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ANTITHROMBOTIC NANOPARTICLE

GOVERNMENTAL RIGHTS
[0001] This invention was made with government support under
grant number HL-073646 awarded by the National Institutes of Health. The

government has certain rights in the invention.

FIELD OF THE INVENTION
[0002] The invention encompasses an antithrombotic nanoparticle.

BACKGROUND OF THE INVENTION
[0003] Millions of people die or are disabled each year from acute

stroke or heart attack that are caused by the highly localized formation of blood
clots resulting in occlusion of the carotid or coronary arteries. In cases where
premonitory symptoms or signs of disease indicate the risk of an acute event, a
cocktail of various anticoagulants and antiplatelet agents is administered both
orally and intravenously to prevent clot progression. Even with aggressive
treatment regimens, however, thrombus formation may still proceed
unpredictably. Additionally, severe or fatal bleeding problems may arise with the
systemically active anticoagulants in use today. Accordingly, there is a need in
the art for the development of safer and more effective antithrombotics.

SUMMARY OF THE INVENTION
[0004] One aspect of the present invention encompasses an

antithrombotic nanoparticle. Generally speaking, the exterior of the nanoparticle
comprises at least one high affinity coagulation inhibitor that is substantially
retained on the exterior of the nanoparticle after administration of the
nanoparticle to a subject, such that the nanoparticle is antithrombotic but does
not substantially alter the clotting time of the subject’s blood plasma.

[0005] Another aspect of the present invention encompasses an
antithrombotic nanoparticle. Usually the half-life of the nanoparticle is between
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about 2 and about 4 hours in a subject, and the exterior of the nanoparticle
comprises at least one high affinity coagulation inhibitor that is substantially
retained on the exterior of the nanoparticle after administration of the
nanoparticle to a subject. Additionally, the second order kinetic constant of the
nanoparticle is greater than the second order kinetic constant of the high affinity
coagulation inhibitor by itself.

[0006] Yet another aspect of the invention encompasses a
composition. The composition typically comprises a plurality of platelets, fibrin,
and at least one nanoparticle, wherein the exterior of the nanoparticle comprises
at least one high affinity coagulation inhibitor that is substantially retained on the
exterior of the nanoparticle after in vivo administration of the nanoparticle.

[0007] Still another aspect of the invention encompasses a method
of decreasing thrombus formation in a subject. The method generally comprises
administering a nanoparticle to the subject. The half-life of the nanoparticle is
typically between about 2 and about 4 hours in a subject, the exterior of the
nanoparticle comprises at least one high affinity coagulation inhibitor that is
substantially retained on the exterior of the nanoparticle after administration of
the nanoparticle to a subject, and the second order kinetic constant of the
nanoparticle is greater than the second order kinetic constant of the high affinity
coagulation inhibitor by itself.

[0008] A further aspect of the invention encompasses a method of
preventing thrombus formation in a subject. The method generally comprises
administering a nanoparticle to the subject. The half-life of the nanoparticle is
between about 2 and about 4 hours in a subject, the exterior of the nanoparticle
comprises at least one high affinity coagulation inhibitor that is substantially
retained on the exterior of the nanoparticle after administration of the
nanoparticle to a subject, and the second order kinetic constant of the
nanoparticle is greater than the second order kinetic constant of the high affinity
coagulation inhibitor by itself.

[0009] Still a further aspect encompasses a method of imaging a
thrombus in a subject. The method typically comprises administering a
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nanoparticle to the subject. The half-life of the nanoparticle is between about 2
and about 4 hours in a subject, the exterior of the nanoparticle comprises at least
one high affinity coagulation inhibitor that is substantially retained on the exterior
of the nanoparticle after administration of the nanoparticle to a subject, and the
second order kinetic constant of the nanoparticle is greater than the second order
kinetic constant of the high affinity coagulation inhibitor by itself.

[0010] Other aspects and iterations of the invention are described in
more detail below.

REFERENCE TO COLOR FIGURES
[0011] The application file contains at least one photograph

executed in color. Copies of this patent application publication with color
photographs will be provided by the Office upon request and payment of the
necessary fee.

BRIEF DESCRIPTION OF THE FIGURES
[0012] FIG. 1 depicts a schematic of the PPACK-functionalized
PFC-core nanoparticle (A). The majority of the phospholipid monolayer

comprised an egg lecithin L-a-phosphatidylethanolamine layer. 1% of the lipid
film was 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[carboxy(polyethylene glycol)-2000], functionalized with PPACK after particle
synthesis (B). Particle size (C) was measured before and after addition of
PPACK to 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[carboxy(polyethylene glycol)-2000] in the lipid film. The addition of PPACK did
not significantly change the mean hydrodynamic particle diameter of 158.0 + 2.4
nm (top panel). Corresponding to conjugation of positively charged PPACK to
carboxy-terminated lipids, the particle zeta potential rose from -35 + 1.57 mV to -
22.3 + 1.57 mV after functionalization (D).

[0013] Fig. 2 depicts a graph illustrating PPACK loading on
nanoparticles. Addition of ~13650 PPACK per particle was verified through HPLC
guantification. The PPACK elution time for the chosen method was identified in
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seven samples of pure PPACK of different concentrations to generate a standard
curve. Immediately after coupling of PPACK to the particles, the particles were
precipitated and PPACK in the supernatant was quantified through the same
method (red). Free PPACK and EDCI coupling agent were removed by dialysis
and the isolated particles were precipitated identically after one week storage at
4 degrees, allowing quantification of PPACK still remaining unattached to the
particles (blue).

[0014] FIG. 3 depicts graphs illustrating the activity of the
antithrombotic nanoparticle. PPACK caused concentration-dependent inhibition
of thrombin activity against Chromozym TH, with no significant thrombin activity
apparent beyond a ten-fold excess of PPACK. For PPACK-nanoparticles, the
dependence of thrombin activity on PPACK concentration was identical to that for
free PPACK, accordingly indicating greater antithrombin activity per particle than
per individual free PPACK (A). Study of the kinetics of thrombin-PPACK and the
thrombin-PPACK nanoparticle interactions indicated no modification to PPACK
activity against thrombin after placement on nanoparticles (b). For 0.93 nM
thrombin and 5 nM PPACK (0.0003 nM PPACK-nanoparticles), PPACK exhibited
a second order constant (ko2/K)) of 3.65x10° M"'min™' and PPACK-nanoparticles
exhibited a second order constant of 6.10x10'> M'min™" (corresponding to
4.47x10® M"'min™ for PPACK on the particles).

[0015] Fig. 4 depicts graphs of PPACK and PPACK-nanoparticle
activity against plasmin when tested via assessment of plasmin activity against
Chromozym TH. A 1000-fold excess of PPACK generated 85% suppression of
plasmin activity (red). Conjugation of PPACK to nanoparticles (blue) generated
no additional non-specific activity against plasmin.

[0016] Fig. 5 depicts a graph. Photochemical injury was used to
induce thrombotic occlusion of the mouse carotid artery while monitoring blood
flow. Representative blood flow time courses for animals treated with PPACK
(red), heparin (black), or PPACK-nanoparticles (blue) are depicted. In the

presence of PPACK-nanoparticles or heparin, formation of a stable thrombus
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was noticeably delayed, whereas free PPACK allowed a steady approach to
complete occlusion.

[0017] Fig. 6 depicts graphs illustrating mean + standard deviation
occlusion time for each tested treatment condition in photochemical thrombotic
injury experiments. Treatment with PPACK (n=7) or non-functionalized
nanoparticles (n=7) did not delay occlusion time. PPACK-nanoparticle treatment
more than doubled occlusion time over PPACK-treated (p=0.0006) or non-treated
mice (n=7). PPACK-nanoparticle treatment also lengthened occlusion time
relative to heparin treatment (p=.001, n=4) (A). In blood draws, PPACK
nanoparticles delayed the APTT only briefly, with systemic coagulation times
approaching control values over the first 20 minutes after injection (B).

[0018] Fig. 7 depicts a graph. Bleeding times were measured via
distal tail injury at selected times after tail vein bolus of PPACK nanoparticles at 1
ml/kg. All depicted data are for n=1.

