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TITLE

Biodegradable Nanoparticles as Novel Hemoglobin-Based Oxygen Carriers and Methods
of Using the Same.

RELATED APPLICATIONS

[0001] This application claims the benefit of priority to U.S. Provisional Application No.
61/326,222, entitled “Biodegradable Polymersomes as Novel Hemoglobin-Based Oxygen
Carriers and Methods of Using the Same” filed April 20, 2010; U.S. Provisional
Application No. 61/430,628, entitled “Biodegradable Polymersomes as Novel
Hemoglobin-Based Oxygen Carriers and Methods of Using the Same” filed January 7,
2011; and U.S. Utility Application 13/090,076, entitled “Biodegradable Nanoparticles as
Novel Hemoglobin-Based Oxygen Carriers and Methods of Using the Same,” the entire

contents of all of which are hereby incorporated by reference.
GOVERNMENT SUPPORT

[0002] This invention was made using funds from the National Institute of Health (Study
ID# 1R43HL103388-01). The Government has certain rights in this invention.

FIELD OF INVENTION

[0003] The various embodiments include compositions and methods for synthesis and
delivery of synthetic oxygen carriers including oxygen-binding compounds

compartmentalized in biodegradable polymer vesicles (e.g., polymersomes).

BACKGROUND OF THE INVENTION

[0004] Currently, there is a shortage in the number of red blood cell (RBC) units available
for blood transfusions. Donated human red blood cells (currently the only source for these
transfusions) do not adequately meet current demands and are unlikely to meet future
demands. For example, in the United States, 14 million red blood cell units are made
available for transfusions each year, and an annual deficit of 1 million units still exists.

Internationally, the deficit is around 200 million units annually. In the future, these
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deficits may become even more severe, as the current deficit projections do not take into
account the more acute need for blood in cases of mass civilian casualties, such as natural

disasters, terrorist attacks and wars.

[0005] The shortage in red blood cell units and the lack of suitable substitutes results in
many preventable deaths. For example, more than 530,000 women die each year during
pregnancy or childbirth, with hemorrhage being the leading cause of death (accounting for
up to 44% of maternal deaths in some areas of sub-Saharan Africa). Many of these deaths
could be prevented with the proper supply of red blood cell units or with a proper

substitute for red blood cell transfusions.

[0006] While the current deficits are in part due to a shortage in the number of blood
donors, a number of other factors also contribute to the current crisis. Several of these
factors relate to the pool of available donated human red blood cells being limited by
existing obstacles to safe transfusion. For example, red blood cell units may carry
infectious diseases and many multi-level proactive interventional programs of stringent red
blood cell donor screening and expensive nucleic acid testing procedures have been
implemented to protect recipients. With each new emerging disease, new diagnostic tests
are performed, further limiting the available donor pool and further increasing costs. In
addition, donated human red blood cells contain proteins and cytokines that may cause
reactions in up to 2% of transfusions with symptoms ranging in severity from mild allergic
reactions to severe shock and even death. Also, red blood cell transfusions may lead to
various metabolic conditions (e.g. hyperkalemia, hypocalcemia and alkalosis), and
multiple red blood cell transfusions may exert an immunosuppressive effect on the
recipient, increasing risk of hospital-acquired infections.' These potential complexities

further increase costs associated with donor red blood cell transfusions.

[0007] In addition to the above-mentioned obstacles to safe transfusion, costs are also
increased due to requirements for cross-matching donor and recipient red blood cell units
before transfusion, as well as the short storage life (typically 15 days) and expensive
storage requirements (e.g., must be kept at 2-3 °C, special storage solutions are required to
extend red blood cell life to 42 days, etc.) of red blood cell units.> While there have been
many recent improvements in technology, the collection and storage of donated red blood
cells remains a difficult and expensive task. There is a need for a less expensive and more

effective alternative to donated human red blood cell transfusions.
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SUMMARY OF THE INVENTION

[0009] The various embodiments provide compositions and methods for making, storing and
administering oxygen carriers having an oxygen-binding compound encapsulated in a
polymer vesicle such as a polymersome. The various embodiments provide compositions
and methods for making, storing and administering artificial blood substitutes that may
include hemoglobin, myoglobin, or other oxygen binding compounds. The oxygen carriers
of the various embodiments may include polymersomes comprising of poly(ethylene oxide)-
block-poly(e-caprolactone) (PEOb-PCL) and/or related diblock copolymers of poly(ethylene
oxide)-block-poly(y-methyl e-caprolactone) (PEO-b-PMCL) for effective oxygen delivery,
including tunable oxygen-binding capacities, uniform and appropriately small size
distributions, human bloodlike viscosities and oncotic properties, as well as ease of mass

production and affordable storage.

[0010] In some embodiments, the invention relates to a polymersome comprising at least one
biocompatible polymer and at least one biodegradable polymer. In some embodiments, the
invention relates to a composition comprising a polymersome comprising polyethylene oxide,
wherein the weight fraction of polyethylene oxide is from about 10 to about 20 percent of the
total weight of the block copolymer. In some embodiments, the composition comprises a
polymersome wherein the biocompatible polymer is chosen from: poly(ethylene oxide),
poly(ethylene glycol), or a combination thereof; and wherein the biodegradable polymer is
chosen from poly(e-caprolactone), poly(y-methyl e-caprolactone), or a combination thereof.
In some embodiments, the polymersome comprises a diblock copolymer comprising at least
one biocompatible polymer and at least one biodegradable polymer. In some embodiments,
the polymersome comprises a triblock copolymer comprising at least one biocompatible
polymer and at least one biodegradable polymer. In some embodiments, the polymersome
comprises a biodegradable polymer, wherein the biodegradable polymer is a block copolymer
of poly(ethylene oxide) and poly(y-methyl) e-caprolactone; wherein the polyethylene oxide
has a number average molecular weight from about 1.0 to about 4.0 kiloDaltons, and wherein
the weight fraction of polyethylene oxide is from about 17 to about 28 percent of the total
weight of the block copolymer. In some embodiments, the polymersome comprises a
biodegradable polymer, wherein the biodegradable polymer is a block copolymer of
poly(ethylene oxide) and poly(e-caprolactone); and wherein the polyethylene oxide has a
number average molecular weight from about 1.0 kD to about 4.0 kD. In some embodiments,

the polymersome comprises polyethylene oxide, wherein the weight fraction of polyethylene
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oxide is from about 10 to about 20 percent of the total weight of the block copolymer. In
some embodiments, the polymersome comprises a biodegradable polymer, wherein the
biodegradable polymer is a block copolymer of poly(ethylene oxide) and poly(e-
caprolactone); and wherein the polyethylene oxide has a number average molecular weight
from about 1.0 kD to about 4.0 kD; and wherein the weight fraction of polyethylene oxide is
from about 10 to about 20 percent of the total weight of the block copolymer. In some
embodiments, the polymersome comprises a biodegradable polymer, wherein the
biodegradable polymer is a block copolymer of poly(ethylene oxide) and poly(e-
caprolactone); wherein the weight fraction of polyethylene oxide is from about 18 to about 28
percent of the total weight of the block copolymer. In some embodiments, the polymersome
comprises a biodegradable polymer, wherein the biodegradable polymer is a block copolymer
wherein at least one block is poly(ethylene oxide) and one block is poly (e-caprolactone), and
wherein the polyethylene oxide has a number average molecular weight from about 1.5 to
about 3.8 kD, and wherein the weight fraction of polyethylene oxide is from about 10 to
about 30 percent of the total weight of the block copolymer. In some embodiments, the
polymersome comprises a biodegradable polymer, wherein the biodegradable polymer is a
block copolymer wherein at least one block is poly(ethylene oxide) or poly(ethylene glycol)
wherein the weight fraction of poly(ethylene oxide) or poly(ethylene glycol) is from about 30
to about 50 percent of the total weight of the copolymer. In some embodiments, the
polymersome comprises a diblock copolymer, wherein at least one polymer block comprises
poly(y-methyl e-caprolactone) with a number average molecular weight that is from about 4
kiloDaltons to about 10 kiloDaltons. wherein the polymersome comprises at least one
diblock copolymer comprising poly(ethylene oxide) ) and poly(e-caprolactone), wherein the
poly(ethylene oxide) ) has a number average molecular weight that is about 2 kiloDaltons and
the poly(e-caprolactone) has a number average molecular weight that is about 12
kiloDaltons. In some embodiments, the polymersome comprises at least one diblock
copolymer comprising poly(ethylene oxide) ) and poly(e-caprolactone), wherein the
poly(ethylene oxide) ) has a number average molecular weight that is about 1.8 kiloDaltons
to about 1.9 kiloDaltons and the poly(e-caprolactone) has a number average molecular

weight that is about 8 kiloDaltons to about 9.5 kiloDaltons.

