
embodiments, a bond, e.g., crosslinking, can be achicved by forming an amide bond between
carboxyl {(or maleimude) and a primary amine by using 1-cthyl-3-3-dimsethylaminopropyl]
carbodiimide hydrochloride / N-hvdroxysuccinimide (EDC/NHS) or benzotriazole-1-yl-oxy-
tris-pyrrotidino-phosphonium hexaflaorophosphate / N-hydroxybenzotriazole
{(pyBOP/HOBt). The reaction can tolerate both aqueous and organic solvents (such as, but
not limited to, dichloromethane, acetonitrile, chloroform, tetrahydrofuran, acetone,
formamide, dimethylformamide, pyridines, dioxane, or dimethysulfoxide).

In another example, the linkage, e.g., crosshinking, is formed between maleimide and
sulfhydryl (thiol) groups w both aqueous and organic solvents. A reduction cleavable
crosslinking can be achieved between sulthydryl (thiol) group, through the pyridylthiol
group, 3-nitro-2-pyridylthio (Npys) group, and Boc-S-tert-butylmercapto (S5tBu) group. The
reaction can tolerate both aqueous and organic solvents (such as, but not limited to,
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dichloromethane, acetonitrile, chloroform, tetrahydrofuran, acetone, formamide,
dimethytformamide, pyridines, dioxane, or dimethysulfoxide).

Methods of making functionalized amphiphilic polymers with pendant functional
groups are known in the art. For example, methods of making functionalized polylactides,
polvglycolides, and polyesteramides are described in Gerhardt et al. (Biomacromolecules
7:1735-1742, 2006). Synthesis of functionalized dilactones and their use in the preparation
of polyesters with hydroxy! functional groups, poly{lactic acid-co-hydroxymethyl glycolic
acid) and poly(lactic acid-co-glycolic acid-co-hydroxymethyl glycolic acid) is described in
Leembuis et al. (Biomacromolecules 8:2943-2949, 2007}, Leembuis et al. (Eur J. Org.
Chem., 3344-3449, 2003} and Leembuis et al. (Macromoleciles 39:3500-3508, 2007).
Hydroxymethyl- and succinylated-PLA polyroers are described in Noga ot al,
(Biomacromolecules 9:2056-2062, 2008}, Poly hexyl-substituted lactides are disclosed in
Trimaille et al. (Chimia 59:348-352, 2005} and Trimaille et al. (J. Riomed. Muter Res.
BOA:55-65, 2007). Hngetal (J 4Am. Chem. Soc. 130:13826-27, 2008) describes PLA with
functional bicyclhic esters, Poly{o-hvdroxy acid)s with pendant carboxyl groups are disclosed
in Kimura et al. (Macromolecides 21:3338-40, 1988). In some embodiments, the pofymers
can be functionalized by “click” methods, as described in Jiang et al. (Macromolecides
41:1937-44, 2008).

Additional non-limiting methods of synthesis and linkage of amphiphilic polymers
with targeting moictics are disclosed in U.S. Patent Application Publication
No. 20080248126 and WO 2011/084620, each of which are incorporated herein by reference
in their entircties.

The length of the amphiphilic polymers or hydrophilic polymers, ¢.g., having pendant
functional groups, which are linked to a targeting moiety, can be varied to provide desired
parameters. In some embodiments, the amphiphilic polymer or hydrophilic polymer has a
maolecular weight of about 2000 g/mol, e.g., about 3000 g/mol, about 4000 g/mol, about
5,600 g/mol, about 10,000 g/mol, about 26,000 g/mol, about 56,000 g/mol, or about 100,000
g/mol, before linkage to the targeting moiety.

In some embodiments, a targeting moiety can be linked to an amphiphilic polymer or
hydrophilic polymer using di-tert-butyl dicarbonate chemistry, carbotimide (e.g., 1-cthyl-3-
(3-dimethylaminopropyl) carbodiimide)} and N-hydroxuccinimide (NHS} chemistry, reaction
of sufhydryl with sufhydryvl reactive groups (e.g., maleimide, haloacetyls, and pyridyi
disulfides), reaction of carbonyl with carbonyl reactive groups (e.g., hydrazides and
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atkoxyamines}, and click chemistry {e.g., azide-alkyne-cycloaddition). A non-limiting
example of generating a PLGA-PEG linked to a small molecule targeting motety (LIG) is

described in Example 1.

Hydrophobic Polymers Linked to a Pt-Containing Chemotherapeutic Agent

One constituent of the nanoparticles described herein is a polymer containing a
hydrophobic polymer linked to a Pt-containing chemotherapeutic agent. The components of
a polymer containing a hydrophobic polymer linked o a Pt-containing chemotherapeutic
agent, as well as methods of making them, are described below.

A hydrophobic polymer is one that generally repels water. A hydrophobie polymer
can be identified, for exaraple, by preparing a sample of the polymer and measuring its
contact angle with water (typically, a hvdrophobic polymer will have g contact angle of
greater than about 507},

In some embodiments, the plurality of polymers contained in the nanoparticle include
at least two {e.g., at least three, four, or five) different polymers containing a hydrophobic
polymer. For example, a nanoparticie can contain an amphiphilic polymer and a second
hydrophobic polymer, where the amphilic polymer and/or the hydrophobic polymer is linked
to a Pt-containing chemotherapeutic agent. Non-himiting examples of hydrophobic polymers
inchlade: polylactic acid (PLA), polypropylene oxide, poly(lactide-co-glycolide) (PLGA),
polviepsilon-caprolactone), poly(ethylethylene}, polvbutadiens, polyglycolide,
polyvmethvlacrylate, polyvinylbutylether, polystyrene, polycyelopentadienyl
methylnorbornene, polyethylenepropylene, polyethviethyvlene, polyisobutylene, polysiloxane,
methyl acrylate, ethyl acrylate, propyl acrylate, n-butyl acrylate, isobutyl acrylate, 2-ethyi
acrylate, t-butyl acrylate, methacryviates (e.g., ethyl methacrylate, n-butyl methacrylate, and
tsobutyl methacrylate), acrylonitriles, methacrylonitrile, vinyls (e.g., vinyl acetate,
vinylversatate, vinylpropionate, vinylformamide, vinylacetamide, vinylpyridines, and
vinyllimidazole}, aminoalkyls (e.g., aminoalkylacrylates, aminocalkylsmethacrylates, and
aminocalkyl{methjacrylamides), styrenes, and lactic acids.

Tu some embodiments, the hydrophobic polymer is PLA. In some embodiments, the
Pt-containing chernotherapeutic agent linked to at least a fraction of the polymers containing
a hvdrophobic polymer is cisplatin. In some embodiments, the polymer containing a
hydrophobic polymer that is linked to a Pt-containing chemotherapeutic agent is PLA-

cisplatin,
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Pt-Containing Chemeotherapeutic Agents

A variety of different Pt-containing chemotherapeutic agents that can be linked to a
polymer containing a hydrophobic polymer (e.g., an amphiphilic polymer) are known in the
art, Non-limiting examples of Pt-containing chemotherapeutic agents include cisplatin,
carboplatin, oxaliplatin, satraplatin, picoplatin, aroplatin, and phenatriplatin. In the
nanoparticies described herein, the Pt-containing chemotherapeutic agent is located within
the hyvdrophobic core of the nanoparticles.

In some embodiments, the Pt-containing chemotherapeutic agent is a platinum
prodrug. Pt-containing chemotherapeutic agents include platinum pro-drugs that can contain
platimurg (JV) with two axial ligands attached, which apon reduction becomes platinumdIT).
Non-limiting examples of platinurn prodrugs include cis,trans, cis-[PUNH 2(XY)Cn],
cis,trans,cis-[ PENH h (XY WCBDCA}Y, and cis,trans,cis-[PH{DACHNXY X Ox}], where X and
Y are the axial ligands that would leave upon subsequent bioreduction of the resulting
platinum{IV) compound to yield the platinum(il} active drug. CBDCA is cyclobuatane-1,1 -
dicarboxylate, DACH is R,R-1,2-diaminocyciohexane, and Ox is oxalate. The platinum
prodrug can be linked to at least a fraction of the polymers containing a hydrophobic
polymer. X and Y can be different. X or Y can be attached directly to polymer containing a
hydrophobic polymer or attached to the polyer containing a hydrophobic polymer through a
tinker. X and/or Y could be attached to the polymer containing a hydrophobic polymer, but

not necessarily both.

Linkage of a Pi-Centaining Chemotherapeutic Agent te a Hydrophobic Polymer

Any of the examples of polymers containing a hydrophobic polymers described
herein or any of the polvmers containing a hvdrophobic polymer known in the art can be
tinked to a Pt-containing chemotherapeutic agent {c.g., any of the Pt-containing
chemotherapeutic agents described herein) using methods known in the art. Nown-limiting
exampies of linking a Pt-containing chemotherapeutic agent to a polymer containing a
hydrophobic polymer are described below. Additional non-limiting examples of linking a Pt-
containing chemotherapeutic agent to a polyruer containing a hydrophobic polymer are
known in the art. In some embodiments, a polyraer containing a hydrophobic polymer can be
linked to a Pt-containing chemotherapeutic agent through an ester, an amide, or an ether

bond.
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To generate a polymer containing a hydrophobic polyvmer linked to a Pt-containing
chemotherapeutic agent, the polymer containing a hydrophobic polymer can be prepared with
a pendant functional group, 1.e., a functional group present along a length of the polymer,
¢.g., a portion of the polymer, for linkage to a targeting moiety, In some embodiments, the
polymer containing a hydrophobic polymer can be prepared with approximately one
functional group {e.g., linked functional group) forevery 1, 2,3, 4, 5,6, 7, 8,9, 18, 12, 15, or
28 monomer vnits of the polymer containing a hydrophobic polymer. The functional groups
can be restricted to one portion ot the polymer containing a hydrophobic polymer. In some
embodiments, the functional group can be a hydroxyl, carboxyl, amine, amide, carbamate,
maleimide, thiol, halide, azide, proparzyl, or allvl. In some embodiments, the functional
group can be joined to the polymer contaming a hydrophobic polymer by a linker,

Various methods are known to link a heterofunctional linker to a targeting moisty
using covalent bonds {e.g., through o-bonding, n-bonding, metal to non-metal bonding,
agnostic interactions, disulfide bonds, and three-center two-electron bonds). In some
embodiments, a linkage, ¢.g., crosslinking, can be achieved by forming an amide bond
-

3 -
-

between carboxyl {or maleimide} and a primary amine by using -ethyl-3-{
dimethylaminopropyl] carbodiimide hydrochloride/N-hydroxysuccinimide (EDC/NHS),
benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexatluorophosphate/N-
hydroxvbenzotriazole (pyBOP/HOBL), or N, N-dicyelohexyl carbodiimide (DCCYHOBE
The reaction can tolerate both aqueous and organic solvents (such as, but not imited to,
dichloromethane, acetomtrile, chloroform, tetrahydrofuran, acetone, formamide,
dimethylformamide, pyridines, dioxane, or dimethysulfoxide).