[0019] Fig. 8 depicts an excised occluded artery from a mouse
treated with PPACK nanoparticles. In mice receiving treatment with control
nanoparticles (n=3) or PPACK nanoparticles (n=3), both carotid arteries were
excised following induction of occlusive thrombi in the right carotid artery. "°F
MRI at 11.7T exhibited coregistration of '°F signal from PPACK nanoparticles
with "H images depicting the occlusive clot in the artery (A). '°F MRS was used
to quantify retention of nanoparticles in the injured right carotid artery (RA) and
the unharmed left carotid artery (LA) for the two tested nanoparticle treatments.
Retained particles * standard error are represented in (B).

[0020] Fig. 9 depicts photomicrographs. TEM was used to
characterize microstructure of excised clots formed during PPACK nanoparticle
or control nanoparticle treatment. Clots formed in the presence of PPACK-
nanoparticles had loosely associated platelets with little evidence of
degranulation (A). Close association, degranulation, and interdigitation of
platelets was evident in clots formed in the presence of control nanoparticles (B).

[0021] Fig. 10 depicts photomicrographs. Carstair’s staining of clots
subject to treatment with PPACK nanoparticles (A) or control nanoparticles (B)
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helped to examine the nature of the clots formed with each treatment. Clots
formed in the presence of PPACK nanoparticles exhibited sparse staining of
platelets (blue in the central region) and large amounts of isolated fibrin (pink in
the central region) (A). With control nanoparticle treatment, staining of platelets
was more prominent (B).

[0022] Fig. 11 depicts a plot. Area occupied by platelet staining
within Carstair's stained thrombi was evaluated in NIH Imaged. For three arteries
treated with control nanoparticles, platelet staining occupied 7.28%+2.87% of
thrombus area. For three arteries treated with PPACK nanoparticles, platelet
staining occupied 1.66%+0.18% of thrombus area.

[0023] Fig. 12 depicts molecular models of Bivalirudin inhibition
sites on thrombin.

[0024] Fig. 13 depicts two plots. Particle size was measured before
and after addition of Bivalirudin to nanoparticles. The addition of Bivalirudin did
not significantly change the mean hydrodynamic particle diameter (top panel).
Corresponding to conjugation of Bivalirudin to carboxy-terminated lipids, the
particle zeta potential after functionalization.

[0025] Fig. 14 depicts a graph illustrating the activity of the
antithrombotic nanoparticle.

[0026] Fig. 15 depicts a graph illustrating mean + standard
deviation occlusion time for each tested treatment condition in photochemical
thrombotic injury experiments.

[0027] Fig. 16 depicts a graph illustrating the amount of
nanoparticles retained in an artery. F MRS was used to quantify retention of
nanoparticles in the injured right carotid artery (RA) and the unharmed left carotid
artery (LA) for the three tested nanoparticle treatments. Retained particles +
standard error are represented in the graph.

[0028] Fig. 17 depicts a graph illustrating the amount of
nanoparticles per surface area of a clot. Human fibrin clots were formed via
activation of citrated plasma with thrombin and 500 mM CacCl, as described
previously (Morawski AM et al (2004) 52: 1255-1262.). For thrombin-targeted
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particles, clots were incubated with 1:15 dilution of emulsion at 37 degrees for
two hours on a rotating platform shaker prior to rinsing and quantitative OF
spectroscopy. For fibrin targeting, clots were incubated with 125ug of biotinylated
1H10 antibody at 4 degrees for 12 hours prior to incubation with avidin-

functionalized nanoparticles at 37 degrees as with thrombin targeting.

DETAILED DESCRIPTION OF THE INVENTION

[0029] The present invention provides an antithrombotic

nanoparticle. Importantly, the nanoparticle is itself an integral part of the
antithrombotic, as opposed to the nanoparticle simply serving as a delivery
vehicle for an antithrombotic payload. The invention further provides methods of
using an antithrombotic nanoparticle of the invention to prevent or decrease the

formation of a thrombus in a subject.

I. Antithrombotic Nanoparticle

[0030] One aspect of the present invention encompasses an
antithrombotic nanoparticle. Generally speaking, an antithrombotic nanoparticle
of the invention comprises a nanoparticle structure and a high affinity coagulation
inhibitor. In one embodiment, an antithrombotic nanoparticle may have
anticoagulant activity. In another embodiment, an antithrombotic nanoparticle
may have antiplatelet activity. In some embodiments, an antithrombotic
nanoparticle may have both anticoagulant activity and antiplatelet activity. “Anti-
coagulation activity,” as used herein, refers to the ability to decrease fibrin based
coagulation. In one embodiment, “anti-platelet activity,” as used herein, refers to
the ability to decrease platelet activation. In another embodiment, “anti-platelet
activity” refers to the ability to decrease the density of platelets in a thrombus. In
still another embodiment, “anti-platelet activity” refers to both decreasing the
activation of platelets and decreasing the density of platelets in a thrombus.
Methods of measuring anticoagulant and antiplatelet activity are known in the art.
In one embodiment, the methods detailed in the Examples below may be used.
In certain embodiments, a nanoparticle of the invention may be a PAR inhibitor.

7
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[0031] Advantageously, a nanoparticle of the invention, while being
antithrombotic at sites of active thrombus formation in a subject, does not
substantially alter the clotting time of the subject’s plasma. In this regard,
“substantially” means that within about 20 min after intravenous administration of
the nanoparticle to a subject, the subject’s clotting time, as measured by an
antithrombotic assay, such as an APTT assay, is about the same as the clotting
time in a non-treated plasma sample.

[0032] In certain embodiments, the half-life of the antithrombotic
nanoparticle after a single intravenous bolus is between about 2 hours and about
4 hours. As used herein, “half-life” refers to the elimination rate of the
nanoparticle. In another embodiment, the half-life is between about 2.5 hours and
about 3.5 hours. In yet another embodiment, the half-life is between about 2.75
hours and about 3.25 hours. In still another embodiment, the half-life is about 3
hours. In exemplary embodiments, a nanoparticle of the invention does not
substantially alter the clotting time of the subject’'s plasma and has a half-life
between about 2 hours and about 4 hours after a single intravenous bolus.

[0033] Generally speaking, a nanoparticle of the invention may
have a more desirable kinetic constant than a high affinity coagulation inhibitor by
itself. For instance, a nanoparticle of the invention comprising a high affinity
coagulation inhibitor may have a greater second order kinetic constant than the
second order kinetic constant of the high affinity coagulation inhibitor itself.
Methods of calculating kinetic constants are known in the art. For more details,
see the examples. In an exemplary embodiment, a nanoparticle of the invention
does not substantially alter the clotting time of the subject’s plasma, has a half-
life between about 2 hours and about 4 hours, and has a greater second order
kinetic constant than the high affinity inhibitor itself.

[0034] As stated above, in each of the above embodiments, a
nanoparticle of the invention comprises a nanoparticle structure and a high
affinity coagulation inhibitor. Each is discussed in more detail below.
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(a) nanoparticle structure

[0035] As used herein, “nanoparticle” is used to refer to a
nanostructure that is typically between about 5nM and 400nM across the largest
dimension of the structure. A nanoparticle of the invention may be spherical, but
is not required to be spherical. Regardless of the shape of the nanoparticle, the
exterior of the nanoparticle should be capable of comprising at least one high
affinity coagulation inhibitor.

[0036] A nanoparticle comprising an antithrombotic composition of
the invention may typically be between about 5 nm and 400 nm across the
largest dimension, but in some instances, may be bigger or smaller. In another
embodiment, the average size of a plurality of nanoparticles in a composition
may typically be between about 5 nm and 400 nm across the largest dimension.
In one embodiment, the largest dimension of a nanoparticle of the invention may
be between about 100 nm and about 300 nm. In another embodiment, the largest
dimension of a nanoparticle may be between about 5, 10, 20, 30, 40, 50, 60, 70,
80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 210, 220, 230,
240, 250, 260, 270, 280, 290, or 300 nm.

[0037] In certain embodiments, a nanoparticle of the invention may
be a perfluorocarbon nanoparticle. Such nanoparticles are known in the art. For
instance, see U.S. Pat. Nos. 5,690,907; 5,780,010; 5,989,520 and 5,958,371,
each hereby incorporated by reference in their entirety.