[0011] In some embodiments, the invention relates to a pharmaceutical composition that
comprises an oxygen carrier, and, optionally, a pharmaceutically acceptable carrier. In some

embodiments, the invention relates to a pharmaceutical composition comprising the oxygen
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carrier of any of the disclosed embodiments herein. In some embodiments, the
pharmaceutical composition comprises an oxygen carrier for treatment or prevention of
reduced tissue oxygenation in an effective amount for a subject in need thereof. In some
embodiments, the pharmaceutical composition comprises an oxygen carrier for increasing the
rate of wound healing in an effective amount for a subject in need thereof. In some
embodiments, the pharmaceutical composition comprises an oxygen carrier for treatment or
prevention of an immunologic, rheumatologic, oncologic or inflammatory condition in an
effective amount for a subject in need thereof. In some embodiments, the pharmaceutical
composition comprises an oxygen carrier for treatment or prevention of cellular dysplasia,
hyperplasia, malignant cancer, or tumor growth in an effective amount for a subject in need

thereof.

[0012] In some embodiments, the invention relates to kits comprising a composition,

pharmaceutical composition or polymersome disclosed herein.

[0013] In some embodiments, the invention relates to a method of manufacturing am
effective amount of a medicament comprising the compositions, pharmaceutical
compositions or polymersomes disclosed herein for use in treatment or prevention of
immunologic, rheumatologic, oncologic or inflammatory condition. In some embodiments,
the invention relates to a method of manufacturing am effective amount of a medicament
comprising the compositions, pharmaceutical compositions or polymersomes disclosed
herein for use in treatment or prevention of oxygen deficiency or ischemia. In some
embodiments, the invention relates to a method of manufacturing am effective amount of a
medicament comprising the compositions, pharmaceutical compositions or polymersomes
disclosed herein for use in treatment or prevention of cellular dysplasia, hyperplasia,
malignant cancer, or tumor growth. In some embodiments, the invention relates to a method
of manufacturing am effective amount of a medicament comprising the compositions,
pharmaceutical compositions or polymersomes disclosed herein for use in increasing the rate

of wound healing.

[0014] Various embodiments provide a composition of matter having an oxygen carrier
that includes plurality of polymers and an oxygen-binding compound. The oxygen carrier
may be a polymer vesicle, a nanoparticle-based vesicle and/or a polymersome. The

oxygen carrier may include a poly(peptide), a poly(saccharide) and/or a poly(nucleic acid).

[0015] In various embodiments, the oxygen-binding compound may be included within the
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polymer vesicle, the nanoparticle-based vesicle and/or polymersome. The oxygen-binding
compound may be a naturally occurring protein, a recombinant protein, a recombinant
polypeptide, a synthetic polypeptide, a chemical synthesized by an animal, a synthetic
small molecule, a carbohydrate, a nucleic acid, a lipid or a polymer. The oxygen-binding
compound may be a compound derived from one or more of a naturally occurring protein,
a recombinant protein, a recombinant polypeptide, a synthetic polypeptide, a chemical
synthesized by an animal, a synthetic small molecule, a carbohydrate, a nucleic acid, a
lipid and/or a polymer. The oxygen-binding compound may be hemoglobin and/or a

derivative of hemoglobin.

[0016] At least one of the plurality of polymers may be a biodegradable polymer. At least
one of the plurality of polymers may be a biocompatible polymer. The biocompatible
polymer may be poly(ethylene oxide) and/or poly(ethylene glycol). The biodegradable
polymer may be poly(e-caprolactone), poly(y-methyl e-caprolactone) and/or a block
copolymer of poly(ethylene oxide) and poly(e-caprolactone). The poly(ethylene oxide)
may have an number-average molecular weight from about 1.5 kiloDalton to about 4.0
kiloDalton. The weight fraction of the poly(ethylene oxide) may be from about 11 to
about 20 percent of the total weight of the block copolymer.

[0017] In various embodiments, the biodegradable polymer may be a block copolymer of
poly(ethylene oxide) and poly(y-methyl e-caprolactone), the poly(ethylene oxide) may
have a number-average molecular weight from about 1.5 kiloDalton to about 4.0
kiloDalton, and a weight fraction of poly(ethylene oxide) may be from about 18 to about
28 percent of the total weight of the block copolymer. In some embodiments, the
poly(ethylene oxide) may have a number-average molecular weight from about 1.5 to
about 3.8 kiloDalton and a weight fraction from about 10 to about 30 percent of the total
weight of the block copolymer.

[0018] In various embodiments, at least one of the plurality of polymers may be a block
copolymer of which at least one polymer block is poly(ethylene oxide) or poly(ethylene
glycol) having a weight fraction from about 30 to about 50 percent of the total weight of
the copolymer. In various embodiments, at least one of the plurality of polymers may be a
block copolymer of which at least one polymer block is poly(e-caprolactone) having a
weight fraction from about 50 to about 70 percent of the total weight of the copolymer. In
various embodiments, at least one of the plurality of polymers may be a block copolymer

of which at least one polymer block is poly(y-methyl e-caprolactone) having a weight

9
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fraction from about 50 to about 70 percent of the total weight of the copolymer. In various
embodiments, at least one of the plurality of polymers is a diblock copolymer of which at
least one polymer block comprises poly(e-caprolactone) with a number-average molecular

weight from about 9 kiloDalton to about 23 kiloDalton.

[0019] In various embodiments, the number-average molecular weight may be from about
9.5 kiloDalton to about 22.2 kiloDalton. In various embodiments, at least one of the
plurality of polymers may be a diblock copolymer of which at least one polymer block
comprises poly(y-methyl e-caprolactone) having a number-average molecular weight from
about 4 kiloDalton to about 10 kiloDalton. In an embodiment, the number-average

molecular weight may be from about 4.8 kiloDalton to about 9.5 kiloDalton.

[0020] In various embodiments, at least one of the plurality of polymers may be a diblock
copolymer comprising poly(ethylene oxide) and poly(e-caprolactone). The poly(ethylene
oxide) may have a number-average molecular weight of about 2 kiloDalton and the poly(e-
caprolactone) may have a number-average molecular weight of about 12 kiloDalton. The
poly(ethylene oxide) may have a number average molecular weight that is from about 1.8
kiloDalton to about 1.9 kiloDalton and the poly(e-caprolactone) may have a number

average molecular weight that is from about 8 kiloDalton to about 9.5 kiloDalton.

[0021] In various embodiments, the composition may include oxygen dispersed within the
polymers of the oxygen carrier, oxygen dispersed within an aqueous core of the oxygen
carrier, and/or a ligand conjugated to the surface of the oxygen carrier. In various
embodiments, the composition may include at least one pharmaceutically active agent.
The pharmaceutically active agent may be contained within the oxygen carrier. In an
embodiment, the pharmaceutically active agent may be optionally contained within the

oxygen carrier.

[0022] In various embodiments, the oxygen carrier may include an allosteric effector. In
various embodiments, the oxygen carrier may have a diameter from about 50 nm to about
5 um. The oxygen carrier may have a membrane thickness from about 5 nm to about 30
nm. The oxygen carrier may have a multiblock copolymer layer structure comprising
multiblock copolymer chains having hydrophilic and hydrophobic blocks. Two or more of

the copolymer chains may be covalently bonded to one another.

[0023] In various embodiments, the polymersomes may have an aqueous interior,

hydrophobic polymersome membrane and/or a hydrophilic surface. The allosteric effector
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may be compartmentalized within the aqueous interior, hydrophobic polymersome
membrane and/or hydrophobic membrane of the polymersome. The allosteric effector
may be a naturally occurring molecule, a recombinant molecule, a synthetic molecule
and/or a polymer. The allosteric effector may modify oxygen-binding through hydrogen
ions, carbon dioxide, and/or 2,3-bisphosphoglycerate. The pharmaceutically active agent
may be compartmentalized within the aqueous interior, hydrophobic polymersome

membrane and/or hydrophobic membrane of the polymersome.

[0024] In various embodiments, the oxygen-binding compound may be covalently linked
to the hydrophilic surface of the polymersome. A pharmaceutically active agent may be
covalently linked to the hydrophilic surface of the polymersome. An allosteric effector

may be covalently linked to the hydrophilic surface of the polymersome.

[0025] In various embodiments, the copolymer layer structure may be bilayer. In various
embodiments, the oxygen carrier may be biodegradable. The oxygen carrier may include
at a hydrophilic block polymer. The hydrophilic block polymer may be poly(ethylene
oxide), poly(acrylic acid), poly(ethylene glycol), or any combination thereof. The
hydrophilic block polymer may be poly(caprolactone), poly(methylcaprolactone),
poly(menthide), poly(lactide), poly(glycolide), poly(methylglycolide),
poly(dimethylsiloxane), poly(isobutylene), poly(styrene), poly(ethylene), poly(propylene

oxide), or any combination thereof.