In another example, the linkage, e.g., crosshinking, s formed between maleimide and
sulthydryl (thiol} groups in both aqueous and organic solvents. A reduction cleavable
crosslinking can be achieved between sulthydryl (thiel) group, through the pyridylthiol
group, 3-nitro-2-pyridylthio (Npys) group, and Boc-S-tert-butylmercapto (8tBu) group. The
reaction can tolerate both agueous and organic solvents {such as, but not limited to,
dichloromethane, acetomtrile, chloroform, tetrahydrofuran, acetone, formamide,
dimethylformamide, pyridines, dioxane, or dimethysulfoxide).

Methods of making functionalized polymers containing a hydrophobic polyruer with
pendant functional groups are known in the art. For example, methods of making and
functionalized polylactides, polyglycolides, and polyesteramides are described in Gerhardt et
al. (Biomacromolecules T:1735-1742, 2006). Synthesis of functionalized dilactones and their
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use in the preparation of polyesters with hydroxyl functional groups, poly{lactic acid-co-
hydroxymethyl glycolic acid} and poly(lactic acid-co-glycolic acid-co-hydroxymethyl
glyeolic acid) is described in Leernhuns et al. (Biomacromolecules 8:2943-2949, 2007,
Leemhuis et al. (Fur. J. Org. Chem. 3344-3449, 2003), and Leemhuis et al. { Macromolecules
39:3500-3508, 20073, Hydroxymethyl- and succinvlated-PLA polymers are described in
Noga et al. (Riomacromolecules 9:2056-2062, 2008}, Poly hexyl-substituted lactides are
disclosed in Trimatlle ot al. (Chimig 59:348-352, 2005); and Trimaille et al. {J. Biomed.
Mater. Res. 80A:55-65, 2007}, Jing et al. (J. dm. Chem. Soc. 130:13826-27, 2008} describes
PLA with functional bicyclic esters. Poly(a-hydroxy acid)s with pendant carboxyl groups are
disclosed i Kimura et al. (Macromolecules 21:3338-40, 1988). In some embodiments, the
polymers can be functionalized by “click” racthods, as described in Hang et al.
{(Macromolecules 41:1937-44, 2008).

Additional non-limiting methods that can be used to link a polymer containing a
hydrophobic polymer with Pt-containing chemotherapeuntic agents are disclosed in U.S.
Patent Application Publication No. 20080248126 and WO 2011/084620, cach of which are
incorporated herein by reference.

The length of the polymer containing a hydrophobic polymer, ¢.g., having pendant
functional groups, which are linked to a Pt-containing chemotherapeutic agent, can be varied
to provide desired parameters. In sorme embodiments, the polymer countaining a hvdrophobic
polymer has a molecuiar weight of about 2000 g/mol, e.g., about 3000 g/mol, about 4000
g/mol, about 5,000 g/mol, about 18,000 g/mol, about 20,000 g/mol, about 530,000 g/mol, or
about 100,000 g/mol, before iinkage to the Pt-containing chemotherapeutic moiety.

In some erabodiments, a Pi-containing chernotherapeutic agent can be linked to a polymer
containing a hydrophobic polymer using di-tert-butyl dicarbonate chemistry. A non-limiting

example of generating a PLA linked to cisplatin is described fn Example

Topoisomerase Inhibitors

Topoisomerase inhibitors are agents that have the ability to bind and decrease (e.g., a
detectable decrease) an activity of a mammalian {e.g., lnman) topoisomerase enzyme (e.g.,
human topoisomerase | (e.g., NCBI Accession No. AAA61207. 1) or human topoisomerase 11
{e.g.. NCBI Accession No. CAA48197.1). In some embodiments, the topoisoncrase
inhibitor is a topoisomerase [ inhubitor. In some embodiments, the topoisomerase inhibitor is
a topoisomcrase I inhibitor, In some embodiments, the topoisomerase inhibitor is hinked to
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at least one of the plurality of polymers containing a hydrophobic polymer. For example, the
topoisomerase inhibitor (e.g., irinotecan) can be linked to PLA. In some embodiments, the
nanoparticles contain PLGA-PEG, PLA-cisplatin, and PLA-irinotecan.

A variety of topoisomerase activity assays are known in the art (see, ¢.g., Yalowich et
al., Fiochem. Pharmacol e-published April 2012, and Liu et al., Toxicol Leir 211:126-134,
20123 Non-limiting examples of topoisomerase inhibitors that can be included in the
nanoparticles described herein are rinotecan, SN-38, topotecan, camptothecin, and lameHarin
. In some embodiments, two or more topoisomerase inhibitors are included in the
nanoparticles. In some embodiments, at least one topoisomerase T and at least one
topoisomerase [T inhibitor are included in the nanoparticles. In some embodiments, the
toposirperase inhibitor 1S irinotecan, Additional examples of topoisoraerase inhibitors are

known in the art.

Biscompatibility and Biodegradability of the Nanoparticles

The nanoparticles described herein are biodegradable and/or biocorapatible, 1e., a
nanoparticle containing polymers that do not typically induce an adverse response when
inserted or injected into a living subject, for example, without significant inflammation and/or
acute rejection of the polymers by the tmmune system, for instance, via a T-ccll response.
One simple test to determine biocompatibility is to expose polymers to cells in vitro, where
biscompatible polymers typically do not result in significant cell death at moderate
concentrations, e.g., at concentrations of about 50 pg/10° cells. For example, a blocompatible
polymer may cause less than about 20% cell death when exposed to cells such as fibroblasts
or epithelial cells, even if phagocytosed or otherwise taken-up by such cells,

Non-limiting examples of biocompatible polymers include polydioxanone (PDO),
polyhydroxyalkanoate, polvhydroxvybutyrate, polv(glycerol sebacate), polyglycolide,
polylactide, polveaprolactone, or polyanhydride, or copolymers or derivatives including these
and/or other polymers.

The polymers present in the sanoparticles can also be biodegradable, i.e, the
polymers are able to degrade, chemically and/or biologically, within a physiological
cuvironment, such as within the body. For instance, the polymers can hydrolyze
spontaneously upon exposure to water {(€.g., within a subject) and/or the polymers can
degrade upon exposure to heat {e.g., at temperatures of about 37 °C). Degradation of the
polymers can occur at varying rates, depending on the polymers or copolymers used. For
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example, the half-life of the polymers (the time at which 50% of the polymers are degraded
into monomers and/or other nonpolymeric moieties) can be on the order of days, weeks,
months, or years, depending on the particular polymers used to make the nanoparticles. The
polymers can be biclogically degraded, ¢.g, by enzymatic activity or ccllular machinery, in
some cases, for example, through exposure to a lysozyme (e.g., having relatively low pH). In
some cases, the polymers can be broken down into monomers and/or other nonpolymeric
moteties that cells can either reuse or dispose of without significant toxie effect on the cells
{e.g.. polylactide can be hydrolyzed to form lactic acid, and polyglycolide can be hydrolyzed
to torm glycolic acid).

MNon-Hmiting examples of biodegradable polymers inchide, but are not hmited to,
poly(lactide) {or polv(lactic acid)), polv(giyeo Lide) {or polv(glyeotic acid)),
poly{orthoesters), poly{caprolactones), polyivsine, poly(ethylene imine}, poly{acrylic acid},
polv{urethanes), poiyanhvdrides), poiv(esters}, poly(trimethylene carbonate},
poly{ethyleneimine), poly(acrylic acid), poly{urethane), poly{beta amino esters) or the like,
and copolymers or derivatives of these and/or other polymers, ¢.g., poly(lactide-co-glycolide)

(PLGA).

Additional Anti-Cancer Agents

In some ernbodiments, the nanoparticies can contain one or more additional anti-
cancer agents, either in the hydrophobic core or attached on a surface of the hydrophilic shell.
In some embodiments, the additional anti-cancer agent is an alkylating agent {e.g.,
cyclophosphamide, mechlorethamine, uramusting, melphalan, chorarabucil, ifosfamide,
carmusting, lomusting, streptozocin, busulfan, and thiotepa). In some embodiments, the
additional anti-cancer agent is an antimetabolite (e.g., a purine analogue, a pyrimidine
analogue, or an antifolate}. In some embodiments, the additional anti-cancer agent s an
antracycline {¢.g., daunorubicin, epirubicin, idarubicin, valrubicin, and mitoxantrone). In
some embodiments, the additional anti-cancer agent is a plant alkyloid or a therapeutic
antibody (or antigen-binding antibody fragment) that specifically binds to a tumor antigen. In
some embodiments, the additional anti-cancer agent is linked to a polymer present in the

nanoparticie (e.g., present in the hydrophobic core of the nanoparticle).
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Controlled Release

In some embodiments, the compositions are formulated for controlled-release. In
some embodiments, confrolled release can be achieved by implants., Nanoparticle drug-
delivery compositions can release the linked active agents (e.g., a Pt-containing
chemotherapeutic agent and topoisomerase inhibitor) through surface or bulk erosion,
diffusion, and/or swelling followed by diffusion, in a time- or condition-dependent manner.
The release of the active agent(s) can be constant over a long or short period, it can be cyclic
over a long or short period, or it can be triggered by the environment or other external events
{see, ¢.g., Langer and Tirrell, Nature 428:487-492, 20043, In general, controiled-release
polymer systems can provide drug levels in a specific range over a longer period of time than
other drug delivery methods, thus increasing the efficacy of the drug and maximizing patient
compliance.

There are several ditferent ways in which the nanoparticles can be formulated for
controlled release. For example, the molecular weight of PLGA in PLGA-PEG presentin a
nanoparticie can be varied, the size of the nanoparticle can be varied, the ratio of lactic acid
to glycolic acid in PLGA present in the nanoparticle can be varied, the molecular weight of
the polymer containing a hydrophobic polymer that is linked to a Pt-containing
chemotherapeutic drug can be varied, and the amount of Pt-containing chemotherapeutic drug
incorporated i the nanoparticle in order to atfect the controlled release of the Pt-containing
chemotherapeutic agent and the topoisomerase inhibitor from the nanoparticle. These and
additional examples of methods of formulating a nanoparticle for controlled release are

described in Fredenberg et al,, . J. Pharmaceut. 415:34-52, 2011,

Formulations and Compositions

In some embodiments, the nanoparticles are combined with a pharmaceutically
acceptable excipient to form a pharmaceutical composition. As would be appreciated by one
of skill in this ast, the excipient can be chosen based on the particular route of administeation,
the location of the target issue, the composition being delivered, and the desired time course
of delivery of the composition.