[0038] Useful perfluorocarbon emulsions are disclosed in U.S. Pat.
Nos. 4,927,623, 5,077,036, 5,114,703, 5,171,755, 5,304,325, 5,350,571,
5,393,524, and 5,403,575 and include those in which the perfluorocarbon
compound is perfluorodecalin, perfluorooctane, perfluorodichlorooctane,
perfluoro-n-octyl bromide, perfluoroheptane, perfluorodecane,
perfluorocyclohexane, perfluoromorpholine, perfluorotripropylamine,
perfluortributylamine, perfluorodimethylcyclohexane,
perfluorotrimethylcyclohexane, perfluorodicyclohexyl ether, perfluoro-n-
butyltetrahydrofuran, and compounds that are structurally similar to these
compounds and are partially or fully halogenated (including at least some fluorine

9
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substituents) or partially or fully perfluorinated including perfluoroalkylated ether,
polyether or crown ether. In some embodiments, the perfluorocarbon compound
is perfluoro-n-octyl bromide. In other embodiments, the perfluorocarbon
compound may be a perfluoroalkylated crown ether.

[0039] The coating which comprises lipid/surfactant to form an outer
coating on the nanoparticles may include natural or synthetic phospholipids, fatty
acids, cholesterols, lysolipids, sphingomyelins, and the like, including lipid
conjugated polyethylene glycol. Various commercial anionic, cationic, and
nonionic surfactants can also be employed, including Tweens, Spans, Tritons,
and the like. Some surfactants are themselves fluorinated, such as perfluorinated
alkanoic acids such as perfluorohexanoic and perfluorooctanoic acids,
perfluorinated alkyl sulfonamide, alkylene quaternary ammonium salts and the
like. In addition, perfluorinated alcohol phosphate esters can be employed.
Cationic lipids, including DOTMA, N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium chloride; DOTAP, 1,2-dioleoyloxy-3-
(trimethylammonio)propane; DOTB, 1,2-dioleoyl-3-(4'-trimethyl-
ammonio)butanoyl-sn-glycerol,1,2-diacyl-3-tr- imethylammonium-propane; 1,2-
diacyl-3-dimethylammonium-propane; 1,2-diacyl-sn-glycerol-3-ethyl
phosphocholine; and 3.beta.-[N',N'-dimethylaminoethane)-carbamol]cholesterol-
HCI, may also be used.

[0040] Perfluorocarbon nanoparticles are typically formed by
microfluidizing a mixture of the fluorocarbon lipid which forms the core and the
lipid/surfactant mixture which forms the outer layer in suspension in aqueous
medium to form an emulsion. Sonication or other techniques may be required to
obtain a suspension of the lipid/surfactant in the aqueous medium. The
components of the outer layer may also be coupled to imaging agents or
radionuclides.

[0041] Other nanoparticle structures besides perfluorocarbon
nanoparticles may be used in the present invention. In one embodiment, the
nanoparticle structure comprises a lipid head group. For instance, a nanoparticle
structure may be a liposome. Additionally, by way of non-limiting example,

10
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nanoparticles described in PCT Application numbers PCT/US2008/079404 and
PCT/US2008/079414 may be used. Furthermore, in certain embodiments a
colloid substance may be used as a nanoparticle of the invention. Non-limiting
examples of other nanoparticle structures may include dendrimers and block di/tri
copolymers. In some embodiments, cells or portions of cells may be used as the
nanoparticle structure. For instance, in certain embodiments, a red blood cell or a

platelet may be used as a nanoparticle structure.

(b) high affinity coagulation inhibitor

[0042] Typically, the exterior of the nanoparticle comprises at least
one high affinity coagulation inhibitor. As used herein, “exterior” refers to the
surface of the nanoparticle that contacts blood plasma when the nanoparticle is
administered to a subject. Generally speaking, the high affinity coagulation
inhibitor is substantially retained on the exterior of the nanoparticle after in vivo
administration of the nanoparticle to a subject. Stated another way, the high
affinity coagulation inhibitor is substantially not released from the exterior of the
nanoparticle after in vivo administration of the nanoparticle to a subject. A high
affinity coagulation inhibitor may be attached to the nanoparticle by any means
known in the art, including incorporating the high affinity coagulation inhibitor into
the lipid membrane of a nanoparticle or linking the high affinity coagulation
inhibitor to the nanoparticle via a linking molecule such as a peptide.

[0043] The high affinity coagulation inhibitor typically binds to a
biomolecule involved in the coagulation cascade with high affinity. As used
herein, “high affinity” means that the once the coagulation inhibitor binds to a
biomolecule in the coagulation cascade, the biomolecule is substantially not
released from the coagulation inhibitor under physiological conditions. Most high
affinity coagulation inhibitors will have a Kd in the one nanomolar range, or less.
In some embodiments, the high affinity coagulation inhibitor forms a covalent
bond with a biomolecule involved in the coagulation cascade. In other
embodiments, however, the high affinity coagulation inhibitor does not form a

covalent bond with a biomolecule involved in the coagulation cascade. In some
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embodiments, the high affinity coagulation inhibitor inactivates the biomolecule,
thereby inhibiting the coagulation cascade. In certain embodiments, the high
affinity coagulation inhibitor of the antithrombotic nanoparticle binds to and
sequesters the biomolecule, removing it from the coagulation cascade, thereby
inhibiting the cascade. Regardless of the mechanism, the high affinity
coagulation inhibitor impedes the formation of a new thrombus or impedes
growth of an existing thrombus.

[0044] An antithrombotic nanoparticle may comprise one or more
than one different type of high affinity coagulation inhibitor. For instance, a
nanoparticle may comprise one, two, three, four, five, six, seven, or more than
seven different types of high affinity coagulation inhibitor. Generally speaking,
irrespective of the number of different types of high affinity coagulation inhibitors,
a nanoparticle of the invention typically comprises between 3,000 and 20,000
copies of a high affinity inhibitor in total. In one embodiment, an antithrombotic
nanoparticle comprises between about 5,000 and about 18,000 copies of a high
affinity inhibitor. In another embodiment, a nanoparticle may comprise between
about 8,000 and about 15,000 copies of a high affinity inhibitor. In still another
embodiment, a nanoparticle may comprise between about 10,000 copies and
about 15,000 copies of a high affinity inhibitor. In some embodiments, a
nanoparticle may comprise about 10,000, about 10,500, about 11,000, about
11,500, about 12,000, about 12,500, about 13,000, about 13,500, about 14,000,
about 14,500, or about 15,000 copies of a high affinity inhibitor.

[0045] As stated above, a high affinity coagulation inhibitor may
bind to a biomolecule involved in the coagulation cascade such that the
coagulation cascade is inhibited. In some embodiments, the high affinity
coagulation inhibitor binds to thrombin. A high affinity coagulation inhibitor that
bind to thrombin may be a naturally occurring inhibitor, an irreversible inhibitor, a
reversible covalent inhibitor, or a reversible non-covalent inhibitor. A non-limiting
example of a high affinity naturally occurring inhibitor is Hirudin (ICsp .3 pM). A
non-limiting example of a reversible inhibitor is Bivalirudin. A non-limiting

example of an irreversible inhibitor is PPACK, which interacts with thrombin by
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alkylation or acylation of the active site histidine and/or formation of an acyl
enzyme complex through reaction with the active site serine. Generally
speaking, reversible covalent thrombin inhibitors bind to the catalytic serine
hydroxyl (e.g. Efegatran K; 1.2nM). Non-limiting examples of reversible non-
covalent inhibitors may include inhibitors derived from N-a-tosylarginine methyl
ester (e.g. Argatroban K; 19nM), tripeptide inhibitors (e.g. Inogatran K; 15nM),
pyridinone/pyrazinone acetamide inhibitors (e.g. L-375,378 K; 0.8 nM),
benzene/benzothiophene substitution derived inhibitors (e.g. L-636,619 K; .7uM),
and conformationally strained inhibitors (e.g. conformationally strained bicyclic
pyridones Ki~.2 nM). In an exemplary embodiment, the high affinity coagulation
inhibitor is PPACK. In another exemplary embodiment, a nanoparticle comprises
PPACK with at least one other high affinity coagulation inhibitor. In still another
exemplary embodiment, a nanoparticle comprises PPACK and Bivalirudin.

[0046] In other embodiments, the high affinity coagulation inhibitor
binds to a molecule listed in Table A.