[0026] Various embodiments provide a method of manufacturing a composition that
includes an oxygen carrier. An organic solution comprising a plurality of polymers may
be prepared. The organic solution may be exposed to a plastic, polytetrafluoroethylene, or
glass surface. The organic solution may be dehydrated on the plastic,
polytetrafluoroethylene, or glass surface to create a film of polymers. The film of
polymers may be rehydrated in an aqueous solution having an oxygen-binding molecule.
The polymers may be cross-linked in the aqueous solution via chemical modification. The
oxygen-binding molecule may be hemoglobin. The aqueous solution may include an
allosteric effector, a pharmaceutically active agent, or a combination thereof. Cross-
linking the polymers in the aqueous solution via chemical modification may include cross-
linking the polymers via a photoactive chemical and UV light. Cross-linking the polymers
in the aqueous solution via chemical modification may include cross-linking the polymers
via a chemical modification of 2,2-dimethoxy-2-phenylacetophenone. Cross-linking the

polymers in the aqueous solution via chemical modification may include lyophilizing the
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polymers after cross-linking. The polymers may be purified through a polycarbonate filter

with a pore size of between about 50 kiloDaltons and about 1 million kiloDaltons.

[0027] The organic solution may include a biocompatible polymer. The organic solution
may include a biodegradable polymer. The biocompatible polymer may be poly(ethylene
oxide) and/or poly(ethylene glycol). The biodegradable polymer may be poly(e-
caprolactone) and/or poly(y-methyl e-caprolactone). The organic solution may include a
block copolymer in which at least one block is poly(g-caprolactone). The weight fraction
of poly(e-caprolactone) may be from about 50 to 70 percent of the total weight of the
copolymer. The organic solution may include a block copolymer in which at least one
block is poly(y-methyl e-caprolactone). The weight fraction of poly(y-methyl &-
caprolactone) may be from about 50 to 70 percent of the total weight of the copolymer.
The organic solution may include a diblock copolymer having at least one biocompatible
polymer and at least one biodegradable polymer. The diblock biocompatible polymer may
be poly(ethylene oxide) and/or poly(ethylene glycol) and the diblock biodegradable

polymer may be poly(e-caprolactone) and/or poly(y-methyl e-caprolactone).

[0028] In various embodiments, the organic solution may include a triblock copolymer
having a biocompatible polymer and/or a biodegradable polymer. The triblock
biocompatible polymer may include poly(ethylene oxide) and/or poly(ethylene glycol) and
the triblock biodegradable polymer may include poly(e-caprolactone) and/or poly(y-methyl

g-caprolactone).

[0029] In various embodiments, the organic solution may include a block copolymer in
which at least one block is poly(ethylene oxide) and one block is poly (y-methyl &-
caprolactone), the poly(ethylene oxide) having a number-average molecular weight
between about 1.5 and about 3.8 kiloDalton. The poly(ethylene oxide) may have a weight
fraction between about 10 and about 30 percent of the total weight of the block copolymer.
The poly(ethylene oxide) may have a weight fraction between about 30 and about 50
percent of the total weight of the block copolymer. The organic solution may include a
diblock copolymer and at least one polymer block of poly(e-caprolactone) with a number-
average molecular weight that is from about 9 kiloDalton to about 23 kiloDalton. The
organic solution may include a diblock copolymer and at least one polymer block
comprising poly(e-caprolactone) with a number-average molecular weight that is from
about 9.5 kiloDalton to about 22.2 kiloDalton. The organic solution may include a diblock

copolymer and at least one polymer block comprising poly(y-methyl e-caprolactone) with
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a-number average molecular weight that is from about 4 kiloDalton to about 10
kiloDalton. The organic solution may include a diblock copolymer and at least one
polymer block comprising poly(y-methyl e-caprolactone) with a-number average
molecular weight that is from about 4.8 kiloDalton to 9.5 kiloDalton. The organic solution
may include a diblock copolymer comprising poly(ethylene oxide) and poly(e-
caprolactone). The poly(ethylene oxide) may have a number-average molecular weight
that is about 2 kiloDalton and the poly(e-caprolactone) may have a number-average
molecular weight that is about 12 kiloDalton. The poly(ethylene oxide) may have a
number-average molecular weight that is between about 1.8 kiloDalton and about 1.9
kiloDalton and the poly(ge-caprolactone) may have a number-average molecular weight that

is between about 8 kiloDalton and about 9.5 kiloDalton.

[0030] In various embodiments, the method of manufacturing a composition may include
rehydrating the dried oxygen carrier in an aqueous solution having a pharmaceutically
acceptable salt and/or administering the oxygen carrier to a subject in need thereof. The
oxygen carrier may be administered intravenously, via inhalation, topically, per rectum,
per the vagina, transdermally, subcutaneously, intraperitoneally, intrathecally,

intramuscularly, or orally.

[0031] Various embodiments provide a method of treating a subject by administering an
oxygen carrier composition comprising a plurality of polymers and an oxygen-binding
compound to the subject. The oxygen carrier may administered intravenously, via
inhalation, topically, per rectum, per the vagina, transdermally, subcutaneously,

intraperitoneally, intrathecally, intramuscularly, or orally.

[0032] Various embodiments provide a kit that includes a pharmaceutical composition
comprising an oxygen carrier. The oxygen carrier may include a plurality of polymers and
an oxygen-binding compound. The kit may include an implement for administering the
oxygen carrier intravenously, via inhalation, topically, per rectum, per the vagina,

transdermally, subcutaneously, intraperitoneally, intrathecally, intramuscularly, or orally.

[0033] Various embodiments provide a kit that includes a first container and a second
container. The first container may include an oxygen carrier. The second container may

include a rehydration mixture. The oxygen carrier may be lyophilized or dried.

[0034] Various embodiments provide a pharmaceutical composition including the above-

mentioned oxygen carriers and/or polymersomes. The pharmaceutical composition may
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include pharmaceutically active agent in an effective amount to treat or prevent a disease
or disorder in a subject. The pharmaceutical composition may include any of the above-
mentioned compositions, oxygen carriers and/or polymersomes for treatment or prevention
of reduced tissue oxygenation in an effective amount for a subject in need thereof. The
pharmaceutical composition may include any of the above-mentioned compositions,
oxygen carriers and/or polymersomes for increasing the rate of wound healing in an
effective amount for a subject in need thereof. The pharmaceutical composition may
include any of the above-mentioned compositions, oxygen carriers and/or polymersomes
for treatment or prevention of an immunologic, rheumatologic, oncologic or inflammatory
condition in an effective amount for a subject in need thereof. The pharmaceutical
composition may include any of the above-mentioned compositions, oxygen carriers
and/or polymersomes for treatment or prevention of cellular dysplasia, hyperplasia,

malignant cancer, or tumor growth in an effective amount for a subject in need thereof.

[0035] Various embodiments provide a method of releasing a pharmaceutically active
agent from within the oxygen-carrier and/or polymersomes. A polymersome and/or
oxygen carrier may be exposed to a physiological stimulus or a stimulus equivalent to a
physiological condition in a subject. The stimulus may be an acidic environment, an

osmotic gradient, oxidative or reductive stress, or heat.

[0036] Various embodiments provide a method for treating to preventing benign or
malignant tumor growth in a subject in need thereof by administering the oxygen carrier

and/or polymersomes.

[0037] Various embodiments provide a method of treating or preventing low oxygenation
of tissues in a subject in need thereof by administering the oxygen carrier and/or

polymersomes.

[0038] Various embodiments provide a method of stimulating wound healing tissues in a
subject in need thereof by administering the oxygen carrier and/or polymersomes to a

subject in need thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0039] The accompanying drawings, which are incorporated herein and constitute part of this
specification, illustrate example aspects of the invention, and together with the general
description given above and the detailed description given below, serve to explain the

features of the invention.
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[0040] FIG. 1 is a cryogenic transmission electron micrograph of PEO(2K)-b-PCL(12K)-
based polymersomes in de-ionized water (5 mg/ml) that illustrates the membrane core

thickness of the vesicles as being 22.5 + 2.3 nanometer.

[0041] FIG. 2 is a line chart illustrating the cumulative in situ release of doxorubicin,
loaded within 200 nm diameter PEO(2K)-b-PCL(12K) based polymersomes, under various
physiological conditions (pH 5.5 and 7.4; T= 37 °C) as measured fluorometrically over 14
days.

[0042] FIG. 3 is a process flow diagram illustrating an embodiment method for the

preparation and delivery of a hemoglobin-based oxygen carrier.

[0043] FIG. 4 is a process flow diagram illustrating an embodiment method for preparing a
polymersome comprising at least one biocompatible polymer and at least one

biodegradable polymer.

[0044] FIG. 5 is a bar chart illustrating the hemoglobin encapsulation efficiencies of four
polymersome-encapsulated hemoglobin formulations extruded through 200 nm

polycarbonate membranes.

[0045] FIG. 6 is a bar chart illustrating the Pso (mmHg) of red blood cells, hemoglobin and
four polymersome-encapsulated hemoglobin formulations extruded through 200 nm

polycarbonate membranes.

DETAILED DESCRIPTION OF THE INVENTION

[0046] The present invention may be understood more readily by reference to the following
detailed description taken in connection with the accompanying figures and examples, which
form a part of this disclosure. It is to be understood that the various embodiments are not
limited to the specific devices, methods, applications, conditions or parameters described
and/or shown herein, and that the terminology used herein is for the purpose of describing

particular embodiments by way of example only and is not intended to be limiting.