In some embodiments, the composition containg a therapeutically effective amount of
the nanoparticles formulated together with one or more pharmaceutically acceptable
excipients. As described mn detail, the compositions of the present invention can be specially
formulated for administration in solid or liquid form, nchuding those adapted for the
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following: oral administration, for example, drenches {(agueous or non-agueous solitions or
suspensions), tablets, ¢.g., those targeted for buccal, sublingual, and systemic absorption,
boluses, powders, granules, pastes for application to the tongue; parenteral administration, for
example, by subcutancous, inframuscular, intravenous, or epidural injection as, for example,
a sterile solution or suspension, or sustained-release formulation; topical application, for
example, as a cream, ointment, or a controlled-release patch or spray applied to the skin,
lungs, or oral cavity; intravaginally or intrarcctally, for example, as a pessary, cream or foam;
sublingually; ccularly; transdermally; or nasally, pulmonary, and to other mucosal surfaces.

A pharmaceutically acceptable excipient can be solid or a vehicle, such as a liquid or
solid filler, diluent, or solvent material, that can carry or transport a nanoparticle from one
organ, or portion of the body, to another organ, or portion of the body. Each excipient should
be compatible with the other ingredicnts of the composition and not injurious to the patient.
Some examples of materials which can serve as pharmaceutically acceptable excipients
inchude without Hmitation: sugars, such as lactose, glucose and sucrose; starches, such as comn
starch and potato starch; cellulose, and is derivatives, such as sodium carboxymethyl
celluiose, ethyl celhiiose, and cellulose acetate; powdered tragacanth; malt; gelatin; talc;
cocoa butier and suppository waxes; oils, such as peanut oil, cottonseed oil, safflower oil,
sesame oil, olive oil, comoil, and soybean oil; glycols, such as propylene ghyeol; polyols,
such as glycerin, sorbitol, mannitol, and polyethylene glycol; esters, such as ethyl oleate and
cthyl laurate; agar; buffering agents, such as magnesium hydroxide and aluminum hydroxide;
alginic acid; pyrogen-free water; isotonic saline; Ringer's solution; ethyl alcohol; pH-buftfered
solutions; polyesters, polycarbonates, and/or polyanhydrides; and other non-toxic compatible
substances emiployed in pharmaceutical formulations.

The compositions can also contain a wetting agent, an enuulsifier, and a lubricant,
such as sodium laurvl sulfate and magnesium stearate, as well as coloring agents, release
ageunts, coating agents, sweetening, tlavoring, and perfuning agents, preservatives, and
antioxidants. Non-limiting cxarples of pharmaceutically-acceptable antioxidants that can be
jnchided i any of the compositions described herein include: water soluble antioxidants,
such as ascorbic acid, cysteine hydrochloride, sodium bisulfate, sodium metabisulfite, sodium
sulfite, and the like; oil-soluble antioxidants, such as ascorbyl palnutate, butylated
hydroxyanisole {BHA), butylated hydroxytoluene (BHT), lecithin, propyl gallate, alpha-

tocopherol (e.g., alpha-tocopheryl succinate), and the like; and metal chelating agents, such
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as citric acid, cthylencdiamine tetraacetic acid {EDTA), sorbitol, tartaric acid, phosphoric
acid, and the like,

The compositions of the present invention can be formulated in dosages, generally, at
the maximum amount while avoiding or minimizing any potentially deirimental side effects.
The compositions can be administered in effective amounts, alone or in a cockiail with one or
more additional anti-cancer agents (e.g., any of the exemplary anti-cancer agenis described
herein or known in the art). An effective amount is generally an amount sufficient to
decrease cancer celf proliferation {e.g., in a human subject), induce cancer cel death {e.g., in
a human subject), or treat cancer in a subject (e.g., a human).

One of skill in the art can determine what an effective dosage of the composition is by
screcning the composition using any of the assays described hercin or other known assays,
The effective amount may depend, of course, on factors such as the stage of the cancer being
treated, individual patient parameters including age, physical condition, sex, size, and mass,
concurrent anti-cancer treatments, the rate of excretion or metabolism of the composition
being employed, the duration of the treatment, the time of administration, the frequency of
treatment, the activity of the particular composition, the mode of administration, prior
medical history of the subject being treated, and like factors well known in the medical arts.
These factors are well known to those of ordinary skill in the art and can be addressed with
1o more than routine experimentation. In some cases, a maxiaum dosage be used, that is, the
highest safe dosage according to sound medical judgment.

Actual dosage levels of the active agents {(e.g., Pt-containing chemotherapeutic agent
and the topoisorerase inhibitor) in the compositions provided herein can be varied so as to
obtain an amount of the active agents that s effective to achieve the desired therapeutic
response for a particular subject and mode of administration, without being toxic to the
subject. In some embodiments, the composition {e.g., any of the compositions described
herein) 1s formulated in a single dose of between 1 mag to 500 mg (¢.g., between | mg to 400
mg, between 1 mg to 300 mg, between 1 mg and 250 mg, between 1 myg and 200 mg,
between | mg and 150 mg, between 1 mg and 100 mg, between 1 mg and 50 mg, between 5

mg and 50 mg, and between 5 mg and 40 mg).

34



10

20

25

30

WO 2014/059022 PCT/US2013/064138

Devices

In some embodiments, the compositions {¢.g., any of the compositions described
heren} can be provided in an ampule or a preloaded syringe. In some ernbodiments, the
ampule or preloaded syringe contains a single dosage ot a composition,

In some embodiments, the compositions (e.g., any of the compositions described
herein} are provided {e.g., in a kit) with instructions that describe any of the methods
described herein. In some embodiments, the compositions are provided in a kit with

instructions to administer the composition to a subject having cancer.

Methods of Making Nanoparticles

Also provided herein are methods of making the nanoparticles described herein,
These methods include mixing (i) a plurality polymers, wherein at least a fraction of the
polymers contain a hydrophobic polymer linked to a Pt-containing chemotherapeutic agent,
and (it} a topoisomerase inhibitor n an organic solvent to form an organic precursor sohution;
and contacting the organic precursor solution with an aqueous solvent to achieve a ratio of
about 5:1 to about 20:1 {e.g., about 5:1 {0 about 15:1 or about 53:1 to about 10:1}, wherein the
contacting results in the self-assembly of a nanoparticle. In some embodiments, the plurality
of polymers further contains at least one polymer linked to a targeting moiety. In some
erabodiments, the topoisomerase nhibitor is Hnked to at least one polymer. Some
embodiments further include a step of adding a layer of surfactant to the outer surface of the
nanoparticle.

In some embodiments, the ratio of polymers containing a hvdrophobic polymer linked
to a targeting moiety, polymers containing a hydrophobic moiety linked to a Pt-containing
chemotherapeutic agent, and polymers containing a hydrophobic moity that are not linked to
a targeting moiety, a Pt-containing chemotherapeutic agent, or a topoisorserase inhibitor in
the organic precursor solution is about 1:2:1. Tn some embodiments, the fotal polymer
concentration in the organic precursor sohution is between 5 mg/mL to 15 mg/mb, 6 mg/mL
to 14 mg/mL, 7 mg/mL to 13 mg/mL, 8 mg/ml to 12 mg/ml, or 9 mg/mk to 11 mg/ml. In
some embodiments, the concentration of topoisomerase inhibitor (¢.g., irinotecan) in the
organic precursor solution is sufficient to achicve a final drug loading of 3%. Tn some
embodiments, the topoisomerase nhibitor is Hinked to at least one polymer containing a

hydrophobic polyruer.
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In some embodiments, the organic solvent contains acetonitrile. In some
embodiments, the organic solvent contains acetonitrile, ethyl acetate, tetrahydrofuran,
dichloromethane, acetone, dimethyiformamide, and/or dimethyl sulfoxide.

In some embodiments, the mixing is performed at a temperature of between 20° C to
30° C, between 22° C to 28° C, or between 24° C 10 26° C. In some embodiments, the mixing
is performed by convection, In some embodiments, the mixing is performed by physical
agitation of the precursor organic solation. In some embodiments, the mixing is performed
for at least 1 minute {c.g., at least 5, 10, 20, 30, 40, or 50 minutes). In some embodiments,
the mixing is performed between 1 to 360 minutes, 60 to 240 minutes, or 120 to 180 minutes.
In some embodiments, the contacting is performed at a temperature of between 20° C o 30°
C, between 22°C t0 287 C, or between 247 C 10 26°C.

In some embodiments, the contacting is performed by passing the organic precursor
solution through a microthuidic device. Microfluidic devices enable the rapid contacting of
the organic precursor solution with an aqueous solution (e.g., water) and result in the
nanoprecipitation of nanoparticles. The ability to controllably and rapidly mix reagents and
provide homogeneous reaction environments make microfluidic devices ideally suited for the
synthesis of monodispersed nanoparticles (DeMello and DeMello, Lab on o Chip 4:11K-15K,
2004). The use of microftuidic devices can provide dramatic enhancement in the
homogeneity of the resulting nanoparticies and a significant troprovernent in the
reproducibility as compared 1o conventional nanoprecipitation without control over the
mixing fme.

In some embodiments, the microfluidic device is made of polydimethyisiloxane
(PDMS) (see, e.g., Karnik et al,, Nano Lest, 8:2906-2912, 2008, and Valencia et al.,, 408
Nano 4:1671-1679, 2010). In some embodiments, the microfluidic device contains a mixing
channel that is ~ 20 pm wide, ~ 60 um high, and ~ 1 cm long. In some embodiments, the
microfluidic device performs hydrodynamic flow focusing. Tn some embodiments, the
organic precursor solution is passed through the microthuidic device at a rate of between 3
ul/minute to 100 pl/minute (e.g., between 3 pl/minute to 80 pl/minute, between 3
ul/minote and 60 pl/mimite, between 3 pl/mimate and 40 pl/minute, between 3 pl/minute
and 30 pl/minute, between 3 ul/minute and 20 ul/minute, between 3 ul/munute to 12
ul/minute, between 3 pl/minute to 10 ul/minute, or between 3 ul/minute to 7 ul/minute).
In some embodiments, the aqueous solution is passed through the microfluidic device at a
rate of between 3 pl/mimute to 500 pul/minute {e.g., between 3 ul/minute to 400 pl/minute,
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3 pl/mimute to 300 ul/minute, 3 ul/minute to 200 ul/minute, 3 pl/minute to 100
ul/minute, 3 ul/minute to 50 pl/minute, 3pl/minuate to 15 pl/minute, between 3 pl/minute
to 10 ul/minute, or between 3 pl/minute to 7 pL/minute). In some embodiments, the
acqueous solution is passed through the microfhuidic device at a rate that is between 5- 10 20-
fold (e.g., 10~ to 16-fold or 12~ to 14-fold) faster than the rate that the organic precursor
sohution is passed through the microthuidic device.