Table A:

| (fibrinogen)

Il (prothrombin)

Tissue factor

V (proaccelerin, labile factor)

VII (stable factor)

VIII (Anti Hemophilic factor A)

IX (Anti Hemophilic Factor B or Christmas factor)

X (Stuart-Prower factor)

Xl (plasma thromboplastin antecedent)

Xl (Hageman factor)

XIII (fibrin-stabilizing factor)

von Willebrand factor

prekallikrein
high-molecular-weight kininogen (HMWK)
fibronectin
[0047] A high affinity coagulation inhibitor may be incorporated into

the exterior of the nanoparticle using any method known in the art, so long as the
high affinity inhibitor is substantially retained on the exterior of the nanoparticle
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and is substantially active once incorporated into the exterior of the nanoparticle.
In this regard, “substantially active” refers to the high affinity coagulation inhibitor
having at least about 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, or
100% of its activity once incorporated into the exterior of the nanoparticle. In one
embodiment, a high affinity coagulation inhibitor may be incorporated as
described in the Examples below. In another embodiment, a high affinity
coagulation inhibitor may be incorporated into the exterior of a nanoparticle using
linkers as described in PCT/US2009/041000.

[0048] In some embodiments, a nanoparticle of the invention may
comprise a high affinity coagulation inhibitor that, by itself, has an undesirable
safety profile for in vivo use. This is due, in part, because the pharmacokinetic
and pharmacodynamic properties of the nanoparticle may be different than the

properties of the high affinity coagulation inhibitor by itself.

(c) imaging agent

[0049] A nanoparticle of the invention may also comprise an
imaging agent. For instance, the nanoparticle maycomprise imaging/tracking
agents that may be used for microscopy, e.g. fluorescent microscopy, confocal
microscopy, or electron microscopy, magnetic resonance imaging, tomography,
such as gamma (SPECT/CT, planar) and positron emission tomography
(PET/CT), radiography, or ultrasound. Imaging/tracking agents may be
detectable in situ, in vivo, ex vivo, and in vitro. Microscopy imaging/tracking
agents are well known in the art, and may include fluorescent molecules such as
FITC, rhodamine, and Alexafluor cyan dyes. Similarly, magnetic resonance
imaging molecules, radiography imaging molecules, near infrared (NIR) and
photoacoustic molecules are well known in the art, and an appropriate imaging
molecule may be selected by one of skill in the art after consideration of the
composition of the particle and the intended use of the particle. In certain
embodiments, the nanoparticle may also comprise chelators for radiometals to
be detected by nuclear imaging methods, such as PET, SPECT, and related
methodologies.
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(d) other components

[0050] A nanoparticle of the invention may further comprise other
components, such as one or more anti-platelet agents, glycoprotein inhibitors,
fibrinolytic agents, thrombolytic agents, antibodies, or small molecule drugs. Non-

limiting examples may include streptokinase, urokinase, or tissue plasminogen.

Il. Methods

[0051] A nanoparticle of the invention may be administered to a
subject to prevent and/or decrease the formation of a thrombus in a subject. In
one embodiment, a nanoparticle of the invention may be administered to a
subject to prevent formation of a thrombus in a subject. In another embodiment,
a nanoparticle of the invention may be administered to a subject to decrease the
formation of a thrombus in a subject. In yet another embodiment, a nanoparticle
of the invention may be used to increase the time needed for a clot to occlude a
vessel.

[0052] A nanoparticle of the invention may be administered to a
subject to prevent and/or decrease formation of a thrombus in both acute and
non-acute situations. For instance, by way of non-limiting example, an
antithrombotic nanoparticle may be administered to a subject in the acute
situations of ischemia and deep vein thrombosis. Alternatively, a nanoparticle
may be administered to a subject in the following non-limiting non-acute
situations of stents, angioplasty, indwelling lines, artificial heart valves, shunts, or
other prosthetic items in the vascular system.

[0053] In each of the above embodiments, a nanoparticle is
administered to a subject. Generally speaking, a nanoparticle of the invention
may be administered intravenously. A nanoparticle may also be administered
orally, intramuscularly, intradermally, intraperitoneally, intralymphaticly,
percutaneously, or by scarification, subcutaneous injection or other parenteral

routes.
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[0054] In each of the above embodiments, a nanoparticle of the
invention maybe combined with a pharmaceutically acceptable vehicle or carrier.
For instance, in embodiments where these compositions are administration by
injection (e.g., intraperitoneally, intravenously, subcutaneously, intramuscularly,
etc.), the compositions are preferably combined with pharmaceutically
acceptable vehicles such as saline, Ringer’s solution, dextrose solution, and the
like.

[0055] One of skill in the art will recognize that the amount of a
nanoparticle administered to a subject can and will vary depending on several
factors, such as the size of the subject, the health of the subject, the intended
use of the nanoparticle and/or the type of nanoparticle. In one embodiment, the
amount of nanoparticle administered is between about 0.25 umol/kg and about 3
umol/kg. In another embodiment, the amount of nanoparticle administered is
between about 0.5 ymol/kg and about 1.5 ymol/kg. In yet another embodiment,
the amount of nanoparticle administered is about 1 umol/kg. In still another
embodiment, the amount of nanoparticle administered is between about 0.3 g/ kg
and about 0.4 g/kg.

[0056] Generally speaking, a nanoparticle of the invention may be
administered to a subject as frequently as necessary to prevent and/or decrease
the formation of a thrombus in the subject. In one embodiment, a nanoparticle
may be administered every hour, every 2 hours, every 3 hours, every 4 hours,
every 5 hours, every 6 hours, every 7 hours, every 8 hours, every 9 hours, every
10 hours, every 11 hours, every 12 hours, every 13 hours, every 14 hours, every
15 hours, every 16 hours, every 17 hours, every 18 hours, every 19 hours, every
20 hours, every 21 hours, every 22 hours, every 23 hours, or every 24 hours. In
another embodiment, a nanoparticle may be administered once daily. In yet
another embodiment, a nanoparticle may be administered every two days, every
three days, every four days, every five days, every six days, or every seven days.

[0057] Suitable subjects may include rodents, companion animals,
livestock animals, non-human primates, and humans. Non-limiting examples of

rodents may include mice, rats, hamsters, gerbils, and guinea pigs. Non-limiting
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examples of companion animals may include cats, dogs, rabbits, hedgehogs,
and ferrets. Non-limiting examples of livestock may include horses, goats, sheep,
swine, llamas, alpacas, and cattle. Non-limiting examples of non-human primates
may include capuchin monkeys, chimpanzees, lemurs, macaques, marmosets,
tamarins, spider monkeys, squirrel monkeys, and vervet monkeys.

[0058] In each of the above embodiments, a nanoparticle of the
invention may also be used to image a thrombus comprising one or more
nanoparticles of the invention. In particular, a nanoparticle of the invention may
comprise an imaging agent, such that the particle may be detected by fluorescent
microscopy, confocal microscopy, or electron microscopy, magnetic resonance
imaging, tomography, such as gamma (SPECT/CT, planar) and positron
emission tomography (PET/CT), radiography, or ultrasound.

[0059] The following examples are included to demonstrate
preferred embodiments of the invention. It should be appreciated by those of skill
in the art that the techniques disclosed in the examples that follow represent
techniques discovered by the inventors to function well in the practice of the
invention. Those of skill in the art should, however, in light of the present
disclosure, appreciate that many changes can be made in the specific
embodiments that are disclosed and still obtain a like or similar result without
departing from the spirit and scope of the invention, therefore all matter set forth
or shown in the accompanying drawings is to be interpreted as illustrative and

not in a limiting sense.

EXAMPLES
[0060] The following examples illustrate various iterations of the

invention.

Introduction for Examples 1-3

[0061] In cases of cardiovascular disease, the most prevalent and
costly medical emergencies faced by many millions of patients each year are the
acute onset of localized thrombosis in the coronary and carotid arteries that lead
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to heart attack and stroke. Even with aggressive treatment with various
anticoagulants and antiplatelet agents [1-5], thrombus formation can proceed
unpredictably [6, 7]. Conversely, severe bleeding problems can arise using the
current array of systemically active anticoagulants [8]. Furthermore, stuttering
thrombosis and microembolization can effect the assessment of outcomes with
current treatment strategies [9]. The development of safer and more effective
anticoagulants and the tracking of clotting remain as challenges and active
pursuits in research of the thrombosis-prone conditions that lead to heart attack
and stroke [1, 3, 5, 10-14].