[0047] 1t is to be appreciated that certain features that are, for clarity, described herein in the
context of separate embodiments, may also be provided in combination in a single

embodiment. Conversely, various features that are, for brevity, described in the context of a
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single embodiment, may also be provided separately or in any sub-combination. Further,

reference to values stated in ranges include each and every value within that range.

(13 A AN Y4 2

[0048] As used in this specification and the appended claims, the singular forms “a,” “an,

and “the” include plural referents unless the content clearly dictates otherwise.

[0049] The word “about” is used herein when referring to a measurable value such as an
amount, a temporal duration, and the like, and is meant to encompass variations of +20%,
+10%, +5%, £1%, or +0.1% from the specified value, as such variations are appropriate to

perform the disclosed methods.

[0050] When a range of values is expressed, another embodiment includes from the one
particular value and/or to the other particular value. Similarly, when values are expressed as
approximations, by use of the antecedent “about,” it will be understood that the particular

value forms another embodiment. All ranges are inclusive and combinable.
[0051] The word “plurality” is used herein to mean more than one.

[0052] The terms “subject” and “patient” are used interchangeably herein to refer to human
patients, whereas the term “subject” may also refer to any animal. It should be understood
that in various embodiments, the subject may be a mammal, a non-human animal, a canine

and/or a vertebrate.

[0053] The term “monomeric units” is used herein to mean a unit of polymer molecule
containing the same or similar number of atoms as one of the monomers. Monomeric units,
as used in this specification, may be of a single type (homogeneous) or a variety of types

(heterogeneous).

[0054] The term “polymers” is used according to its ordinary meaning of macromolecules
comprising connected monomeric molecules. Polymers of the invention may comprise any
number of combinations of different hydrophilic and hydrophobic blocks. In some
embodiments, the hydrophilic and hydrophobic blocks are chosen from at least one of the
follwoing: hydrophilic biocompatible poly(ethylene oxide) (PEO) coupled to various
hydrophobic aliphatic poly(anhydrides), poly(nucleic acids), poly(esters), poly(ortho esters),
poly(peptides), poly(phosphazenes) and poly(saccharides), including but not limited by
poly(lactide) (PLA), poly(glycolide) (PLGA), poly(lactic-co-glycolic acid) (PLGA), poly(e-
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caprolactone) (PCL), and poly (trimethylene carbonate) (PTMC).

[0055] The term “amphiphilic substance” is used herein to mean a substance containing both

polar (water-soluble) and hydrophobic (water-insoluble) groups.

[0056] The term “in vivo delivery” is used herein to refer to delivery of a biologic by routes
of administration such as topical, transdermal, suppository (rectal, vaginal), pessary (vaginal),
intravenous, oral, subcutaneous, intraperitoneal, intrathecal, intramuscular, intracranial,

inhalational, oral, and the like.

[0057] The term ““an effective amount” is used herein to refer to an amount of a compound,
material, or composition effective to achieve a particular biological result such as, but not
limited to, biological results disclosed, described, or exemplified herein. Such results may
include, but are not limited to, the effective reduction of symptoms associated with any of the

disease states mentioned herein, as determined by any means suitable in the art.

[0058] The term “membrane” is used herein to mean a spatially distinct collection of
molecules that defines a 2-dimensional surface in 3-dimensional space, and thus separates

one space from another in at least a local sense.

[0059] The term “pharmaceutically active agent” is used herein to refer to any a protein,
peptide, sugar, saccharide, nucleoside, inorganic compound, lipid, nucleic acid, small
synthetic chemical compound, or organic compound that appreciably alters or affects the

biological system to which it is introduced.

[0060] The term “drug delivery” is used herein to a method or process of administering a

pharmaceutical compound to achieve a therapeutic effect in humans or animals.

[0061] The term, “delivery vehicles” is used herein to refer to agents with no inherent
therapeutic benefit but when combined with an agent for the purposes of drug delivery result
in modification of the pharmaceutical compounds solution concentration, bioavailability,
absorption, distribution and elimination for the benefit of improving product efficacy and

safety, as well as patient convenience and compliance.

[0062] The term ““carrier” is used herein to refer to describe the use of a delivery vehicle to

incorporate a pharmaceutically active agent for the purposes of drug delivery.
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[0063] The term “oxygen-binding compound” is used herein to refer to refer to any molecule

or macromolecule that associates with oxygen.

[0064] The term “oxygen carrier” is used herein to refer to a synthetic or partially synthetic
drug delivery vehicle or set of macromolecules comprising oxygen or having a high affinity

for oxygen, an example of which is hemoglobin.

[0065] The term “allosteric effector” is used herein to refer to a molecule that modulates the

rate or amount of oxygen binding to or releasing from of an oxygen carrier.

[0066] The term “homopolymer” is used herein to refer to a polymer derived from one

monomeric species of polymer.

[0067] The term “copolymer” is used herein to refer to a polymer derived from two (or more)
monomeric species of polymer, as opposed to a homopolymer where only one monomer is
used. Since a copolymer includes at least two types of constituent units (also structural

units), copolymers may be classified based on how these units are arranged along the chain.

[0068] The term “block copolymers” is used herein to refer to a copolymer that comprises
two or more homopolymer subunits linked by covalent bonds in which the union of the
homopolymer subunits may require an intermediate non-repeating subunit, known as a
junction block. Block copolymers with two or three distinct blocks are referred to herein as

“diblock copolymers” and “triblock copolymers,” respectively.

[0069] The term ‘“‘areal strain” is used herein to refer to the change in the surface area of a
particle under an external force or tension divided by the original surface area of the particle

prior to application of said external force or tension (denoted by “A” and expressed as %).

[0070] The term “critical lysis tension” or “Tc” is used herein to refer to the tension at which
a particle ruptures when subject to an external force as measured by micropipette aspiration

and expressed as milliNewtons/meter (mN/m).

[0071] The term ““critical areal strain” or “Ac” is used herein to refer to the areal strain

realized by the oxygen carrier or polymersome at the critical lysis tension.

[0072] The term “hemoglobin loading capacity” is used herein to refer to a measurement of a

hemoglobin-based oxygen carrier and may be defined as the weight of hemoglobin within the

18



WO 2011/133635 PCT/US2011/033190

oxygen carrier divided by the total weight of carrier. The term “hemoglobin loading
efficiency” is used herein to refer to a measurement of a hemoglobin-based oxygen carrier
and may be defined as the weight of hemoglobin that is encapsulated and/or incorporated
within a carrier suspension divided by the weight of the original hemoglobin in solution prior

to encapsulation (expressed as a %).

[0073] The term a “unit dose” is used herein to refer to a discrete amount of the

pharmaceutical composition comprising a predetermined amount of the active ingredient.

[0074] The term “vesicle” is used herein to refer to a fluid filled sac. In some embodiments
the vesicle is a sac comprising an amphiphillic substance. In some embodiments, the sac is a
nanoparticle-based vesicle, which refers to a vesicle with a size or dimensions in the
nanometer range. In some embodiments, a polymer vesicle is a vesicle that is manufactured

with one or more polymers.

[0075] As mentioned above, the collection and storage of donated red blood cells for
transfusion is a difficult and expensive task. Artificial blood substitutes are a potential
alternative to donor blood and provide several advantages over human donor blood. For
example, artificial blood substitutes may be: designed to be free of human red blood cell
antigens (i.e., can be administered to individuals possessing any blood group type);’ readily
mass-produced with guaranteed sterility (eliminating the possibility of infectious transmittal
or the need for infectious blood screening);* designed to have longer storage lifetimes and
require less stringent storage conditions than donor blood; * > and produced at lower costs
(e.g., by avoiding the screening and storage costs currently associated with human donor

blood units).>>°

[0076] The various embodiments provide compositions and methods for developing oxygen
carriers which may be used, for example, as artificial blood substitutes that may include

hemoglobin, myoglobin, or other oxygen binding compounds.

[0077] In order to be an adequate replacement for donor blood, an ideal artificial blood
substitute should replicate blood’s ability to transport oxygen to tissues. For example, an
ideal artificial blood substitute should be an oxygen therapeutic. An ideal synthetic oxygen
therapeutic (i.e., oxygen-carrying artificial blood substitutes) should have normal
physiological oxygen-binding properties, be uniform and small size so as to both afford long

circulation lifetimes and safe clearance from body, have human bloodlike viscosity and
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oncotic pressure characteristics so as to preserve shear forces in the microcirculation and
enable plasma expansion in the resuscitation of patients, have tunable oxygen release
parameters for tissues experiencing normal or low oxygenation, and be free of infectious

disease risks associated with intravenous administration.

[0078] Various embodiments provide an oxygen-carrying artificial blood substitute that has
normal physiological oxygen-binding properties, is uniform and small size, has human
bloodlike viscosity and oncotic pressure characteristics, has tunable oxygen release

parameters, and is resistant to infectious diseases.