In some embodiments, the passing is performed at a temperature of between 20°C and
30°C (e.g., between 22° C and 28° C, between 23° C and 26" C, and between 24° C and 25°C).
These methods can also be performed using a chaotic advection mixer (e.g., Herringbone
mixer}), a zigzag mixer, a droplet mixer, a shear superposition mixer, a T-mixer, a mixer
based on Tesla microstructures, or an active maxer. Additional exaraples of mixing
techniques are described in Nguven ¢t al., J. Micromechan. Microeng. 15:R1, 2005,

Some embodiments of these methods further include washing the nanoparticles in an
agueous solvent {e.g., water). In some embodiments, the washing can be performed using a
filtration membrane (¢.g., an Amicon centrifugation filtration membrane).

In some embodiments, the resulting nanoparticle has a diameter of between 40 nm to
80 nm (e.g., between 45 nim to 75 nm, between 50 nm to 70 nm, and between 55 nm to 65
nm). In some embodiments, the resulting nanoparticle contains any of the polymers
containing a hydrophoblic polymer linked to a targeting moiety described herein, In some
embodiments, a polymer that contains a hydrophobic polymer that is linked to a targeting
motety 1s PLGA-PEG. In some ersbodiments, the targeting moiety is a nucleic acid {e.g., a
rucleic acid comprising at least one nucleoside analogue or at least one modification inthe
polyphosphate backbone}, a small molecule (e.g., a carbohydrate or hydrocarbon), a
polypeptide, or an aptamer. In some embodiments, the smal molecuie is 5,5-2[3-]{5-amino-
[-carboxypentyl}-ureido-pentanedioic acid (LIG). Tn some embodiments, a polymer
containing a hydrophobic polymer linked to a targeting moiety is PLGA-PEG-LIG.

In some embodiments, the polymer containing a hydrophobic polymer linked to 3 Pt-
containing chemotherapeutic agent contains a polylactic acid, a polyecaprolactone, or a
polvanhydride. In some embodiments, the polymer containing a hydrophobic polymer linked
to a Pt-contaming chemotherapeutic agent contains a polvlactic acid. In some embodiments,
the Pi-containing chemotherapeutic agent is selected from the group oft cisplatin, carboplatin,
oxaliplatin, satraplatin, picoplatin, and aroplatin. In some embodiments, the polymer
containing a hydrophobic polymer linked to a Pt-containing chemotherapeutic agent is PLA-
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cisplatin. In some embodiments, the Pt-containing chemotherapeutic agent is linked to the
polymer containing a hydrophobic polymer through an ester, an amide, or an ether bond.

In some embodiments, the plurality of polymers containing a hydrophobic polymer
comprises a PLGA-PEG. In some embodiments, the topoisomerase inhibitor is selected from
the group consisting oft irinotecan, SN-38, topotecan, and campiothecin,

In some embodiments, the plurality of polymers inchides PLGA-PEG-LIG and PLA-
cisplatin, and the topoisomerase inhibitor is rinctecan. In some embodiments, the
nanoparticie contains the topoisomerase inhibitor and the Pt-containing chemotherapeutic
agent in a ratio of about 24:1 to 1:24 (e, ~4:1,3.5:1, 2:1, 112, 1:3.5, or 1:4). In some
embodiments, the topoisomerase inhibitor is Hnked to at least one polymer containing a

hydrophobic polyruer.

Methods of Inhibiting ovr Redacing Cancer Cell Proliferation

Also provided arc methods of reducing the proliferation of a cancer cel that include
contacting a cancer celf with an amount of any of the compositions described herein
sufficient to reduce the proliferation of the cancer cell. In some embodiments, the amount of
the composition is sufficient to induce death of the cancer cell.

In some non-limiting crbodiments, the composition contains nanoparticles
containing: PLGA-PEG-LIG, PLA-cisplatin, PLGA-PEG, and irinotecan. In some
embodiments, the composition contains nanoparticles containing PLGA-PEG-LIG, PLA-
cisplatin, PLGA-PEG, and irinotecan, where the irinotecan and cisplatin are present in a ratio
of about 24:1 to about 1:.24 {e.g., 4:1 to 114, about 2, or about 3.5). In some embodiments,
the composition contains nanoparticles containing PLGA-PEG-LIG, PLA-cisplatin, PLA-
irinotecan, and PLGA-PEG.

In some embodiments, the cancer cell is selected from the group oft a breast cancer
cell, a colon cancer cell, a leukemia cell, a bone cancer cell, a lung cancer ¢ell, a bladder
cancer cell, a brain cancer cell, a bronchial cancer cell, a cervical cancer cell, a colorectal
cancer cell, an endometrial cancer cell, an ependymoma cancer cell, a retinoblastoma cancer
cell, a gallbladder cancer cell, a gastric cancer cell, a gastrointestinal cancer cell, a ghioma
cancer cell, a head and neck cancer cell, a heart cancer cell, a ver cancer cell, a pancreatic
cancer cell, a melanoma cancer cell, a kidney cancer cell, a laryngeal cancer cell, a lip or oral

cancer cell, a lymphoma cancer cell, a ruesothioma cancer cell, a mouth cancer cell, a

myeloma cancer cell, a nasopharyngeal cancer cell, a newroblastoma cancer celi, an
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oropharyngeal cancer cell, an ovarian cancer cell, a thyroid cancer cell, a penile cancer cell, a
pituitary cancer cell, a prostate cancer cell, a rectal cancer cell, a renal cancer cell, 2 salivary
gland cancer cell, a sarcoma cancer cell, a skin cancer cell, a stomach cancer cell, a testicular
cancer cell, a throat cancer cell, a uterine cancer cell, a vaginal cancer cell, and a vulvar
cancer cell,

In some embodiments, the cancer cell is present in vivo. In some embodiments, the
cancer cell ts an ex vive culture. T some embodiments, the cancer cell is grown in a tissue
culture medium.

In some embodiments, the cancer cell is present in a mammal {e.g., a human or
domesticated animal, such as a dog, cat, mouse, rat, rabbit, horse, monkey, cow, or pig). In
some embodiments, the mammal (e.g., huran) has been previously diagnosed as having a
cancer (2.2, any of the forms of cancer described herein). In some embodiments, the subject
is a female. In some embodiments, the subject is amale. In some embodiments, the subject
has been previously treated with another anti-cancer agent. In some erbodiments, the
subject has previously responded poorly to another anti-cancer agent. 1o some embodiments,
the subject may have inoperable cancer. In some embodiments, the subject is a child. In
some embodiments, the subiject is an adult {e.g., between 18 to 20 years old or at least 20, 25,
30, 35, 40, 45, 50, 55, 60, 65,70, 75, 80, §5, 80, 85, or 100 vears old).

In some embodiments, the composition 1s administered by intravenous, intraarterial,
sebcutaneous, intraperiioneal, intramuscular, ocular, or intrathecal administration. In some
embodiments, the composition is admimstered by local administration to a tissue within the
mammal containing the cancer cell.

In some embodiments, the composition is administered by a medical professional
{e.g., a physician, a physician’s assistant, a nurse, a nurse’s assistant, or a laboratory
technician) or veterinary professional. In some embodiments, the composition is self-
admmistered by the subject. The composition can be administered in a hospital, a clinic, ora
primary care facility (e.g., 8 nursing home}.

The appropriate amount (dosage) of the composition administered can be determined
by a medical professional or a veterinary professional based on a number of factors inchuding,
but not limited to, the type of cancer cell, the route of admunistration of the composition, the
location of the cancer cell (in a subject), the severity or stage of cancer (in a subject

diagnosed with cancer), the subject’s responsiveness (o other anti-cancer agents, the health of
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the subject, the subjoct’s mass, the other therapies administered to the subject, the age of the
subiect, the sex of the subject, and any other co-morbidity present in the subject.

A medical professional or veterinary professional having ordinary skill in the art can
readily determine the effective amount of the composition that is required. For example, a
physician or veterinarian could start with doses of the composition (e.g., any of the
compositions described herein} at levels lower than that required to achieve the desired
therapeutic effect and then gradually increasing the dose until the destred effect is achieved.

In some embodiments, the subject is administered a dose of between 1 mg to 500 mg
of any of the compositions described herein (e.g., between 1 mg to 400 mg, between 1 mg to
300 mg, between 1 mg and 250 mg, between 1 mg and 200 mg, between 1 mg and 150 mg,
between | g and 160 mg, between | mg and 50 mg, between 5 mg and 50 mg, and between
5 mg and 40 mg). The amount of the composition administered will depend on whether the
composition is administered locally or systemically. In some embodiments, the subject is
administered more than one dose of the composition. In some embodiments, the subject is
adounistered a dose of the composition at least once a month {e.g., at feast twice a month, at
least three times a month, at least four times a month, at least once a week, at Jeast twice a
week, three times a week, once a day, or twice a day).

In some embodiments, the composition is provided to a subject chronically, Chronic
treatroents include any form of repeated administration for an extended period of time, such
as repeated administrations for one or more months, between a month and a year, one or more
years, or longer. In some embodiments, chronic treatments can involve regular
administrations, for example one or more times a day, one or more times a week, or one or
mote times a month. In general, a suitable dose such as a daily dose of the compound will be
the amount of the compound that is the owest dose effective to produce a desired therapeutic
effect. Such an effective dose will generally depend upon the factors described herein, 1
destred, the effective datly dose of the compound can be administered as two, three, four,
five, or six or more sub-doscs administered separately at appropriate intervals throughout the
day, optionally, inunit dosage forms.

Some embodiments further inchude contacting the cancer cell with one or more
additional anti-cancer agents selected from the group: an alkylating agent (¢.g., any of the
alkylating agents described herein or known in the art), an antimetabolite (¢.g., any of the
antimetabolites described herein or known in the art), an anthracycline (e.g., any of the
anthracychines described herein or known in the art), a plant alkyvloid (e.g, any of the plant
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alkvloids described herein or known in the art), and a therapeutic antibody or an antigen-
binding antibody fragment that specifically binds to a tumor antigen (e.g., any of the
anttbodies or antigen-binding antibody fragments described herein or known i the art). In
some embodiments, the dose of an anti-cancer agent administered o a subject is between 1
mg to 500 mg of any of the additional anti-cancer agents described herein {(e.g., between |
mg to 400 mg, between 1 mg to 300 mg, between I mg and 250 mg, between | mg and 200
mg, between | mg and 150 mg, between | myg and 100 mg, between | mg and 50 mg,
between 5 mg and 50 mg, and between 5 myg and 40 mg). In some embodiments, the one or
more additional anti-cancer agents are administered at least once a month {¢.g., at leasi twice
a month, at least three times a month, at least four times a month, at least once a week, at
least twice a week, three times a week, once a day, or twice a day). Tn some embodiments,
the one or more additional anti-cancer agents and any of the compositions described herein
can be administered at substantially the same time to the subject.