[0062] The serine protease thrombin has a central role as a rate-
limiting factor in clotting. In its primary procoagulant role, thrombin converts
soluble fibrinogen into insoluble fibrin that accumulates in forming clots [4, 15,
and 16]. Additionally, it contributes to the activation of platelets via cleavage of G
protein-coupled protease-activated receptors (PARs) [4, 15, 17-21] and plays a
role upstream in the coagulation cascade through activation of factors V, VIII,
and Xl [22]. Elevated levels of active thrombin persist around sites of vascular
injury [23]. In atherosclerosis, thrombin is associated with plague development
and susceptibility to rupture [17, 24, and 25].

[0063] Accordingly, thrombin inhibition has long been a target for
development of new anticoagulants. In particular, direct thrombin inhibitors have
been designed for acute treatment with high specificity and potency [2-4]. D-
phenylalyl-L-prolyl-L-arginyl-chloromethyl ketone (PPACK) is an irreversible
covalent inhibitor that was amongst the first direct thrombin inhibitors. The
PPACK-thrombin complex has been thoroughly characterized as a stable
structure [2, 4, 15, 16, and 26]. Additionally, the molecule has an excellent safety
profile in vivo, with an LDs greater than 50 mg/kg and no long-term toxicity in
mice [2, 27]. Nonetheless, therapeutic use of PPACK has been abandoned
primarily due to its rapid clearance (7 minute distribution and 2.9 minute
elimination half lives).

[0064] Reported herein a perfluorocarbon (PFC) nanoparticle-
based antithrombotic agent and its superiority in vivo to conventional systemic
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anticoagulants is demonstrated in a realistic thrombosis model. The promise of
the described particle is twofold. First, it enables researchers to revisit the use of
potent inhibitors such as PPACK that may have been dismissed in consideration
of pharmacokinetics or pharmacodynamics. Each particle permanently carries on
its surface more than 10,000 covalently conjugated PPACK molecules. Whereas
PPACK itself is quickly eliminated from the blood, the PFC nanoparticle has well-
established pharmacokinetics (~3 hour elimination half-life) enabling a prolonged
therapeutic effect that proved to be more potent than that provided by PPACK
itself [28, 29]. Secondly, the particle specifically binds at the site of thrombosis,
focusing the impact of the particle at the site of injury and minimizing systemic
effects. Through thrombin-specific binding and the magnetic resonance contrast
provided by the particle core, particles functionalized with anti-thrombins allow
visualization of a thrombotic occlusion in 19F MRI. While nanoparticles have
previously been employed to carry common anticoagulants [30], none have been
conceptualized or demonstrated in vivo as integrated antithrombotics where the
nanoparticle itself plays a critical role in diagnosis and treatment of thrombosis.
[10, 26].

Materials and Methods for Examples 1-3

Nanoparticle Synthesis

[0065] Perfluorocarbon nanoparticles were prepared as described
in previous work [36]. The emulsions contained 20% (vol/vol) Perfluoro 15-
Crown-5 Ether (Exfluor Research Corp.), 2% (wt/vol) of a surfactant mixture,
1.7% (wt/vol) glycerin, and water for the balance. The surfactant, including 98.5
mole% phosphatidylethanolamine (Avanti Polar Lipids) and 1.5 mole% 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-
2000] (Avanti Polar Lipids) or 98 mole% egg yolk phosphotidylcholine (Avanti
Polar Lipids) and 2 mole% phosphatidylethanolamine (Avanti Polar Lipids) in
chloroform:methanol (3:1), was dried under vacuum to form a lipid film. The

surfactant components were combined with the crown ether and distilled de-
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ionized water and emulsified (Microfluidics Inc) at 20000 psi for 4 minutes.
Particle sizes were measured immediately after synthesis using a laser light
scattering submicron particle analyzer (Brookhaven Instruments).

[0066] To functionalize particles containing 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] with
PPACK, amine-carboxyl coupling was employed to conjugate the PPACK N-
terminus to the bare carboxyl groups on the synthesized particles. After one hour
mixing of 1 mL emulsion with 12.5 mg PPACK, EDCI 1-[3-
(Dimethylamino)propyl]-3-ethylcarbodiimide methiodide (2 mg) was added for
overnight coupling. Excess PPACK and EDCI were removed by dialysis (MWCO
3000-5000). Particle size was assessed before and after PPACK conjugation as
described above. Extent of PPACK coupling was determined by reverse-phase
HPLC quantification of uncoupled PPACK after centrifugation of nanoparticles
with Cleanascite lipid adsorption reagent (Agilent Technologies). Elution of
PPACK at 22 minutes after injection in a C1g column was achieved with an
isocratic method employing 9.9% acetonitrile, 0.089% trifluoroacetic acid, and
90.011% water flowed at 1 mL/minute. PPACK was detected via phenylalanine
absorbance (258 nm). Zeta potential measurements, taking into consideration
hydrodynamic diameter measurements, were used for further verification of

PPACK coupling (Brookhaven Instruments).

Thrombin Inhibition Experiments

[0067] Tosyl-Gly-Pro-Arg-4 nitranilide acetate (Chromozym TH,
Roche Applied Science) was employed to assay PPACK inhibition of thrombin
and plasmin in accordance with previously described methods [31]. 100 pL of 12
nM thrombin was incubated for one minute at room temperature with selected
amounts of PPACK or PPACK-nanoparticles or with an excess of bare
nanoparticles. 500 yL (100 uM) of the thrombin substrate Tosyl-Gly-Pro-Arg-4
nitranilide acetate were added to terminate the PPACK-thrombin interaction. In
accordance with previous work, thrombin activity against the substrate was
measured via absorbance at 405 nm. The rate of change in absorbance at 405
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nm was taken as representative of the amount of uninhibited thrombin available
to cleave Chromozym TH.

[0068] In additional experiments, Chromozym TH was used to
determine the kinetics of the PPACK-thrombin interaction. 0.92 nM thrombin was
incubated at room temperature with 5 nM PPACK or 0.3 pM PPACK
nanoparticles over various times prior to introduction of 500 uL of 100 uM
Chromozym TH. Thrombin activity was measured as above. Kinetics of inhibition
were characterized in accordance with the work of Kettner and Shaw [26]. The
assay yielded the apparent pseudo-first-order rate constant for thrombin
inactivation (kapp). Modeling inhibition according to equation (1), an estimate of
the second order constants (ko/K;) for the PPACK-thrombin interaction and the
PPACK nanoparticle-thrombin interaction were obtained via equation (2). To best
obtain a pseudo-first-order reaction, thrombin dilution was maximized within the
limits set by the sensitivity of the Chromozym TH assay.

K; ks
(1) Thrombin + PPACK & Reversible Complex» Alkylated Thrombin

(2) _Kapp - k2 if [PPACK] << K;
[PPACK] K;
[0069] Chromozym TH was also used to measure PPACK and

PPACK nanoparticle activity against plasmin. 120 nM Plasmin was incubated for
three minutes at room temperature with selected quantities of PPACK and
PPACK nanoparticles. 1000-fold excess (138 uM) of PPACK (free or on
nanoparticles) was employed to produce a measurable effect on plasmin activity
against Chromozym TH. Activity after incubation with PPACK and PPACK
nanoparticles was compared.

Antithrombotic Effects In Vivo
[0070] As described in previous work [31,32], 10-12 week old male
C57BL/6 mice (weight 25-30 g) were subjected to photochemical injury of the
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carotid. After anesthetization with sodium pentobarbital, the mice were secured
under a dissecting microscope for isolation of the right common carotid artery via
midline cervical incision. An ultrasonic flow probe (model 0.5 VB Transonic
Systems, Ithaca, NY) was applied to the artery to measure flow for the duration
of each experiment. A 1.5 mW 540 nm HeNe laser (Melles Griot, Carlsbad, CA)
was focused on the artery at a distance of 6 cm. Heparin (0.125 mg/kg, n=4),
PPACK (12.5 mg/kg, n=7), PPACK nanoparticles (1 mL/kg, n=7), or non-
functionalized nanoparticles (1 mL/kg, n=7) were administered to the tail vein as
a bolus 10 minutes prior to inducing arterial thrombus through tail vein injection of
photosensitive rose bengal dye (50 mg/kg; Fisher Scientific, Fair Lawn, NJ)
dissolved in PBS. In additional control experiments (n=4), no treatment preceded
injection of the rose bengal dye. Occlusion of the carotid artery was noted and
experiments were terminated upon the stable (>5 minutes) maintenance of zero
flow.