[0079] Heretofore, oxygen therapeutics have been based on two types of molecules capable
of transporting oxygen: perfluorocarbons (PFCs) and hemoglobin (Hb). Perfluorocarbons are
synthetic, inert fluorinated hydrocarbons capable of storing large amounts of dissolved
oxygen.”® However, due to the linear relationship between the amount of oxygen dissolved
in the fluid phase of perfluorocarbons dispersions, and the partial pressure of oxygen (pO2) in
solution, high concentrations of dissolved oxygen are available for diffusion only at high
p02s.® Moreover, perfluorocarbons are immiscible in water and need to be emulsified before

being administered to patients.”®

[0080] A number of PFC-based oxygen therapeutics have been attempted and/or are known.
Fluosol DA (Green Cross Corporation, Japan) was a first generation commercially available
PFC preparation aimed at elucidating blood flow mechanisms for angioplasty.”'® It was
removed from the market in 1994 due to adverse physiological reactions encountered by
patients during clinical trials. Second generation PFC products include Oxyfluor™
(HemaGen/PFC, USA), Oxygent™ (Alliance Pharmaceutical Corporation, USA), and
Perftoran™ (SPC-Perftoran, Russia). The development of Oxyfluor™ was terminated after
phase I clinical trials due to several side effects that limited its potential administered dose.''
Oxygent™ was associated with an increased incidence of stroke in coronary bypass patients
and its clinical trials were terminated.'” Perftoran™ has been approved for human use only
in Russia since 1999 and in Mexico since 2005." Other PFC products in development
include Pher-O2™ (Sanguine Corp., USA) and Oxycyte™ (Synthetic Blood International,
USA).™

[0081] As an alternative to perfluorocarbons, artificial blood substitutes may utilize

hemoglobin (Hb) for safe and effective oxygen delivery. Hemoglobin is an oxygen-
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transporting protein in human red blood cells. Hemoglobin can be obtained with
commercial grade purity from both human and animal sources, and methods to extract
hemoglobin from human as well as bovine red blood cells (as a convenient and compatible
replacement to human hemoglobin) have been previously developed and optimized, and
are known in the art. For example, a rigorous, multi-level filtration set-up consisting of
glass wool filtration followed by passage through a four-stage hollow fiber apparatus has
been utilized to purify and concentrate extracted hemoglobin. The purity of both bovine
and human hemoglobin derived from this set-up has been shown, through sodium dodecyl
sulfate polyacrylamide gel (SDS-PAGE) electrophoresis, to be greater than 96%, with
methemoglobin (metHb) levels of these hemoglobin solutions always being below 3%.
The availability of hemoglobin makes it an attractive oxygen carrying protein for use in
the artificial blood substitute of the various embodiments. In some embodiments,
purification of hemoglobin is performed by the methods described in Elmer, et al., Journal
of Chromotography B, 879, (2011); 131-138, which is herein incorporated by reference in
its entirety. In some embodiments, purification of hemoglobin is performed by the
methods described in Elmer, et al., Biotechnology and Bioengineering, (106), May 1,
2010, which is herein incorporated by reference in its entirety. In some embodiments,
purification of hemoglobin is performed by the methods described in Buehler, et al.,
Biomaterials, 37 (2010); 3723-3735, which is herein incorporated by reference in its

entirety.

[0082] Hemoglobin consists of two pairs of globin dimers held together by non-covalent
bonds to form a larger four subunit (tetrameric) hemoglobin molecule. The oxygen
binding capacity of tetrameric hemoglobin depends on the presence of a non-protein unit
called the heme group (i.e., one molecule of hemoglobin can bind with four oxygen
molecules). The co-operative binding of oxygen to hemoglobin gives native hemoglobin
its characteristic sigmoidal-shaped oxygen dissociation curve and allows oxygen to be
bound and released within a narrow physiological range of pO2s (from 40-100 mmHg).
This results in approximately 70% increase in oxygen delivery in an active capillary bed
compared to the non-cooperative oxygen binding of perfluorocarbons at a given oxygen

partial pressure.

[0083] While the hemoglobin-based oxygen therapeutics have numerous advantageous

over the perfluorocarbons-based oxygen therapeutics, initial studies involving the infusion
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of cell-free hemoglobin into animals, showed that free hemoglobin results in significant
vasoconstriction and kidney damage.ls’ e Consequently, hemoglobin-based oxygen
carriers (HBOCs) require stabilizing the hemoglobin molecule in order to eliminate
adverse physiological effects while maintaining the physiological oxygen-transporting
ability of native cell-free hemoglobin. The various embodiments provide an oxygen
carrier that maintains the physiological oxygen-transporting abilities of native cell-free

hemoglobin while avoiding the adverse physiological effects associated with hemoglobin.

[0084] Hemoglobin-based oxygen carriers (HBOCs) may be either acellular or cellular
oxygen carriers. Acellular HBOCs may be prepared by molecular modification of
tetrameric hemoglobin and can be characterized as either “polymeric”, “cross-linked” or
“recombinant” hemoglobin. Polymeric hemoglobin may be synthesized by intra- and
inter- molecular cross-linking of tetrameric hemoglobin; while solely intra-molecular
cross-linking of tetrameric hemoglobin produces cross-linked hemoglobin. Recombinant
hemoglobin may be synthesized by fusing the two a-subunits of hemoglobin to prevent

dissociation of the resulting tetramer into dimers. Tetrameric hemoglobins have further

been conjugated with bioinert, water-soluble polymers to form conjugated hemoglobins.

[0085] Acellular HBOCs may induce vasoconstriction when transfused into animals due to
nitric oxide (NO) sequestration and/or an over-oxygenation auto-regulatory response.' "'’
Moreover, acellular HBOCs generally demonstrate limited circulatory half-lives (usually
less than 12 hours) and are only suitable for short-term applications.'® ' Also, acellular
Hbs do not deliver oxygen as efficiently as cellular Hbs, may be rapidly converted to an
inactive form called methemoglobin (metHb), and can cause an immune reaction if it is not

prepared from human blood components.'” "

[0086] Several commercial acellular HBOCs are currently in development and are in various
stages of clinical trials. For example, HemopureTM (Biopure Corp., Cambridge, MA, USA)
was approved for clinical use in South Africa and was recently in phase IlII clinical trials in
the US. Biopure Corporation, however, recently underwent liquidation bankruptcy so
Hemopure’s regulatory status is now uncertain. PolyHeme™ (Northfield Lab, Evanston, IL,
USA) completed phase III clinical trials but recently failed to win FDA approval. It, like all
acellular HBOCs, was observed to induce vasoconstriction when transfused into animals,
presumably due to nitric oxide (NO) sequestration and/or an over-oxygenation auto-

11,17
regulatory response.

22



WO 2011/133635 PCT/US2011/033190

[0087] Various embodiments circumvent the limitations associated with acellular HBOCs
by providing compositions that include oxygen carriers having an oxygen-binding
compound encapsulated in a polymer vesicle. In various embodiments, the cellular-based

oxygen carrier may encapsulate hemoglobin as the oxygen-binding compound.

[0088] Cellular-based HBOCs are artificial hemoglobin-based blood substitutes that
encapsulate free hemoglobin molecules inside the aqueous core of semi-permeable
membrane shells. The structure of these oxygen carriers may be similar to natural human
red blood cells. The membranes of cellular HBOCs protect surrounding tissues and blood
components from direct contact with potentially toxic tetrameric hemoglobin.
Encapsulation of hemoglobin inside these membrane carriers permits manipulation of the
physiochemical properties and circulation lifetimes of cellular based HBOCs'® Semi-
permeable membranes reduce recognition of encapsulated hemoglobin by the
reticuloendothelial system (mononuclear phagocyte system), therefore prolonging the
intravascular lifetime of the artificial blood substitute® Surface modification of cellular
HBOC membranes can further improve the intravascular persistence and colloidal state of
these oxygen carriers>”*' Catalases, reductants, and reductases can be readily co-
encapsulated with hemoglobin in cellular HBOCs in order to suppress metHb formation,
which has notably limited the safety and efficacy of their acellular Hb-based

2224
counterparts.

In the embodiments, hemoglobin is shielded from the immune system
within cellular HBOCs, so less expensive animal hemoglobin can potentially be
incorporated in HBOCs and used to create safe and effective human clinical blood

substitutes.

[0089] As mentioned above, the various embodiments circumvent the limitations associated
with acellular HBOCs by providing compositions that include oxygen carriers having an
oxygen-binding compound encapsulated in a polymer vesicle. In various embodiments, the
oxygen carriers may include polymersome. In various embodiments, the oxygen carriers may
be a polymersome. In some embodiments, the oxygen carriers or polymersomes may
comprise a mixture of oxygen-binding compounds. In various embodiments, the oxygen-
binding compound may be hemoglobin. In various embodiments, the oxygen-binding
compound may be a chemical synthesized by an animal, a recombinant polypeptide, a
synthetic small molecule, a carbohydrate, a nucleic acid or a lipid. In various embodiments,

the oxygen-binding compound may be a naturally occurring protein, a recombinant protein, a
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recombinant polypeptide, a synthetic polypeptide or a polymer. In various embodiments, the
oxygen-binding compound may be a compound derived from a naturally occurring protein, a
recombinant protein, a recombinant polypeptide, a synthetic polypeptide, a polymer, or any

combination thereof.