A reduction in the proliferation of a cancer ¢ell can be determined in virro using a
rurnber of different methods for detecting the rate of cellular proliferation. For exarople, the
profiferation of a cancer cell can be detected by microscopic techniques and cell counting
{e.g., cell counting performed using fluorescence assisted cell sorting or a hemocytometer).

A reduction in the proliferation of a cancer cell in vivo {e.g., n a human) can be
detected by medical imaging (¢.g., magnetic resonance imaging, X-ray, ulirasound, positron
emission tomography, and computed tomography) (i.e., a reduction in the rate of growth of a
tumnor i a subject). A reduction in the proliteration of a cancer cell can also be assessed by a
decrease m the number of symptoms of cancer 1 a subject, a decrease in the rate of
development of symptoms of cancer in the subject, or a decrease in the frequency, intensity,

and/or duration or one of more symptoms of cancer in a subject.

Methods of Treating Cancer in a Subject

Also provided arc methods of treating a cancer in a subject that include administering
an amount of any of the compositions described herein sufficient to freat a cancer ina
mammal. In some embodiments, the composition contains nanoparticles containing PLGA-
PEG-LIG, PLA-cisplatin, PLGA-PEG, and irinotecan. In some embodiments, the
composition contains nanoparticles containing PLGA-PEG-LIG, PLA -cisplatin, PLGA-PEG,

and irinotecan, where trinotecan and cisplatin are present in a ratio of about 24:1 to about
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1:24 {e.g., about 4:1 to about 1:4). In some embodiments, the composition contains
nanoparticies containing PLGA-PEG-LIG, PLA-cisplatin, PLA-irinctecan, and PLGA-PEG.

In some embodiments, the mammal (e.g., human) has been previously diagnosed as
having a cancer. In some embodiments, the cancer is a metastatic cancer. In some
embodiments, the cancer is selected from the group of: breast cancer, colon cancer, leukemia,
bone cancer, lung cancer, bladder cancer, brain cancer, bronchial cancer, cervical cancer,
colorecial cancer, endometrial cancer, ependymoma, retinoblastorna, gallbladder cancer,
gastric cancer, gastrointestinal cancer, glioma, head and neck cancer, heart cancer, liver
cancer, pancreatic cancer, melanoma, kidney cancer, laryngeal cancer, Hip or oral cancer,
tyrmaphoma, mesothioma, mouth cancer, myeloma, nasopharyngeal cancer, neuroblastoma,
oropharyngeal cancer, ovarian cancer, thyroid cancer, penile cancer, pituitary cancer, prostaie
cancer, rectal cancer, renal cancer, salivary gland cancer, sarcoma, skin cancer, stomach
cancer, testicular cancer, throat cancer, uterine cancer, vaginal cancer, and vulvar cancer.

A subject can be diagnosed as having cancer based on the detection of one or more
syraptoms of a cancer in a subject, The specific symptoms of a cancer will depend on the
particular type of cancer. Non-limiting symptoms of cancer include: fatigue, a lump or
thickening that can be telt under the skin, weight changes (unintended weight loss or gain},
skin changes (e.g., vellowing, darkening, or redness of the skin, or sores), fever, changes in
bowel or bladder habits, persistent cough, difficulty swallowing, hoarseness, persisient
indigestion or discomfort after eating, persistent, unexplained muscle or joint pain.
Symptoms of prostate cancer include burning or pain during urination, inability to urinate,
frequent nocturnal urination, weak urine stream, and blood inurine, A subject can also be
determined to have cancer based on the outcome of a molecular diagnostic test (e.g.,
Her2/Neu screening and prostate specific membrane antigen screening). A subject can also
be determined o have cancer based ou the results ot a biopsy.

In some embodiments, an effective freatment of a cancer will result in a decrease
the spread of a cancer to secondary sites in the body (a decrease in the rate of metastasis), a
decrease i the proliteration of cancer cells in a subject (e.g., a decrease in the rate of growth
of a tamor fn a subject), a decrease in the number of symptoms of a cancer tn a subject, a
decrease m the rate of development of symptoms of cancer in a subject, a decrease in the
frequency, severity, or duration of one or more symptoms of cancer in g subject, and/or an

increase in the length of remission in a subject. The efficacy of treatment of a cancer can be
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determined using meothods known in the art. A medical professional or a veterinary
profession can readily determine the efficacy of treatment of a cancer in a subject.

In some embodiments, the subject is a female. In some embodiments, the subjectis a
male. In some embodiments, the subject can have a severe or advanced stage of cancer, In
some embodiments, the subject can be in an early stage of cancer. Insome embodiments, the
subject may have been previcusly treated with another anti-cancer agent. In some
embodiments, the subject has previously responded poorly to another anti-cancer agent. In
some embodiments, the subject may have inoperable cancer. In some embodiments, the
subject is a child. In some embodiments, the subject is an adult {e.g., between 18 to 20 years
old or at least 20, 25, 30, 35, 40, 45, 54, 55, 60, 65, 70, 75, 80, 85, 80, 95, or 100 years old).

In some embodiments, the composition 1s administered by intravenous, intraarterial,
subcutaneous, intraperitoneal, intramuscular, ocular, or intrathecal administration. In some
embodiments, the composition is administered by local administration to a tissue within the
mammal containing the cancer cell.

In some embodiments, the composition 1s administered by a medical professional
{e.g., a physician, a physician’s assistant, a nurse, a nurse’s assistant, or a laboratory
technician} or veterinary professional. In some embodiments, the composition is self-
administered by the subject (e.g., by self-injection). The composition can be administered in
a hospital, a clinic, or a primary care facility (e.g., a nursing home). In some embodiments,
the composition is administered by infusion over a period of time {e.g., at least 5 minutes, 10
minuates, 13 minutes, 30 minutes, or | hour).

The appropriate amount (dosage) of the composition adnunistered can be determined
by a medical professional or a veterinary professional based on a number of factors including,
but not limited to, the type of cancer, the route of administration of the composition, the
location of the cancer cell in the subject, the severity or stage of cancer, the subject’s
responsivencss to other anti-cancer agents, the health of the subject, the subject’s mass, the
other therapies administered to the subject, the age of the subject, the sex of the subject, and
any other co-morbidity present in the subject.

A medical professional or veterinary professional having ovdinary skill in the art can
readily deternune the effective amount of the composition that is required. For example, a
physician or veterinarian could start with doses the composition {e.g., any of the
compositions described herein) at levels lower than that required to achieve the desired
therapeutic effect and then gradually increasing the dose until the desired etfect is achieved.
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In some embodiments, the subject is administered a dose of between 1 mg to 500 mg
of any of the compositions described herein (e.g., between 1 mg to 400 mg, between 1 mg to
300 mg, between 1 mg and 250 mg, between 1 mg and 200 mg, between 1 mg and 150 mg,
between | mg and 100 mg, between | mg and 50 mg, between 5 mg and 50 mg, and between
5 mgand 40 mg). In other examples, the subject is administered a dose of between about |
mg total polymer/kg to about 6000 mg total polvmer/kg (e.g., between about 10 mg total
between about 10 mg total polymer/kg to about 5000 mg total polvmer/kg, between about 10
mg total polymer/kg to about 4000 mg total polymer/kg, between about 10 mg total
polymer/kg to about 3000 mg total polymer/kg, between about 10 mg total polymer/kg to
about 2000 mg total polymer/kg, or between about 10 mg total polymer/kg to about 1060 mg
total polymer/kg). The amount of the composition administered will depend on whether the
composition is administered locally or systemically (c.g., intravenously). In some
embodiments, the subject is administered more than one dose of the composition. In some
embodiments, the subject is administered a dose of the composition at least once a month
{c.g., at least twice a month, at least three times a month, at least four times a month, at least
once a week, at least twice a week, three Himes a week, once a day, or twice a dav).

In some embodiments, the composition is provided to a subject chronically, Chronic
treatrments include any form of repeated administration for an extended period of time, such
as repeated adminastrations for one or more roonths, between a month and a year, one or more
years, of longer. In some embodiments, chronic treatments can involve regular
administrations, for example one or more times a day, one or more times a week, or one or
mote times a month, In general, a suitable dose such as a daily dose of the compound will be
the amount of the compound that is the lowest dose effective o produce a desired therapeutic
effect. Such an effective dose will generally depend upon the factors described herein. If
desired, the effective datly dose of the compound can be administered as two, three, four,
five, ot six or more sub-doses admunistered separately at appropriate intervals throughout the
day, optionally, in unit dosage forms.

Some embodiments further inchude administering to the subject one or more
additional anti-cancer agents selected from the group: an alkylating agent (e.g., any of the
atkviating agents described herein or known in the art), an antimetabolite {e.g., any of the
antimetabolites described herein or known in the art), an anthracycline (e.g., any of the
anthracyclines deseribed herein or known in the art), a plant alkvloid (e.g., any of the plant
alkyloids described herein ot known in the art), and a therapeutic antibody or an antigen-
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binding antibody tragment that specitically binds to a tumor antigen (¢.g., any of the
anttbodies or antigen-binding fragments described herein or known in the art). In some
embodiments, the one or more additional cancer therapeutics are sclected from the group
consisting of: cyclophosphamide, methotrexate, S-fluorouracil, doxorubicin, paclitaxel,
doxorubicin, epirubicin, trasturumab, lapatinib, bevacizumab, abraxane, pamidronate,
anastrozole, exemastane, fulvestrani, letrozole, gemcitabine, pegfilgrastim, filgrastin,
doxetaxel, capecitabine, goserelin, zoledronic acid, and ixabepilone.

In some embodiments, the dose of an additional anti-cancer agent administered to a
subiect 1s between 1 mg to 500 mg of any of the additional anti-cancer agents described
heremn {e.g., between 1 mg to 400 mg, between 1 mg to 300 mg, between 1 mg and 250 mg,
between | rag and 260 mg, between | mg and 150 mg, between | mg and 100 mg, between 1
mg and 50 mg, between 5 mg and 50 mg, and between 5 mg and 40 mg). Insome
embodiments, the one or more additional anti-cancer agents are administered at least once a
month {e.g., at least twice a month, at least three times a month, at least four times a month,
at least once a week, at least twice a week, three times a week, once a day, or twice a day). In
some embodiments, the composition contains one or more additional anti-cancer agents and
nanoparticles {e.g., any of the nanoparticies described herein}. In some embodiments, the one
or yuore additional anti-cancer agents and any of the compositions described herein can be
administered at substantially the same time to the subject.

The invention is further described in the following example, which does not limit the

scope of the invention described in the claims.