[0071] Occluded arteries were removed and preserved. For
transmission electron microscopy, arteries were fixed in 2% glutaraldehyde and
0.1 mM sodium cacodylate at 4 degrees. Fixed tissues were stained with osmium
tetroxide, tannic acid, and uranyl acetate. Tissues were then dehydrated and
embedded in PolyBed 812 (Polysciences). Semi-thin sections were stained with
Toluidine Blue and evaluated under light microscope for the presence of
occlusive clotting. Portions of arteries identified as containing thrombi were
subsequently sliced for transmission electron microscopy. Thin sections were
counterstained with uranyl acetate and lead citrate. Samples were examined with
a Zeiss 902 Electron Microscope and images were recorded with Kodak EM film.

[0072] For Carstair’s staining, arteries were preserved in 10%
buffered formalin for 3 days. After processing through alcohols and xylenes, the
arteries were embedded in paraffin and sectioned at 5-micron thickness.
Hydrated sections were treated with 5% ferric alum, Mayer’s hematoxylin, picric
acid-orange G solution, poncean-fuchsin solution, 1% phosphotungstic acid, and
aniline blue to stain for fibrin, platelets, collagen, muscle, and red blood cells.
Images were analyzed for platelet content using ImageJ.
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[0073] In additional mice, APTTs for blood obtained via left-
ventricular draws were used to determine the systemic effects of the particles.
Citrate-anticoagulated blood was obtained 10, 20, 40, 70, 110, or 150 minutes
after injection of a bolus of PPACK nanoparticles or 10 minutes after injection of
control nanoparticles or saline. Plasma was combined with APTT reagent
(Beckman-Coulter/Instrumentation Laboratory) for three minutes prior to
activation with calcium chloride and mechanical determination of coagulation

time.

Imaging and Quantification of Nanoparticle Antithrombotics

[0074] Left (unaffected) and right (injured) arteries from six mice
were reserved for analysis via magnetic resonance imaging and spectroscopy.
Three of these mice received PPACK nanoparticles and three received blank
nanoparticles prior to induction of thrombosis. Arteries were excised and rinsed
with saline to remove retained blood prior to submersion in fixative as described
above. Imaging and spectroscopy was conducted with a custom-built single-turn
solenoid coil on a Varian 11.7T MR system. '°F signal from nanoparticles in the
artery and from a perfluorooctylbromide standard was assessed via spin echo
spectroscopy (3 s pulse repetition time (TR), 2 ms echo time (TE), 256 signal
averages (NT), 13.25 minute acquisition time). '9F spin echo images (1.3s TR,
12 ms TE, 512 signal averages, 32 phase encoding steps, 64 frequency
encoding steps, 9mmx6mmx1mm field of view) were obtained to depict
nanoparticle binding in the excised artery. 1H spin echo images (1.5 s TR, 20 ms
TE, 4 signal averages, 128 phase encoding steps, 256 frequency encoding
steps, 9Immx6mmx1mm field of view, 5 0.2mm slices) allowed coregistration of
the fluorine images with an anatomical image of the artery.
Example 1. Nanoparticle Synthesis

[0075] PFC nanoparticles were synthesized with inclusion of
carboxy-terminated PEG capped lipids (Fig. 1A, 1B). Via EDCI coupling, amide
bonds were formed between the N-terminus of PPACK and the bare carboxyls
on the particle surface. After conjugation of PPACK, nanoparticles were
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examined to verify stability. Precursor nanoparticles were found via laser
scattering to have a hydrodynamic diameter of 158.0 = 2.4 nm. PPACK
nanoparticles had a measured diameter of 160.5 0 + 2.6 nm (Fig. 1C).

[0076] After PPACK coupling, a change in the composition of the
lipid surface of the particles was evident via measurement of zeta potential. Prior
to PPACK coupling, the particles exhibited a zeta potential of -35.0 + 1.57 mV.
After addition of PPACK, the zeta potential rose to -22.3 + 1.57 mV, concordant
with the expectation that the PPACK arginine would reduce the negative zeta
potential of the non-functionalized nanoemulsions (Fig. 1D).

[0077] Following synthesis but before dialysis to remove PPACK
that did not couple to the particles, the residual uncoupled PPACK in the
emulsion was quantified by reverse phase liquid chromatography. For PPACK
nanoparticles not subject to dialysis, HPLC analysis indicated approximately
13650 PPACK coupled to each particle. HPLC also determined the amount of
PPACK not associated with the particles after dialysis and one week storage at
four degrees, indicating good stability of the PPACK nanoparticle formulation

(Fig. 2).

Example 2. Kinetics and Specificity of Thrombin Inhibition.

[0078] PPACK and PPACK nanoparticle inhibition of thrombin was
evaluated by measuring thrombin activity on the chromogenic substrate,
Chromozym TH. After one-minute incubation with either PPACK nanoparticles or
free PPACK, thrombin activity against the substrate decreased monotonically
with increasing inhibitor concentration (Fig. 3A). PPACK on the nanoparticles
gave a decay constant of 0.033 nM™" and free PPACK gave a decay constant of
0.026 nM™", indicating no diminution of PPACK activity after conjugation to
particles. Complete inhibition of thrombin activity was achieved at a 15.5 pM
particle concentration, corresponding to deactivation of approximately 1000
thrombin by each particle.

[0079] Chromozym TH assay also defined the kinetics of PPACK
and PPACK nanoparticle inhibition of thrombin in accordance with the model of
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Kettner and Shaw (Fig. 3B). For free PPACK, the pseudo-first-order rate
constant, kapp, was measured as 1.824 min™'. The second order constant for free
PPACK was approximated as kapp/[PPACK] = 3.65x10° M'min™" (whereas
Kettner and Shaw originally found a constant of 1.20x10°M'min™" [26]). PPACK
on the nanoparticles exhibited a kapp Of 1.848 min™ and a second order constant
of 4.47x10% M'min™". The PPACK nanoparticle, considered as an inhibitor itself,
exhibited a second order constant of 6.10x10'> M'min™". PPACK nanoparticles at
the site of thrombotic injury thus have a kinetic advantage over free PPACK in
the inhibition of thrombus formation. Furthermore, the kinetics of the PPACK-
thrombin interaction showed no significant alteration with PPACK bound to
nanoparticles. Without PPACK, the nanoparticles had no effect on thrombin
activity.

[0080] Chromozym TH was used to test the response of plasmin
activity to PPACK and PPACK nanoparticles (Fig. 4). Greater than 80% inhibition
of plasmin activity against Chromozym TH was achieved with 138 uM PPACK,
both for free PPACK and particle-bound inhibitor. Conjugation of PPACK to
nanoparticles constitutes an N-terminal modification to the inhibitor that does not

compromise its specificity for thrombin over plasmin.

Example 3. Antithombotic Efficacy /In Vivo.

[0081] In trials of the in vivo effect of PPACK nanoparticles,
thrombotic occlusion of the carotid artery was induced in C57BL/6 mice. Blood
flow in the carotid steadily diminished as occlusion progressed (Fig. 5). Time to
occlusion indicated efficacy of fibrin and platelet deposition. Saline, heparin, non-
functionalized nanoparticles, PPACK, or PPACK nanoparticles were
administered ten minutes before inducing laser injury via injection of rose bengal
dye (Fig. 6A). With saline sham treatment, carotid artery occlusion occurred at
70 £ 17 minutes after dye injection. Following a bolus of control nanoparticles,
occlusion occurred at 66 + 14 minutes. PPACK alone, despite its efficacy as a
thrombin inhibitor in vitro, also exerted no apparent impact on thrombus

formation in vivo, resulting in a mean occlusion time of 71 = 19 minutes. The
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absence of an antithrombotic effect for PPACK accords with the expectation of a
2.9-minute reported clearance half-life and with the known in vivo instability of
PPACK without protection of the N-terminus.

[0082] Heparin, however, has well-characterized antithrombotic
effects and is a standard option as an anticoagulant for mediation of acute
thrombus formation. Previous trials with the rose bengal thrombosis model
yielded an occlusion time of 97 + 18 minutes for heparin at a dose of 0.125
mg/kg animal weight [31]. Here, occlusion occurred at 102 + 13 minutes (Fig.
6A).