[0090] Since many of the limitations associated with acellular HBOCs may be
circumvented by encapsulating hemoglobin in an appropriate carrier, several attempts have
been made to encapsulate hemoglobin inside liposomes (self-assembled vesicles made

from natural phospholipids).zs'28

It has been demonstrated that liposome-encapsulated
hemoglobin (LEH) dispersions exhibit low permeability to polar molecules, are
deformable, and can thus easily permeate through capillary blockages; they were thus
postulated as potential oxygen carriers in cases of trauma and routine surgery.”” However,
the circulatory half-life of unmodified LEHs is very short (i.e., approximately between 4

and 12 hrs), which has hindered their clinical development, ***!

LEH particles are further
prone to aggregate and fuse together after several days of in situ storage, diminishing their
functionality.”” The most promising strategy to circumvent these significant limitations

relies on the surface modification of LEH particles with polyethylene glycol.*” **

[0091] Polyethylene glycol (PEG) is a Food and Drug Administration (FDA) approved
biologically inert polymer. PEG’s conjugation with liposome-encapsulated hemoglobin
(LED) particles has been observed to increase their intravascular persistence, stability,

rheology, hemodynamic properties and biocompatibility.*” *>**

However, the shielding
effect imparted by PEG is limited by the maximum amount of PEGylated lipids that can be
incorporated into the liposome bilayer before phase separation occurs.”” Maximal LEH
surface modification with PEG has been reported to be ~10 mol % (seen by utilizing 5 kDa
PEGylated lipids), ¢ with the PEG-LEH dispersions exhibiting a circulation half-life (t1/2)
of 24-48 hours in rabbits and 36 hours in rats.’’ Also, the maximum surface concentration
of PEG that can be conjugated onto liposome bilayers decreases with increasing PEG
molecular weight due to the increasing hydrophilicity of the PEG-lipid. Therefore, there is
a physical limit when optimizing the steric shielding, stability and biocompatibility of
PEG-LEH dispersions. Additionally, utilizing PEG of <5 kDa molecular weight for LEH
conjugation may not effectively prevent complement activation in vivo.”’ Thus, while

there are some potential advantages to PEG-LEH-based dispersions, there are also many

limitations.
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[0092] The various embodiments provide an alternative cellular oxygen carrier that builds
on the above-mentioned advantages while circumventing the limitations seen with the first
generation PEG-LEH dispersions. The various embodiments provide an alternative
cellular hemoglobin-based oxygen carrier that may be used to decrease dependence on
human red blood cell transfusions. The various embodiments provide compositions of
matter and methods to develop an advanced, slowly biodegradable, hemoglobin-based
oxygen carrier that utilizes a nanoparticle-based delivery vehicle. Various embodiments
leverage polymer vesicles (such as polymersomes) for the encapsulation of the hemoglobin
in order to minimize hemoglobin toxicity and degradation by shielding the proteins within
nanoparticles. Encapsulation of hemoglobin in polymer vesicles and/or nanoparticle shells

protects the hemoglobin from contact with blood and tissues.

[0093] Polymersomes>™ * are synthetic polymer vesicles that are formed in nanometric
dimensions (50 to 300 nm) and exhibit several favorable properties as cellular oxygen
carriers. For example, polymersomes belong to the class of bi-layered vesicles that can be
generated through self-assembly; can encapsulate hydrophilic compounds such as

L . 40, 41
hemoglobin in their aqueous core;

offer several options to be designed from fully
biodegradable FDA-approved components; and exhibit no in vitro or acute in vivo
toxicities. Polymersomes also exhibit several properties that are superior to liposomes and
other nanoparticle-based delivery vehicles that make them effective hemoglobin-based
oxygen carriers (HBOCs). For example, depending on the structure of their component
copolymer blocks, polymersome membranes may be significantly thicker (~ 9-22 nm) than
those of liposomes (3-4 nm), making them 5-50 times mechanically tougher and at least 10

times less permeable to water than liposomes.46’ 7

The circulatory half-life of
polymersomes, with poly(ethylene oxide) (herein “PEQO”) brushes ranging from 1.2-3.7
kDa, is analogous to that of poly (ethylene glycol)-liposomes (herein “PEG-liposome”) of
similar sizes (~24-48 hours), and can be specifically tailored by using a variety of
copolymers as composite building blocks.”™ Polymersomes have been shown to be stable
for several months in situ (and for several days in blood plasma under well-mixed quasi-
physiological conditions) without experiencing any changes in vesicle size and

#0485 polymersomes do not show in-surface thermal transitions up to 60 °C. >”

morphology.
* Early animal studies on poly(ethylene oxide)-block-poly(g-caprolactone) (herein “PEO-
b-PCL”) and poly(ethylene-oxide)-block-poly(butadiene) (herein “PEO-b-PBD”) based

polymersomes formulations encapsulating doxorubicin have shown no acute or sub-acute
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toxicities. The production and storage of polymersomes is economical, as polymersomes
may be readily produced and stored on a large-scale without requiring costly post-

manufacturing purification processes.

[0094] The most promising biodegradable polymersome-encapsulated hemoglobin (PEH)
formulations are comprised of block copolymers made of the hydrophilic biocompatible
poly(ethylene oxide) (herein “PEQO”) coupled to various hydrophobic aliphatic
poly(anhydrides), poly(nucleic acids), poly(esters), poly(ortho esters), poly(peptides),
poly(phosphazenes) and poly(saccharides), including but not limited by poly(lactide) (herein
“PLA”), poly(glycolide) (herein “PGA”), poly(lactic-co-glycolic acid) (herein “PLGA”),
poly(e-caprolactone) (herein “PCL”), and poly (trimethylene carbonate) (herein “PTMC”).
Polymersomes comprised of 100% PEGylated surfaces have been shown to possess improved
in vitro chemical stability, augmented in vivo bioavailability and prolonged blood circulatory
half-lives.”>™ For example, aliphatic polyesters, constituting the polymersomes’ membrane
portions, are degraded by hydrolysis of their ester linkages in physiological conditions such
as in the human body. Because of their biodegradable nature, aliphatic polyesters may be
used as implantable biomaterials in drug delivery devices, bioresorbable sutures, adhesion

. .. . . . . 44. 45
barriers and as scaffolds for injury repair via tissue engineering.

[0095] The various embodiments provide compositions of matter and methods for making,
storing and administering oxygen carriers that include biodegradable aliphatic polyesters.
In various embodiments, the biodegradable aliphatic polyesters is poly(e-caprolactone) or
“PCL”. In various embodiments, the biodegradable aliphatic polyesters is poly(y—methyl
e-caprolactone). In various embodiments, the oxygen carriers utilize poly(g-caprolactone)
as a membrane-forming shell. In various embodiments, the oxygen carriers utilize poly(e-

caprolactone) and/or poly(y—methyl €-caprolactone) as a membrane-forming shell.

[0096] Compared to the other biodegradable aliphatic polyesters, PCL has several
advantageous properties including: high permeability to small drug molecules;
maintenance of a neutral pH environment upon degradation; facility in forming blends
with other polymers; and suitability for long-term delivery afforded by slow erosion
kinetics as compared to PLA, PGA, and PLGA.*” Utilization of €-caprolactone (or
derivatives such as y—methyl €-caprolactone) as the membrane-forming shells in

polymersome-encapsulated hemoglobin (PEH) formulations allows the resultant cellular
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hemoglobin-based oxygen carriers (HBOCs) to have safe and complete in vivo

degradation.

[0097] In various embodiments, the oxygen carriers and/or polymersomes may be made from
poly(ethylene oxide)-block-poly(ge-caprolactone) (PEO-b-PCL) and related diblock
copolymers of poly(ethylene oxide)-block-poly(y-methyl e-caprolactone) (PEO-b-PMCL).
PEO provides the oxygen carriers and/or polymersomes improved in vitro chemical stability,
augmented in vivo bioavailability and prolonged blood circulation half-lives. Both PEO-b-
PCL and PEO-b-PMCL may afford complete and safe in vivo biodegradation of
polymersome membranes via hydrolysis of their ester linkages. In various embodiments,
PEO-b-PCL and PEO-b-PMCL polymersomes may be cellular hemoglobin-based oxygen
carriers (HBOC:) as they possess all the requisite properties for effective oxygen delivery,
including tunable oxygen-binding capacities, uniform and appropriately small size
distributions, human bloodlike viscosities and oncotic properties, as well as ease of mass

production and affordable storage.