EXAMPLES
Example 1. Prostate Specific Membrane Antigen (PMSA)-Targeted Manoparticles
Containing Unconjugaied Irinotecan and Use of the Nanoparticles to Mediate Prostate
Cancer Cell Death
PMSA-targeted nanoparticles were produced that contain the combination of a Pt-
containing chemotherapeutic agent and an unconjugated topoisomerase mhibttor. The
cytotoxic ettect of these nanoparticles was tested using a prostate cancer cell line. The

materials and methods used to perform these experiments are described below.
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Materials and Methods

Maierials

Poly([3,L-lactide—co—glycolide)-co-poly{ethylene glycol} with terminal ruethoxy
groups (PLGA27K-mPEGSK)} was aobtained from Bochringer Ingetheim (Ingelheim am
Rhein, Germany). Poly(Dy,L-lactide-co-glycolide} (50/50}) with terminal carboxylate groups
(PLGA, mherent viscosity 0.67 dL/g, MW ~ 45 kDa) was obtained from Lactel (Petham,
AL} tBOC-NH-PEG-NH; (MW 5000} and tBOC-NH-PEG-NHS (MW 5000} were
purchased from Laysan Bio, Inc (Arab, AL). 3-(4,5-Dimethylthiazol-2-vi}-2,5-diphenyl
tetrazohium bromide (MTT) reagent was purchased from Sigma-Aldrich (St Louis, MO,
USA). Molecular biclogy butters and tissue culture reagents were purchased from Invitrogen
{(Carlsbad, CA)., The LNCaP cell line was obtained frora American Type Culture Collection
{Manassas, YA}

Synthesis of PLGA-PEG-LIG

The synthesis of PLOAsx-PEGk-LIG was accomplished first by the conjugation of
LIG to PEG, followed by the conjugation of the resultant LIG-PEG to PLGA. First, LIG (3.9
mg, 8.9 umol) was dissolved in 400 pL. of dimethylformamide (DMF) and reacted with
tBOC-NH-PEG-NHS (22 mg, 4.5 umol} and N, N-diisopropylethylamine (DIEA, 10 ub) for
12 hours. The reaction product was dialyzed 24 hours in water to remove any unreacted LIG.
The resultant (BOC-PEG-LIG was lyophilized and reconstituted in 400 ul. of trifluoroacetic
acid {TFA) to remove the protecting group. After 4 hours of reaction, the product was dried
under vacuur and dissolved in 200 b of dimethyl sulfoxide (DMSQ). Concurrently, PLGA-
COOH (100 mg, 2.2 pmol.) was reacted with N-hvdroxysuccininude (NHS) 1 the presence
of 1-ethyi-3-[3-dimethylaminopropyl} carbodiimide (EDC) in dichloromethane (DCM) for 2
hours. PLGA-NHS was dried under vacuum and dissolved in 300 pl of BDMSQO. Finally,
PEG-LIG and PLGA-NHS in DMS0O were mixed with diisopropylethviamine (DIEA),
allowed to react for 24 hours, precipitated in ice cold methanol, and dried under vacoum.
PLGA-PEG-LIG was characterized with gel permeation chromatography (GPC) to confirm
the presence of the triblock PLGA-PEG-LIG.

Synthesis of PLA-Cisplatin

The synthesis of PLA-cisplatin was accomplished as described previously (Kolishetti
et al, Proc. Natl. Acad. Sci. US. A 107:17939-17944, 2010). The first step mvolved the
preparation of functionalized lactic acid monomer, by conversion of the amine (o a hydroxyl
group via diazofization using sodium nitrite in the presence of an acid for 6 bours. This
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reaction provided the resultant monomer for direct use in condensation polymerization with
factic acid to give a polylactide copolymer, PLA-OBn. The condensation polymerization was
then performed at 150 °C for 3 hours with a continuous argon purge, followed by a further 3
hours under vacyum. The same polymer was prepared using a ring-opening polymerization
the cyclic lactide monomer and functionalized cyclic lactide monomer. The functionalized
cyclic lactide monomer was made by dehydration of the o-hydroxyt acid under very dilute
conditions 1u toluene with 1% p-toluenesulfonic acid. The hydroxyl-functionalized
biocdegradable polylactide (PLA-OH) was obtained by benzyl deprotection using a Pd/C
catalyst at 50 psi pressure for 8 hours. Finally, succinic acid derivatized platinum (IV}
{cisplatin prodrug) was linked with the PLA-OH using dicyclobhexyicarbodtimide
(DCCYhydroxybenzotriazole coupling for 12 hours in dimethviformaride at room
temperature to produce PLA-cisplatin,

Synthesis and Characterization of Nanoparticles

Naneparticle synthesis was carried out in microthiidic devices made of
polvdimethylsiloxane (PDMS) as previously described in Karnik et al. (Nano Lert. 8:2906-
2912, 2008} and Valencia et al. (ACS Nano 4:1671-1679, 2010). The device had one inlet
each for water and precursors streams, and one outlet. The water stream was split into two in
order to achieve two water streams at the low focusing junction. The mixing channel was 20
um wide, 60 wm high, and 1 cm long. 2.5-mL and 0.5-mL gas-tight syringes were used for
aqueous and organic streams, respectively, and were mounted on a syringe pumps to control
flow through the device. Nanoparticles were prepared by the nanoprecipitation method. In
brief, PLGA-PEG was mixed with a predefined amount of PLGA-PEG-LIG and PLA-
cisplatin in acetonitrile to vield a final polymer concentration of 10 mg/mL. Unconjugated
trinotecan was mixed with the polymers to reach an initial drug loading ot 5%. The organic
stream {polymers, drugs, and acetonitrile) was vun at § pl/minute, while the aqueous flow
rate was maintained at 50 ul/minute. Nanoparticles were collected at the outlet stream, and
washed three times with water using an Amicon centrifugation filtration membrane to remove
excess drugs and organic solveuts.

Particle sizing was performed using dynamic hight scattering (DLS) with a Zetasizer
Nano Z8 mstruroent (Malvern Instruments Lid., UK.}, For cach measurement, 100 pl or
more of the sample was loaded in a disposable low-volume cuvette, Trasnmussion clectron
microscopy (TEM) experiments were carried out on & JEOL 2011 instrument at an
acceleration voltage of 200 kV. The TEM sample was prepared by depositing 10 pl of the
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nanoparticie suspension {1.0 mg/mL) onto a 300-mesh carbon-coated copper grid. Samples
were blotied away after 30 mimutes incubation and the grids were negatively stained for 20
minutes at room temperature with a sterife-filtered 1% (w/v) uranyl acetate aqueous solution.
Drug loading and encapsulation etficiency (EE) were determined by quantifving the amount
of drug in the nanoparticles. Drug loading is defined as the mass fraction of the drug in the
nanoparticies, whereas EE is the fraction of initial drug that is encapsulated by the
nanoparticles. After synthesis, nanoparticles were dissolved in a solution S0/50
cetonitrile/water and vortexed for several hours to induce nanoparticle dissociation. The

amount of platinum inside the nanoparticles was detected using Atomic Absorption
Spectroscopy (AAS), from which the load of cisplatin was calculated. Trinotecan was
detected using spectrophotoruetry on a TECAN 1000 plate reader at a wavelength of 385 nm.
A calibration curve with known concentrations of irinotecan was prepared, and the amount of
irinotecan encapsulated in the nanoparticles was calculated using the calibration cuarve.

Nanoparticle Rinding and Uptake by LNCaP cells

LNCaP cells were cultured in RPMI 1640 medium with 10% fetal bovine serum, 50
units/mL penicillin, and 50 mg/mL streptomycin, All cells were cultured at 37 °C and 5%
{0,. The cells were seeded at a density of 50,000 cells per well on a 24-well plate. After 24
hours, the cell medium was removed and replaced with nanoparticles dissolved in the same
medium at a concentration of 1 mg/mi.. Cells and nanoparticles were incubated for 4 hours
followed by three washes with 1% bovine serum albumin (BSA) solution in phosphate
buffered saline (PBS) to remove excess nanoparticles. LNCaP cells were treated with
trypsin, removed from the plate, and centrifuged. The resulting cell peliets were reconstituted
i 250 ul. of PBS, and placed 1n a 96-well plate for fluorescence-assisted coll sorting (FACS)
analysis. FACS analysis was performed on a BD Biosciences LSR H with High-Throughput
Sampler (HTS) option, with 10,000 cells collected for each measurement. Four samples were
analyzed per formulation (n=4).

In Vitro NP Cyiotoxicity Assay

The cytotoxic behavior of all the nanoparticles was evaluated using a MTT assay.
First cells were seeded on a 96-well plate in 100 pL of RPMI medium 1640, and mcubated
for 24 hours, Nanoparticles were freshly prepared in sterile PBS, and platinum and irinotecan
content were quantified by AAS and spectrophotomeiry, respectively, The cells were then
treated with different nanoparticles at varying concentrations, and incubated for 12 hours at
37 °C. The medium was changed after 12 hours, and the cells were further incubated for
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another 48 hours, The cells were then treated with 20 ub of MTT (5 mgmlL in PBS), and
incubated for 5 hours. The medivm was removed, the cells were lysed by adding 100 gL of
DMSQO, and the absorbance of the purple formazan was recorded at 550 nm using a

microplate reader. Each treatment was tested in friplicate in three independent experiments.

Resalis

Naneparticles were produced that contain a PMSA-targeting motety on thetr surface,
and contain unconjugated irinotecan and conjugated cisplatin in their hydrophobic core.
Figure 1 is a schematic diagram showing these nanoparticles entering a cell and delivering
trinotecan and cisplatin. The nanoparticles used in these experiments contain a PLGA core
where both drugs are incorporated and a PEG shell decorated with LIG moieties that target
PSMA. As the nanoparticies contact the cell surface, there are multivalent interactions
between LIG and the extracellular domain of over-expressed PSMA receptors on the cell
surface resulting in endocyiosis of the nanoparticles (Chandran et al., Cancer Binl. Ther.
7:974-982, 2008). Once mside the cell, the nanoparticles release their dual cargo—irinotecan
and cisplatin prodrug. Irinotecan is expected to be released at a faster rate than cisplatin,
since the former is encapsulated inside the nanoparticle and can escape the core by diffusion,
while the latter is linked to a polymer backbone which needs to be cleaved in order to become
active. Once in the nucleus, irinotecan inhibifs topoisomerase [, while cisplatin forms DNA
adducts. The end result of both events is the signaling of cell replication arrest and apoptosis
(Zastre et al., Cancer Chemother. Pharmacel 66:91-102, 2007). The nanoparticles provide
spatial control drug delivery, since both drugs will be released nside the cell, and temporal
control by allowing one drug to be released at a different rate than the other,

To minimize the nomber of steps in the preparation of targeted nanoparticles, a
ligand-linked PLGA-PEG copolymer was synthesized (Figure 2. LIG contains a free
primary amine group that can be used to anchor LIG to the nanoparticle surface without
affecting the targeting capabilities of the molecule. L1G was reacted with commercially-
available succinimide-modified tBOC-NH-PEG-NHS, which after deprotection can be linked
to a succmimide~-modified PLGA. This functionalized polymer possessed all required
components for a targeted nanoparticle and coabled single step seif-assembly of targeted
functional particles, simplifying the optimization and the potential scale-up.