[0083] Occlusion time more than doubled to 145 + 13 minutes in the
mice treated with a 1 ml/kg dose of PPACK nanoemulsion (Fig. 6A). As
compared to a high dose of heparin, PPACK nanoparticles outperformed
(p<0.001) the established anticoagulant. Likewise, both PPACK nanoparticles
(p<0.001) and heparin (p<0.05) extended time to occlusion of the carotid over
PPACK treatment.

[0084] Activated partial thromboplastin time (APTT) for treatment
with control nanoparticles did not significantly differ from APTT for saline
treatment. At 10 minutes after injection of PPACK nanoparticles, coagulation time
was significantly lengthened. However, blood withdrawn at 20 minutes after
injection nearly matched control APTT values. Subsequent blood draws yielded
APTTs that did not significantly differ from control values (Fig. 6B), indicating fast
abatement of the systemic effects of the PPACK particles despite prolonged
therapeutic effect. A similar time course was evident in preliminary
measurements of bleeding times in the tail after administration of PPACK
nanoparticles as a tail vein bolus (Fig. 7).

[0085] 'F magnetic resonance imaging and spectroscopy were
used to assess Perfluoro 15-Crown-5 Ether (CE) NMR signal present in selected
arteries due to retention of PFC nanoparticles. Fig. 8A depicts an excised
occluded artery from a mouse treated with PPACK nanoparticles. In the left
panel, a proton MRl illustrates a 0.2 mm cross-section of the artery with a dense
clot in the center. A false color '°F 1 mm projection image in the right panel
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depicts nanoparticle content in the artery. An overlay of the two images indicated
strong colocalization of the particles with the clot, implying the possibility of
tracking PPACK nanoparticles as they act to interrupt clot formation.

[0086] Quantitative "°F spectroscopy was employed to quantify
nanoparticle incorporation into clots from six mice (Fig. 8B). In mice treated with
PPACK nanoparticles, injured arteries retained 0.31 £ 0.14 fmol and unaffected
arteries retained 0.04 = 0.01 fmol nanoparticles. In mice treated with control
nanoparticles, injured arteries retained 0.07 + 0.03 fmol and uninjured arteries
retained 0.03 = 0.02 fmol.

[0087] To further elucidate the mechanism by which PPACK
nanoparticles prevent thrombus formation, TEM was used to examine the
microstructure of fully formed thrombi. In clots formed after treatment with
PPACK nanoparticles, few degranulated platelets were observed. Furthermore,
platelets in such clots were loosely associated with one another, showing no
signs of the dense packing evident in well-formed platelet aggregates. Instead, a
fibrin gel appeared to dominate the clot microstructure (Fig. 9A). In TEM images
of clots subject to control nanoparticle treatment, close association and
interdigitation of platelets was evident. Similarly, degranulated platelets were
abundant in these thrombi (Fig. 9B).

[0088] Carstair’'s staining was used to assess relative amounts of
platelets and fibrin in selected clots. Staining of clots formed after PPACK
nanoparticle treatment indicated a predominance of fibrin with only sparse
clusters of platelets (Fig. 10). For clots formed in the presence of control
nanoparticles, platelet staining was denser and interconnected (taking up 7.28%
of clot area as opposed to 1.66% in PPACK-treated clots) (Fig. 11).

Discussion for Examples 1-3

[0089] The goal of the examples above was to design a
therapeutically active nanoparticle with inherent targeting to proliferating thrombi.
A PFC nanoparticle anticoagulant that features covalently bound PPACK as its
active component was synthesized and implemented. Whereas PPACK itself is
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not clinically useful as an antithrombotic [2, 27], the examples demonstrate the
PPACK nanoparticle to be an effective intravenous anticoagulant. The rose
bengal thrombosis model was chosen for its demonstrated sensitivity to a wide
range of anticoagulants. The time to arterial occlusion in this model has shown
susceptibility to treatment with notable thrombin inhibitors [32]. The rose bengal
model demonstrates that the PPACK nanoparticle may delay localized occlusive
thrombosis while minimizing systemic effects on bleeding times.

[0090] Imaging contrast provided by the particle core indicated that
the particle inherently confines to the site of thrombosis, explaining the highly
targeted therapeutic effect. Given the colocalization of the particle to sites of
thrombosis and the extensive previous use of PFC particles to provide magnetic
resonance, ultrasound, optical and SPECT contrast [29, 33-35], PPACK
nanoparticles have potential as a tool for diagnostic mapping of thrombosis. As
shown previously for fibrin in clots [36, 37], OF signatures from the PFC core may
be quantified in molarity to provide a gross estimate of their local concentration,
indicative of the binding at the site of thrombosis in this case.

[0091] The pharmacokinetics of functionalized PFC nanoparticles
have been established in previous work exploring the use of such particles in
drug delivery and imaging applications [28, 29]. Through these studies and in a
long history of use in blood transfusions [28], the in vivo safety and stability of
PFC emulsions has been established. Stable attachment of covalently bound
targeting ligands has also been demonstrated [38-40]. Building on this work, the
antithrombotic nanoparticle presents a direct thrombin inhibitor on its surface
during circulation and upon retention at a site of developing thrombosis. The
fundamentally different in vivo behavior of PPACK on the particle may be
attributed to both prolonged circulation and sequestration at the site of
thrombosis.

[0092] Analysis of thrombotic occlusions formed in the presence of
PPACK particles indicates that, as part of its therapeutic impact, the
antithrombotic particle impacts platelet deposition. The particle likely inhibits
thrombin’s ability to activate platelets via PAR cleavage [17-21]. As evaluated
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with Carstair’s staining (Fig. 10) and with TEM (Fig. 9), the morphology of the
clots formed after PPACK particle treatment is distinguished by sparse platelet
distribution and reduced density of packing. Although thrombin inactivation is not
the traditional route to antiplatelet therapy, antiplatelet activity is a useful effect of
thrombin targeting. Thus, the apparent reduction in platelet deposition in the
treatment evidences a possible broader clinical application for the particle as a
combined antithrombotic and antiplatelet agent.

[0093] Anticoagulants that are mechanistically based on thrombin
inhibition abound in standard clinical practice. Most notably, heparin binding
dramatically accelerates the inhibition of thrombin by antithrombin and by heparin
cofactor Il [31]. However, deficiencies in antithrombin or heparin cofactor Il are
well documented [7, 41-43]. Further evidence indicates that the activity of
antithrombin-heparin is significantly abated when the inhibitory complex is bound
in a growing thrombus [44]. A preference for thrombin inhibition with direct, high-
affinity, and specific inhibitors has evolved in recent years.

[0094] The design of specific and potent direct thrombin inhibitors
has garnered attention from numerous researchers. However, problems of
specificity, toxicity, and unacceptable circulating half-life have plagued many
otherwise promising lead compounds [3, 45]. Amongst direct thrombin inhibitors,
PPACK was used here as a reasonably cheap, small, and non-toxic [27] agent to
complex with PFC nanoparticles. However, other known thrombin inhibitors could
be employed. Flexible conjugation schemes abound, given that diphospholipids
with large varieties of linking groups and spacers are readily available
commercially. Different inhibitor concentrations could also be tested. The PFC
nanoparticle thrombin inhibitor model would likely retain its noted advantages
with adaptation to different inhibitory moieties.

[0095] Regardless of the drug that is conjugated to the particle, the
antithrombotic nanoparticle is designed to act as a unique inhibitor in its own
right. Rather than serving as a vehicle that delivers an antagonist to the thrombin

target, the particle holds onto the inhibitor and acts against thrombus formation

29



WO 2011/084700 PCT/US2010/061103

by maintaining localized thrombin-absorbing surfaces that are not disabled after
locating a thrombin target.

[0096] In recent clinical trials, problems of toxicity (in the case of the
reversible thrombin inhibitor Ximelagatran [45]) or ambiguous patient outcome (in
the case of the P2Y12 inhibitor Ticragelor [46]) have raised questions of efficacy
and labeling in otherwise promising anticoagulants used in acute coronary
syndromes. There continues to be a need for new potent and highly specific
antithrombotic agents with minimal toxicity for the treatment of thrombosis in
acute coronary syndromes [10-12], stroke [13], venous thrombosis [11, 14], and
stent placement [47, 48]. The particle developed here may be used in acute
treatments, as a potent, more effective local therapy with an improved safety

profile that serves as a bridge to outpatient oral therapy.