[0098] Previously, poly(ethylene oxide)-block-poly(e-caprolactone) (herein “PEO-b-
PCL”)-based PEH dispersions have not demonstrated the requisite properties for further
development as cellular HBOCs. Their observed hemoglobin encapsulation efficiencies
were shown to be quite low, predominantly because the specific PEO-b-PCL formulations
may not generate a high yield of vesicles in solution. However, fully biodegradable and
bioresorbable polymersomes have been demonstrated to be generated via self-assembly
upon aqueous hydration of amphiphilic diblock copolymers of PEO-b-PCL.*’ Over 20
PEO-b-PCL copolymers, varying in molecular weights of the component building blocks,
have been tested for the generation of stable bilayered polymersomes. FIG. 1 illustrates
that only diblock copolymers of PEO-b-PCL in which the PEO block was X-X kDa and
Y-Y% of the polymer mass by weight have demonstrated a consistent and significant yield
of stable mono-dispersed polymersomes, with mean particle diameters of < 200 nm and
membrane thicknesses of 9-22 nm after extrusion through 200-nm pore-cutoff membranes.
PEO-b-PCL polymersomes have subsequently been shown to be capable of loading the

anti-neoplastic drug doxorubicin (DOX) using an ammonium sulfate gradient.

[0099] FIG. 2 illustrates the in vitro stability, mechanism of degradation and rate of drug
release from DOX-loaded PEO(2kDa)-b-PCL(12kDa) polymersomes evaluated as a

function of pH over 14 days. FIG. 2 shows that, while the kinetics of release varied under
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neutral and acidic pH conditions (5.5 and 7.4, at 37 °C), an initial burst release phase
(approx. 20% of the initial payload within the first 8 h) was observed at both pH conditions
followed by a more controlled, pH-dependent release over the several days. At a pH of
7.4, kinetic release studies show that the encapsulated molecules initially escape the
polymersome through passive diffusion of the drug across the intact PCL. membrane (days
1-4), and subsequently through hydrolytic matrix degradation of PCL (days 5-14). Ata
pH of 5.5, however, the dominant mechanism of release, at both short and long times, is
acid-catalyzed hydrolysis of the PCL. membrane. Notably, these fully-biodegradable
polymersomes have a t1/2 half-life of circulation (24-48 h) that is much shorter than their
t1/2 half-life of release (2 weeks at pH 7.4).

[00100] As discussed above, polymers are macromolecules comprising connected
monomeric heterogeneous molecules, with the monomeric units being either of a single type
(homogeneous) or of a variety of types (heterogeneous). The physical behavior of polymers
may be dictated by several factors, including: the total molecular weight; the composition of
the polymer (e.g., the relative concentrations of different monomers); the chemical identity of
each monomeric unit and its interaction with a solvent; and the architecture of the polymer
(e.g., whether it is single chain or branched chains). For example, in PEG, which is a
polymer of ethylene oxide (EO), the chain lengths of which, when covalently attached to a
phospholipid, optimize the circulation life of a liposome, is known to be in the approximate
range of 34 -114 covalently linked monomers (EO34 to EO114). In some embodiments, the
copolymers comprise a hydrophilic PEO (polyethylene oxide) block and one of several
hydrophobic blocks that drive self-assembly of the polymersomes, up to microns in diameter,

in water and other aqueous media.

[00101] As discussed above, an amphiphilic substance is one containing both polar (water-
soluble) and hydrophobic (water-insoluble) groups. To form a stable membrane in water, a
potential minimum requisite molecular weight for an amphiphile must exceed that of
methanol HOCH3, which is the smallest canonical amphiphile, with one end polar (HO-) and
the other end hydrophobic (-CH3). Formation of a stable lamellar phase requires an
amphiphile with a hydrophilic group whose projected area is approximately equal to the

volume divided by the maximum dimension of the hydrophobic portion of the amphiphile.

[00102] In various embodiments, the oxygen carrier, nanoparticle and/or polymersome does

not include polyethylene glycol (PEG) as one of its plurality of polymers. In various
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embodiments, the oxygen carrier, nanoparticle and/or polymersome include least one
hydrophilic polymer that is polyethylene glycol (PEG). In various embodiments, the
polyethylene glycol (PEG) polymer may vary in molecular weight from about 5 kiloDaltons
(kDa) to about 50 kDa in molecular weight.

[00103] As mentioned above, the various embodiments provide compositions and methods
for developing artificial blood substitutes that may include hemoglobin, myoglobin, or
other oxygen binding compounds. The oxygen carriers of the various embodiments may
include polymersomes comprising of poly(ethylene oxide)-block-poly(e-caprolactone)
(PEOb-PCL) and related diblock copolymers of poly(ethylene oxide)-block-poly(y-methyl
g-caprolactone) (PEO-b-PMCL). PEO provides the polymersomes improved in vitro
chemical stability, augmented in vivo bioavailability and prolonged blood circulation half-
lives. Both PEO-b-PCL and PEO-b-PMCL afford complete and safe in vivo
biodegradation of polymersome membranes via hydrolysis of their ester linkages. In an
embodiment, the composition may include PEO-b-PCL and PEO-b-PMCL polymersomes
having the above-mentioned requisite properties for effective oxygen delivery, including
tunable oxygen-binding capacities, uniform and appropriately small size distributions,
human bloodlike viscosities and oncotic properties, as well as ease of mass production and

affordable storage.

[00104] The various embodiments incorporate hemoglobin into a biodegradable polymeric
carrier (such as the polymersome) providing a cellular hemoglobin-based oxygen carrier
(cellular HBOC) formulation that has the requisite properties to serve as a synthetic blood
substitute. In various embodiments, polymersome-encapsulated hemoglobin (PEH)
dispersions are used, which exhibit several advantages over other HBOCs. In various
embodiments, the biodegradable polymersome-encapsulated hemoglobin (PEH)
dispersions may be comprised of diblock copolymers of PEO-b-PCL with a PEO block
size from about 1.5 kiloDaltons to about 2 kiloDaltons and with a block fraction of ~10-
15% by weight. In other embodiments, the PEH dispersions may be comprised of diblock
copolymers of PEO-b-PMCL.

[00105] The various embodiments provide methods of synthesizing PEH dispersions that
consistently meet the following standard characteristics: average radius between 100-125
nm with polydispersity index < 1.1; Hb encapsulation efficiency > 50%; weight ratio of

Hb: polymer in PEH dispersions > 2; metHb level < 5%; and viscosity between 3-4 cP.
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The various embodiments further encompass PEH constructs that meet the following
characteristics: tunable P50 between 20-50 mm Hg; co-operativity coefficient >2; at least
an order of magnitude smaller NO binding rate constant than that measured for liposome-
encapsulated hemoglobin dispersions (LEHs) at similar Hb loading concentrations;
excellent stability under different storage and flow conditions as determined by intact
morphology, change in average particle diameter < 5 nm and unaltered Hb concentration

(change < 0.5 g/dL) and unchanged metHb level (change < 2%).

[00106] The various embodiments include the preparation and use of stabilized
polymersome-encapsulated hemoglobin (stabilized PEH) dispersions. Polymersomes of
the various embodiment PEH may comprise copolymers that are synthesized to include
polymerizable groups within either their hydrophilic or hydrophobic blocks. The
polymerizable biodegradable polymers may be utilized to form polymersomes that co-
incorporate hemoglobin and a water-soluble initiator in their aqueous interiors, or
alternatively, by compartmentalizing hemoglobin in their aqueous cavities and a water-

insoluble initiator in their hydrophobic membranes.

[00107] FIG. 3 illustrates a method 300 for hemoglobin-based oxygen carrier (HBOC)
preparation and delivery. It should be noted that FIG. 3 provides a high-level overview of the
method steps and that additional details are provided further below for each step. In step 302
of method 300, the HBOC is self-assembled in aqueous solution. In step 304, the
hemoglobin-based oxygen carrier is stabilized via chemical modification. In step 306, the
resultant construct is lypholized. In step 308, the resultant construct is stored in dry-phase
storage. In step 310, point-of-care solution rehydration is performed. In step 312,
biodegradable HBOCs that retain their original hemoglobin are delivered in vivo. As a non-
limiting example, polymersomeencapsulated Hb may be prepared and generated via such an

HBOC preparation method.

[00108] FIG. 4 illustrates a method 400 for preparing a polymersome comprising at least
one biocompatible polymer and at least one biodegradable polymer. It should be noted
that FIG. 4 provides a high-level overview of the method steps and that details for each
step are provided further below. In step 402, an organic solution having a plurality of
polymers may be prepared. In step 404, the organic solution comprising the plurality of
polymers may be exposed to a plastic, polytetrafluoroethylene (i.e., Teflon™)(herein

“PTFE”), or glass surface. In step 406, the organic solution may be dehydrated on the
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plastic, PTFE, or glass surface to create a film of polymers. In step 408, the film of
polymers may be rehydrated in an aqueous solution. In step 410, the polymers may be

cross-linked in the aqueous solution via chemical modification.

[00109] The compositions of the various embodiments may be made by direct hydration
methods as described in O’Neil, et. al., Langmuir 2009, 25(16), 9025-9029, the entire
contents of which are hereby incorporated by reference. In some embodiments, the
compositions comprising one or more embodiments may be made by the hollow fiber
extrusion methods disclosed in Rameez, et al., Langmuir, 26 (7); 2010; 5279-5285, the

entire contents of which are incorporated herein by reference.