To co-deliver irinotecan and cisplatin, two therapeutic agents with varying
physicocherical propertics, a biodegradable polymer with reactive hydroxyl functional
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groups to enable the conjugation of a platinum prodrug to the polymer backbone was
synthesized (Figure 3). Previous work has demonstrated that this platinum prodrug can be
cleaved from the backbone of the polymer and reduced to cisplatin once inside the cell
leaving intact its capability of forming an adduct on DNA (Kolishetti et al., Proc. Natl dcad.
Sci, US A 107:17939-17944, 2010). Atomic absorption spectroscopy of PLA-cisplatin
confirmed that ~2.5% of platinum was linked to the polymer.

The targeted nanoparticles used in these experiments are made of four different
components that self-assemble in a single mixing step into a drug-loaded core-shell
nanostructure decorated with targeting moieties on the surface. These components are: (1}
PLGA-PEG core amphiphilic copolymer that forms the cove-shell structure, (2) PLGA-PEG-
LIG that self-asscmbles together with PLGA-PEG and orients LIG toward the NP surface, (3)
FPLA-cisplatin which assembles in the hydrophobic NP core by hydrophobic-hydrophobic
interactions of PLGA and PLA, and (4} irinotecan, which partitions into the hydrophobic core
based on its physicochemical properties. The vanoparticles were prepared in microfluidic
channels through a rapid mixing strategy called hydrodynamic flow focusing (Karnik et al,,
Nano Leit. 8:2906-2912, 2008; and Rhee et al., Adv. Mater. 23:H79-HE3, 201 1) (Figure 4A}
In this method, polymers and drugs are mixed in acetonitrile and passed through a middie
stream in a microthuidic device. The middie stream becomes horizontally focused into a very
thin stream when it encounters two streams of water running a flow rate 10 times higher
(Figure 4B). Upon focusing, nanoprecipitation occurs through mixing of the aqueous and
organic streams inducing nanoparticle self-asserubly. This method ensures controlled
precipitation and rapid mixing, which results in monodisperse nanoparticles with smaller size
and higher drug loading than nanoparticles prepared through conventional bulk methods
(Karnik et al., Nano Leit. 4:1671-1679, 2010). Figures 4C shows the nanoparticle size
distribution obtained by dynamic light scattering with an average of 55 nmand a
polydispersity of 0.04 (indicative of monodisperse nanoparticles). Finally, a transmission
clectron micrograph of these nanoparticles shows an average size of ~535 nm which matches
the value obtained using dynamic light scattering (Figure 4D). The mixture of polymer
precursors was composed of 25% PLGA-PEG-LIG, 30% PLA-cisplating, and 25% PLGA-
PEG. By assurning both an average nanoparticle density of 1.27 g/ml. (Vauthier et al., J.
Nanoparticles Res. 1:411-418, 1999} and that all PLGA-PEG-LIG self-assembles into a

nanoparticle with all LIG molecules resulting on the nanoparticle surface (Valeucia et al,,
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ACS Nano 4:1671-1679, 2010), then nanoparticles with average diameter of 55 nm will have
an average of 252 ligands per nanoparticle.

The size of nanoparticles encapsulating one or two drugs, as well as drg loading
percentage and encapsulation efficiency of both drugs was evaluated to determine the effect
of incorporating multiple drugs on the nanoparticles. Figure 5 shows the size of
nanoparticles encapsulating irinotecan {(NP-IRN), cisplatin (NP-Pt), and both irinotecan and
cisplatin (NP-IRN-Pt). Intercstingly, the size of all three nanoparticles did not vary
significantly, with each nanoparticle having an average diameter of approximately 55 nm.
This is presumably due to the rapid mixing environment enabled by the microfluidic devices,
which ensures complete mixing of precursors in water at a time scale smaller than the
nanoparticle self-assembly, resulting in the formation of a unitorm population of
nanoparticies (Johnson et al,, Phys. Rev. Lest. 91:118302, 2003). Furthermore, the size of the
PLGA-PEG-LIG nanoparticles remained stable up to 24 hours (Figure 6).

Next, the amount of cisplatin and irinotecan encapsulated in the nanoparticles as well
their encapsulation efficiency (EF) was determined (Figure 7). As expected, cisplatin was
encapsulated with very high efficiency (>80%) due to the hydrophobic-hyvdrophobic
interaction PLGA and PLA. Irinotecan, being a more hydrophilic molecule, exhibited an EE
and drug loading of 10% and 0.5%, respectively, after self-assembly with PLGA-PEG.
Interestingly, when itinotecan was mixed with both PLGA-PEG and PLA-cisplatin, s EE
and drug loading increased to 44% and 2.2%, respectively. This might be due to hydrophilic-
hydrophilic interactions of the platinum prodrug and irinotecan. This formulation resulted in
an irinotecan to cisplatin ratio of 2:1, and these nanoparticles were used in the additional
experiments described below, The percent drug release of rinotecan and platinum of these
nanoparticies over time was also assessed. Irinotecan was released from these nanoparticles
at a faster rate compared to the release of the Pl-containing chemotherapeuntic agent (Figare

The targeting capabilities of the PSM A-targeted nanoparticles were tested in vitro. In
these experiments, 2.5% of the fluorescent probe PLGA-Alexa 488 was added to the organic
stream containing the polvmers. This amount of PLGA-Alexa 488 does not atfect the
nanoparticie physicochemical propertics, but is high enough to be detected readily by
fluorescence assisted cell sorting (FACS) at very low concentrations of nanoparticles. To test
the targeting capabilities of the nanoparticles, the nanoparticles were incabated with PSMA-
overexpressing LINCaP cells for 4 hours. The cells were then treated them with trypsin, and
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the fhuorescence intensity of 10,000 cells was assessed using FACS (Figure 9). The cells
treated with PSM A-targeted nanoparticles had 8-times more fluorescence than cells treated
with non-targeted nanoparticles. FACS histograms of fluorescence versus counts show that
nanoparticic uptake by celis occurred uniformly (e.g., all or a majority or celis engulfing the
nanoparticles) rather than unevenly {e.g., fow cells engulfing most of the nanoparticles)
(Figure 10). These results indicate that the dual-drug targeted nanoparticles are capable of
selectively targeting cells over-expressing PSMA receptors, and that they can enter the cells
more readily than non-targeted nanoparticies.

Cytotoxicity studies were performed in vitro to assess the relative ability of the
cisplatin- and irinotecan-containing nanoparticles to induce LNCaP cell death. To do this,
targeted nanoparticles loaded with rinotecan (NP-IRN), with cisplatin (INP-Pt), or both (NP-
IRN-Pty were exposed to ENCaP cells at different concentrations, and cytotoxicity was
evaluated using a MTT assay. Based on the concentration of drugs in present in each
naneparticle, dose-response curves and the ICsy values for cach nanoparticle formulation
were generated (Figures 11 and 12). NP-IRN-Pt was 3.6-fold and 10.6-fold more toxic than
NP-Pt and NP-IRN, respectively. While these data suggest NP-IRN-Pt is more cyiotoxic
than the single-drug nanoparticies, it does not assess whether this was a synergistic or simply
an additive effect. The Talay and Chou method (Chou et al., Pharmacol. Res. 58:621-681,
2006) was used to calculate the cornbination index (CI) at EDE0 of NP-IRN-Pt, as previously
reported by others for a similar system (Tardi et al, Mo/l Cancer Ther. 8:2266-2275, 20609).
The Cl indicates the synergism of the dual-drug nanoparticles. For example, a CI ~1
indicates an additive effect, CI >1 indicates an antagonistic effect, and CI < | indicates a
synergistic effect. NP-IRN-Pt was determined to have a remarkable Cl of 0.20, which falls in
the range of strong synergism (Chou et al,, Pharmuace!. Res. 58:621-681, 2006} (Figure 13).
These data demonstrate that the PSMA-targeted NP-IRN-Pt exhibits synergistic cytotoxicity

against prostate cancer cells.

Example 2. PMSA-Targeted Nanoparticles Containing Conjugated Irinotecan and Use
of these Nanoparticles to Mediate Prostate Cancer Cell Death

Using the methods generally deseribed in Example 1, nanoparticles were formed that
contain PLGA-PEG-LIG, PLGA-PEG, PLA-cisplatin, and PLA-wrinotecan. The average size
and the ability of these nanoparticles to induce cell death in a human prostate cancer cell line
were assessed.
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Materials

Polymers

The synthesis of PLA-irinotecan was accomplished by first synthesizing a PLA-OBn
via a ring opening polymerization reaction, where a toluene-functionalized cyelic lactide
monomer and simple lactide monomer were dissolved in a toluene solution containing benzyl
alcohol (initiator) and Tin catalyst. The resulting solution was refluxed at 120 °C for 10
hours. Then, the hydroxyl functionalized biodegradable polylactide polymer (PLA-OH) was
obtained by benzyi deprotection using a Pd/C catalyst at 50 psi pressure for § hours. From
this polymer, the carboxylic acid group functionalized polylactide polymer (PLA-COOH)
was achieved by reacting the PLA-OH polymer with an excess of succinic anhydride in the
presence of base for 48 hours in dichloromethane. Fmally, conjugation of the irinotecan to
PLA polymer was accomplished by an cster coupling reaction between PLA-COOH polymer
with irinotecan via N N-dichlorchexylearboimide/hydroxybenzotriazole,. PLGA-PEG-LIG,
PLGA-PEG, and PLA-cisplatin were obtained or synthesized as described in Example 1.