Example 4. Nanoparticles functionalized with Bivalirudin

[0097] Bivalirudin (Hirulog) is a specific and reversible direct
thrombin inhibitor (DTI). Bivalirudin inhibits thrombin by specifically binding both
to the anion-binding exosite | (Fig 12A) and to the active site (Fig 12B) of
circulating and clot-bound thrombin. Bivalirudin overcomes many limitations seen
with indirect thrombin inhibitors, such as heparin. Bivalirudin is a short, synthetic
peptide that inhibits both circulating and clot-bound thrombin, while also inhibiting
thrombin-mediated platelet activation and aggregation. Bivalirudin has a quick
onset of action and a short half-life. It does not bind to plasma proteins (other
than thrombin) or to red blood cells. Therefore it has a predictable antithrombotic
response. There is no risk for Heparin Induced Thrombocytopenia/Heparin
Induced Thrombosis-Thrombocytopenia Syndrome (HIT/HITTS), it does not
require a binding cofactor such as antithrombin and does not activate platelets.
These characteristics make Bivalirudin an ideal alternative to heparin.

[0098] Bivalirudin was conjugated to Carboxy-PEG functionalized
nanoparticles at the N-terminus using procedure described in the Materials and
Methods for Examples 1-3 above. After conjugation of Bivalirudin, nanoparticles
were examined to verify stability, and found to have analogous coupling and
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stability characteristics (Fig. 13A and B) to the PPACK particles described in
Examples 1-3.

[0099] Bivalirudin and Bivalirudin nanoparticle inhibition of thrombin
was evaluated and compared to inhibition of thrombin by PPACK (Fig. 14). The
results show that Bivalirudin is less active, but more specific than PPACK. In
addition, Bivalirudin activity, as with PPACK, was not significantly diminished on
the particles.

[0100] The in vivo effect of Bivalirudin nanoparticles was measured
as described in Examples 1-3 above, and compared to PPACK nanoparticles
(Fig. 15). At the administered dose, Bivalirudin did not significantly extend
occlusion time, but Bivalirudin nanoparticles did. PPACK nanoparticles on the
other hand, outperformed both Bivalirudin treatments when using an identical
dose. Even though Bivalirudin has been shown to provide more effective action
against fibrin-bound thrombin (activity against exosite 1), Bivalirudin particles may
be more likely to release from the target due to cleavage of the inhibitor by
thrombin.

[0101] "OF magnetic resonance imaging and spectroscopy were
used to assess Perfluoro 15-Crown-5 Ether (CE) NMR signal present in selected
arteries due to retention of PFC nanoparticles (Fig. 16).

[0102] Human fibrin clots were formed via activation of citrated
plasma with thrombin and 500 mM CaCl, as described previously (Morawski AM
et al (2004) 52: 1255-1262.). For thrombin-targeted particles, clots were
incubated with 1:15 dilution of emulsion at 37 degrees for two hours on a rotating
platform shaker prior to rinsing and quantitative OF spectroscopy. For fibrin
targeting, clots were incubated with 125ug of biotinylated 1H10 antibody at 4
degrees for 12 hours prior to incubation with avidin-functionalized nanoparticles
at 37 degrees as with thrombin targeting (Fig. 17).
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CLAIMS
What is claimed is:

1. An antithrombotic nanoparticle, wherein the exterior of the
nanoparticle comprises at least one high affinity coagulation inhibitor that is
substantially retained on the exterior of the nanoparticle after administration of
the nanoparticle to a subject, such that the nanoparticle is antithrombotic but
does not substantially alter the clotting time of the subject’s blood plasma.

2. The antithrombotic nanoparticle of claim 1, wherein the
nanoparticle further comprises an anti-platelet agent.

3. The antithrombotic nanoparticle of claim 1, wherein the

nanoparticle has anti-platelet activity.

4. The antithrombotic nanoparticle of claim 1, wherein the

nanoparticle has anti-thrombin activity.

5. The antithrombotic nanoparticle of claim 1, wherein the high affinity
coagulation inhibitor is a thrombin inhibitor.

6. The antithrombotic nanoparticle of claim 1, wherein the high affinity

coagulation inhibitor is PPACK.

7. An antithrombotic nanoparticle, wherein the half-life of the
nanoparticle is between about 2 and about 4 hours in a subject, the exterior of
the nanoparticle comprises at least one high affinity coagulation inhibitor that
is substantially retained on the exterior of the nanoparticle after administration
of the nanoparticle to a subject, and the second order kinetic constant of the
nanoparticle is greater than the second order kinetic constant of the high
affinity coagulation inhibitor by itself.

8. The antithrombotic nanoparticle of claim 7, wherein the
nanoparticle further comprises an anti-platelet agent.
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9. The antithrombotic nanoparticle of claim 7, wherein the
nanoparticle has anti-platelet activity.

10. The antithrombotic nanoparticle of claim 7, wherein the
nanoparticle has anti-thrombin activity.

11. The antithrombotic nanoparticle of claim 7, wherein the high affinity
coagulation inhibitor is a thrombin inhibitor.

12. The antithrombotic nanoparticle of claim 7, wherein the high affinity
coagulation inhibitor is PPACK.

13. A composition, the composition comprising:
a. a plurality of platelets,
b. fibrin, and
C. at least one nanoparticle, wherein the exterior of the

nanoparticle comprises at least one high affinity coagulation
inhibitor that is substantially retained on the exterior of the

nanoparticle after in vivo administration of the nanoparticle.

14. A method of decreasing thrombus formation in a subject, the
method comprising administering a nanoparticle to the subject, wherein the
half-life of the nanoparticle is between about 2 and about 4 hours in a subject,
the exterior of the nanoparticle comprises at least one high affinity
coagulation inhibitor that is substantially retained on the exterior of the
nanoparticle after administration of the nanoparticle to a subject, and the
second order kinetic constant of the nanoparticle is greater than the second
order kinetic constant of the high affinity coagulation inhibitor by itself.

15. The method of claim 14, wherein the nanoparticle further comprises
an anti-platelet agent.

16. The method of claim 14, wherein the nanoparticle has anti-platelet
activity.
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17. The method of claim 14, wherein the nanoparticle has anti-thrombin
activity.
18. The method of claim 14, wherein the high affinity coagulation

inhibitor is a thrombin inhibitor.

19. The method of claim 14, wherein the high affinity coagulation
inhibitor is PPACK.

20. A method of preventing thrombus formation in a subject, the
method comprising administering a nanoparticle to the subject, wherein the
half-life of the nanoparticle is between about 2 and about 4 hours in a subject,
the exterior of the nanoparticle comprises at least one high affinity
coagulation inhibitor that is substantially retained on the exterior of the
nanoparticle after administration of the nanoparticle to a subject, and the
second order kinetic constant of the nanoparticle is greater than the second
order kinetic constant of the high affinity coagulation inhibitor by itself.

21. The method of claim 20, wherein the nanoparticle further comprises

an anti-platelet agent.

22. The method of claim 20, wherein the nanoparticle has anti-platelet
activity.

23. The method of claim 20, wherein the nanoparticle has anti-thrombin
activity.

24. The method of claim 20, wherein the high affinity coagulation

inhibitor is a thrombin inhibitor.

25. The method of claim 20, wherein the high affinity coagulation
inhibitor is PPACK.

26. A method of imaging a thrombus in a subject, the method
comprising administering a nanoparticle to the subject, wherein the half-life of
the nanoparticle is between about 2 and about 4 hours in a subject, the
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exterior of the nanoparticle comprises at least one high affinity coagulation
inhibitor that is substantially retained on the exterior of the nanoparticle after
administration of the nanoparticle to a subject, and the second order kinetic
constant of the nanoparticle is greater than the second order kinetic constant

of the high affinity coagulation inhibitor by itself.

27. The method of claim 26, wherein the nanoparticle further comprises
an anti-platelet agent.

28. The method of claim 26, wherein the nanoparticle has anti-platelet
activity.

29. The method of claim 26, wherein the nanoparticle has anti-thrombin
activity.

30. The method of claim 26, wherein the high affinity coagulation

inhibitor is a thrombin inhibitor.

31. The method of claim 26, wherein the high affinity coagulation
inhibitor is PPACK.
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