Svuthesis of Targeted and Non-Targetetd Nanoparticles

For the generation of the targeted nanoparticies, PLA-cisplatin and PLA-irinotean
were premixed in acetonitrile at different ratios together with PLGA-PEG-LIG and
unmodified PLGA-PEG to yield a polymer precursor solution of 10 mg/mL. A schematic of
the generation of these nanoparticles is depicted in Figure 14, For the generation of the non-
targeted nanoparticles, PLA-cisplatin, PLA-irinotecan, and PLGA-PEG were mixed to yield a
polvmer precursor solution of 10 mg/ml. The resulting precursor polymer mixture (for both
the targeted and non-targeted nanoparticles) was then mixed with acetonitrile 1o microfluidic
channels at a ratio of 1:10 (acctontirilerwater) to yield nanoparticles. The cisplatinvirinotecan
drug ratios in the resulting nanoparticles were altered by mixing different ratios of PLA-
cisplatin and PLA-irinotecan in the precursor polymer mixture, while keeping the total
concentration of polymers present in the precursor polymer mixture fixed. o this fashion,
twenty-two different nanoparticle formulations were generated. Targeted and non-targeted
nanoparticles were generated having one of the following ratios of winotecan o cisplatin: &1,
35,20, 150, BT, 027, 14.6, and 1:10. Contrel nanoparticles were generated that

contain ouly trinotecan and only cisplatin,
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Results

Targeted and non-targeted nanoparticies containing irinotecan covalently linked to a
polymer and containing different ratios of irinotecan to cisplatin were generated. The
average size of the resulting nanoparticles was determined as described in Example 1. The
resulting data show that the size of the nanoparticles remained consistent despite variation in
the ratio of irinotecan to cisplatin (Figure 15, top panel). The ability of the targeted and non-
targeted nanoparticles containing conjugated trinotecan to induce cell death 1 human
prostate cancer cells was also determined (¢.g., pertormed using the MTT assay described in
Example 1). The resulting data show that the PSMA-targeted nanoparticles are more
effective in inducing human prostate cancer cell death and that PMSA-targeted nanoparticles
containing a frinotecan to cisplatin ratio of 3.5:1 had the highest cytotoxic effect on human
prostate cancer cells (Figure 15, bottom panel).

In sum, these data indicate that targeted and non-targeted nanoparticles containing
conjugated irinotecan and conjugated cisplatin can be formed, and that these nanoparticles
have a strong cytotoxic effect on human prostate cancer cell lines (at a level that is greater
than the cvtotoxic effect achieved by similar nanoparticles containing conjugated irinotecan
alone or nanoparticles containing conjugated cisplatin alone). These data further show that
nanoparticles containing specific ratios of conjugated irinotecan and conjugated cisplatin
have a significantly and unexpectedly improved cytotoxic effect on huran prostate cancer

cells.

Example 3. PLA and PLGA-PEG Nanoparticle Tolerance

A combination of PLA-OH and PLGA-PEG polymers {described in Example 1) were
mixed at a molar ratio of 1:1 to generate five different compositions. The nanoparticles in
each of the five different compositions were generated using a different total concentration of
polymers. Each of the five nanoparticle compositions were admunistered by tail vein
injection (intravenously) once at day 0 to healthy 5- to 6-week old Swiss albino mice having
a weight of around 21.9 grams to 25.0 grams, and the viability and weight of each mouse was
monitored each day up to a total of § days. The nanoparticles present in the compositions
were generated using the methods generally described berein. The administered
compositions were generated by suspending the nanoparticles in saline. The total dose of
polymers administered to mice was 87 mg/kg (1 mouse), 174 mg'kg (2 mice), 870 mg'kg (3
mice), 1740 mg/kg (2 mice), and 4360 mg/kg (3 mice),
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The results of these experiments are shown in Figures 16 and 17, These data show

that the nanoparticles described herein are well tolerated in mice at doses above 4 g/kg.

OTHER EMBODIMENTS
it is to be understood that while the invention has been described in conjunction with
the detailed description thereof, the foregoing description is intended to itlustrate and not
himit the scope of the invention, which is defined by the scope of the appended claims. Other

aspects, advantages, and modifications are within the scope of the following claims,

55



WO 2014/059022 PCT/US2013/064138

Claims

i. A composition comprising a nanoparticle, the nanoparticle comprising:

a phirality of polymers, wherein at least a fraction of the polymers comprise 4
hydrophobic polymer linked to a platinum (Pt)-containing chemotherapeutic agent; and

a topoisomerase inhibitor;

wherein the polymers seif-assemble in an aqueous liquid to form the nanoparticle, and
wherein the fraction of the polymers comprising a hydrophobic polymer form a hyvdrophobic
core of the nanoparticle, and

wherein the Pt-containing chemotherapeutic agent and the topoisomerase inhibitor are
present within the hydrophobic core of the nanoparticle in a ratio between about 1:4 to about

4:1.

2. The composition of claim 1, firther comprising a targeting moiety linked to at
least one of the polymers, wherein the targeting moiety is exposed on an outer surface of the

nanoparticle,

3. The composition of claim 1 or claim 2, wherein the topoisomerase inhibitor is

tinked to at least one of the polymers.

4. The composition of claim 2, wherein the targeting moiety is linked to at least one of

the polymers through an ester, an amide, or an ether bond.

5. The composition of any one of claims 1-4, further comprising a pharmaceutically

acceptable excipient.

6. The composition of any one of clatms 1-3, wherein the plurality of polymers
o B o

inchides at least one amphiphilic polymer.

7. The composition of claim 6, wherein the plurality of polymers includes (i) at least
one amphiphilic polymer comprising at least one tirst hvdrophobic polymer and at least one
hydrophilic polymer, and (ii) at least one second hydrophobic polvmer that self-assemble in

an aqueous hquid to form the nanoparticle, and where the at least one first hvdrophobic
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polymer and the at least one second hydrophobic polymer form a hydrophobic core of the

nanoparticie, and the at least one hydrophilic polymer forms a shell of the nanoparticle.

8. The composition of any one of claims 1-7, wherein the Pt-containing
chemotherapeutic agent is selected from the group consisting of: cisplatin, carboplatin,

oxalipliatin, satraplatin, picoplatin, and aroplatin.

9. The composition of any one of claims 1-8, wherein the Pt-containing
chemotherapeutic agent is linked to the hydrophobic polymer through an ester, an amide, or

an ether bond.

10, The composition of any one of claims 1-9, wherein the topoisomerase inhibitor is
selected from the group consisting of! irinotecan, SN-3&, topotecan, camptothecin, and

lameHarin D.

i1. The composition of any one of claims 1-10, wherein the nanoparticle further

comptrises an suter layer comprising a surfactant.

12. The coroposition of any of claim 2, wherein:

the plurality of polymers comprises poly(lactide-co-glycolic acid)-polyethylene glycol
(PLGA-PEG) and polylactic acid;

the targeting moiety is S,8-2[3-115-amino- 1 -carboxypentyli-ureido}-pentancdioic acid
(LIG)

the Pt-containing chemeotherapeutic agent s cisplatin; and

the topoisomerase inhibitor is innotecan.

13. The composition of any one of claims 1-12, wherein the nanoparticle has a

diameter of about 40 nm o 80 nm.

i4, The composition of any one of ¢laims 1-13, further comprising one or more
additional anti-cancer agents selected from the group consisting of! an alkylating agent, an
antimetabolite, an anthracycline, a plant alkyloid, and a therapeutic antibody or antigen-
binding antibody fragment that specifically binds to a tumor antigen.
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15. A pharmaceutical composition comprising the composition of any one of claims

16. A method of reducing the proliferation of a cancer cell, the method comprising
contacting a cancer cell with an amount of the composition of any one of claims 1-15

sufficient to reduce the proliferation of the cancer cell.

17, The method of claim 16, wherein the cancer cell is present in g human.

8. The method of claim 17, wherein the huran has been previously diagnosed as

having a cancer.

i9. The method of claim 17 or 18, wherein the contacting results in treatment of

cancer in the human.

20. The method of any one of claims 17-19, wherein the composition is administered
by intravenous, intraarterial, subcutancous, intraperitoneal, intramuscular, ocular, or

intrathecal administration.

21. The method of any one of claims 16-20, wherein:

the plurality of polvmers comprises poly (lactide-co-glycolic acid)-polyethylene
glycol (PLGA-PEG) and polylactic acid;

the Pt-contamning chemotherapeutic agent is cisplating

the topoisomerase inhibitor is irinotecan; and

the nanoparticle further comprises a targeting moiety of S,S-2[3-1[S-amino-1-
carboxypentyl-urcido]-pentanediotc acid (LIG) linked to at least one of the polymers, and

the targeting moicty is exposed on an outer surface of the nanoparticle,

22. A method of making a nanoparticle, the method comprising:
mixing (i) a plurality of polymers, wherein at least a fraction of the polymers
comprise a hydrophobic polymer linked to a platimum (Pt)-containing chemotherapeutic
agent; and {(it) a topoisomerase inhibitor in an organic solvent to form an organic precursor
solution; and
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contacting the organic precursor solution with an aqueous solvent to achieve a ratio of
5:1 1o 20:1 volume of organic precursor solution to volume of aqueous solvent, wherein the

contacting results in the seif-assembly of a nanoparticle.

23. The method of claim 22, wherein the plurality of polymers further comprisces at

least one polymer linked {0 a targeting moiety.

24, The method of claim 22 or claim 23, wherein the topoisomerase inhibitor is linked

to at least one of the polymers.

25. The method of any one of claims 22-24, wherein the contacting is performed by
passing the organic precursor solution through a microfluidic device.

26. The method of any one of claims 23-25, wherein the targeting moiety is linked to

E

at least one of the polymers through an ester, an amide, or an cther bond.

27. The method of any one of claims 22-26, wherein the Pt-containing
chemotherapeutic agent is linked to the hydrophobic polymer through an ester, an amide, or

an ether bond.

28. The method of ¢laim 23, wherein:

the plurality of copolymers comprises poly (lactide-co-glycolic acid) polvethylene
glycol (PLGA-PEG) and polylactic acid (PLAY;

the targeting motety is §,5-2[3-1{5-amino-1-carboxypentyli-ureido}-pentanedioic acid
(LIG);

the Pt-containing chemotherapeutic agent is cisplating and

the topoisomerase inhibitor is irinotecan.

29, A composition comprising a nanoparticle, the nanoparticle comprising:
a plurality of polymers, wherein at least a fraction of the polymers conprise a
hydrophobic polymer linked to a topoisomerase inhibitor; and

a platinum-containing chemotherapeutic ageut;
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wherein the polymers seif-assemble in an agueous hguid to form the nanoparticle, and
wherein the fraction of the polymers comprising a hydrophobic polymer form a hydrophobic
core of the nanoparticle, and

wherein the Pt-containing chemotherapeutic agent and the topoisomerase inhibitor are
present within the hydrophobic core of the nanoparticle in a ratio between about 1:4 to about

4:1.

30, A composition comprising a nanoparticie, the nanoparticle comprising:

a phurality of polymers, wherein at least a fraction of the polymers comprise a
hydrophobic polymer;

a platinum-countaining chemotherapeutic agent; and

g topoisomerase inhibitor;

wherein the polymers seif-assemble in an aqueous liquid to form the nanoparticle, and
wherein the fraction of the polymers comprising a hydrophobic polymer form a hyvdrophobic
cote of the nanoparticle, and

wherein the Pt-containing chemotherapeutic agent and the topoisomerase inhibitor are
present within the hydrophobic core of the nanoparticle in a ratio between about 1:4 to about

4:1.
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