[00110] Polymersomes/oxygen carriers of the various embodiments may be made and
encapsulated using the following method (step 302). To prepare formulations, 20 total
mgs of polymer may be weighed into a 1.5mL centrifuge tube, heated at 95 °C for 20 min,
and mixed. After the samples are cooled to room temperature (15 min minimum), 10 uLL
of protein solution may be added and diluted with 20, 70, and 900 puL of 10 mmol PBS, pH
7.4, with mixing after each addition. As a control, the polymersomes/oxygen carriers may
be formed via dilution with PBS (10, 20, 70, 890 uL of PBS with mixing after each
addition) and finally add 10 pL of the protein solution after the formation of the
polymersomes/oxygen carriers. In this way, the encapsulation efficiency and loading may
be calculated by subtraction. All samples may be prepared in triplicate. Encapsulation
efficiencies may be quantified from standard curves generated from the fluorescently

labels crosslinked to the polymers of choice under investigation.

[00111] In a further embodiment method, polymersomes/oxygen carrier preparation may
involve large-scale fractionation of vesiclar particles (step 402). Briefly, a total of 1.25 g
of diblock copolymer may be hydrated with 25mL of 10mM phosphate buffer (PB) at pH
7.3. Because of the lows solubility of diblock copolymers in PB, the aqueous polymer
mixture may be sonicated (e.g., via a Branson Sonifier 450, VWR Scientific, West Chester,
PA) for 8-10 h at room temperature to yield the stock copolymer solution. The stock
copolymer solution may be then mixed with 25mL of purified Hb(250-300 g/L) to yield a
copolymer concentration of 12.5 mg/mL in the Hb copolymer mixture. Empty
polymersomes/oxygen carriers may be prepared by diluting the stock copolymer solution
in PB, instead of purified Hb solution, to yield a copolymer concentration of 12.5 mg/mL.

For the 1 mL volume manual extrusion method (step 404), the Hb-copolymer/copolymer
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mixture may be extruded 20 times through 200 nm diameter polycarbonate membranes
(available from Avanti Polar Lipids Inc., Alabaster, AL). However, for the large-scale
hollow fiber (HF) extrusion method, the Hb-copolymer/copolymer mixture may be
extruded through a 0.2 pum HF membrane (available from Spectrum Laboratories Inc.,
Rancho Dominguez, CA). For both extrusion methods, extruded PEH dispersions may be
dialyzed overnight using 300 kDa molecular weight cutoff (hereing “MWCQO”) dialysis
bags (available from Spectrum Laboratories Inc., Rancho Dominguez, CA) in PB at 4 °C
at a 1:1000 Volume/volume ration (v/v) (extruded PEH/PB) ratio to remove
unencapsulated Hb from the vesicular dispersion. An Eclipse asymmetric flow field-flow
fractionator (available from Wyatt Technology Corp., Santa Barbara,CA) coupled in series
to an 18 angle Dawn Heleos multi-angle static light scattering photometer (available from
Wyatt Technology Corp., Santa Barbara, CA) may be used to measure the size distribution
of empty polymersomes/oxygen carriers and PEH particles. The light scattering
photometer is equipped with a 30 mW GaAs laser operating at a laser wavelength of 658
nm. Light scattering spectra may be analyzed using the ASTRA software package
(available from Wyatt Technology Corp., Santa Barbara, CA) to calculate the particle size
distribution. The elution buffer may include10 mM PB at pH 7.3.

[00112] To measure the amount of Hb that was encapsulated inside PEH particles,
dialyzed PEH dispersions may be lysed using 0.5% v/v Triton X100 (available from
Sigma-Aldrich, St. Louis, MO) in PB. Lysed PEH samples may be centrifuged at 14 000
rpm for 15 min and the supernatant may be collected for analysis. The concentration of
encapsulated Hb obtained after lysing the PEH particles (mg/mL) may be measured using
the Bradford method via the Coomassie Plus protein assay kit (available from Pierce

Biotechnology, Rockford, IL).

[00113] As a consequence of the reaction of two or more of the polymerizable groups
facilitated by the initiator, stabilized PEH dispersions may be generated via formation of
covalent bonds between chains of the copolymers forming the polymersome membranes
(step 304). These stabilized PEH constructs may be further dried via well-established
lyophilization protocols (step 306) without disrupting the formed polymersome structure
or losing the encapsulated hemoglobin. In some embodiments, the polymersomes/oxygen
carriers are administered in the aqueous solution. If lyophilized, in some embodiments,

the polymersomes/oxygen carriers are reconstituted in an appropriate aqueous solution and
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administered to a subject (step 312). In some embodiments, lyophilized biodegradable
PEH may be stored (step 308) in a dessicator (free of O2) at 4 °C for varying periods of
time without polymer or hemoglobin degradation as the dried suspensions are free of
aqueous free radicals, protons, etc. The polymersomes/oxygen carriers may be rehydrated

at point-of-care (step 310) prior to delivery (step 312).

[00114] To generate stabilized polymersomes/oxygen carriers, polymerizable units may be
chemically linked to either the hydrophilic or hydrophobic ends of the copolymer after
synthesis. One or more crosslinks between multiblock copolymer chains may be formed
between the polymerizable units and the hydrophilic or hydrophobic polymers of the
various embodiments. These cross-links may be suitably formed by introducing a
composition having multiple polymerizable groups to the chains of multiblock copolymer,
although in some cases, the multiblock copolymer itself includes multiple polymerizable

groups.

[00115] Cross-linking between chains of a membrane (step 410) may be achieved via
activation of the polymerization reaction by an initiator, which enhances the rigidity of the

polymersome composition.

[00116] FIG. 5 illustrates the hemoglobin encapsulation efficiencies of four polymersome-
encapsulated hemoglobin formulations extruded through 200 nm polycarbonate
membranes. Specifically, FIG. 5 illustrates the hemoglobin encapsulation efficiency of
PEO-b-PCL-1(1.65 KDa), PEO-b-PCL-2(15 KDa), PEO-b-PLA-1(10 kDa) and PEO-b-
PLA-2 (2.45 KDa). As discussed above, the various embodiments provide PEH constructs
having an average radius between 100-125 nm with polydispersity index < 1.1 and a

hemoglobin encapsulation efficiency > 50%.

[00117] FIG. 6 illustrates the Pso (mmHg) of red blood cells, hemoglobin and four
polymersome-encapsulated hemoglobin formulations (PEO-b-PCL-1(1.65 KDa), PEO-b-
PCL-2(15 KDa), PEO-b-PLA-1(10 kDa) and PEO-b-PLA-2 (2.45 KDa)) extruded through
200 nm polycarbonate membranes. As mentioned above, the various embodiments
provide PEH constructs having a tunable Ps, between 20-50 mm hemoglobin, co-
operativity coefficient >2, and at least an order of magnitude smaller NO binding rate
constant than that measured for liposome-encapsulated hemoglobin dispersions (LEHs) at

similar hemoglobin loading concentrations.
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[00118] In some embodiments, the multiple polymerizable groups may be chosen from
acrylates, methacrylates, acrylamides, methacrylamides, vinyls, vinyl sulfone units or a
combination thereof. In some embodiments, the oxygen carriers or polymersomes
comprise the polymerizable groups from about 0 weight (wt) % to about 5 wt% of the total
weight of the composition. In some embodiments, the oxygen carriers or polymersomes
comprise the polymerizable groups from about 5 wt% to about 10 wt% of the total weight
of the composition. In some embodiments, the oxygen carriers or polymersomes comprise
the polymerizable groups from about 10 wt% u to about 20 wt% of the total weight of the
composition. In some embodiments, the oxygen carriers or polymersomes comprise the
polymerizable groups from about 20 wt% to about 30 wt% of the total weight of the
composition. In some embodiments, the oxygen carriers or polymersomes comprise the
polymerizable groups from about 30 wt% to about 40 wt% of the total weight of the
composition. In some embodiments, the oxygen carriers or polymersomes comprise the
polymerizable groups from about 40 wt% to about 50 wt% of the total weight of the
composition. In some embodiments, the oxygen carriers or polymersomes comprise the
polymerizable groups from about 50 wt% to about 60 wt% of the total weight of the
composition. In some embodiments, the oxygen carriers or polymersomes comprise the
polymerizable groups from about 60 wt% to about 70 wt% of the total weight of the
composition. In some embodiments, the oxygen carriers or the polymersomes comprise
the polymerizable groups from about 70 wt% up to about 80 wt% of the total weight of the
composition. In some embodiments, the oxygen carriers or polymersomes comprise the
polymerizable groups from about 80 wt% up to about 90 wt% of the total weight of the
composition. In some embodiments, the oxygen carriers or polymersomes comprise the
polymerizable groups from about 90 wt% up to about 95 wt% of the total weight of the

composition.

[00119] In certain embodiments, the polymerizable group may be conjugated to
copolymer’s hydrophilic block made from either poly(ethylene oxide), poly(ethylene
glycol), poly(acrylic acid), and the like. In other embodiments, the polymerizable group
may be conjugated to the copolymer’s hydrophobic block made from either poly(e-
caprolactone), poly(y-methyl e-caprolactone), poly(menthide), poly(lactide),
poly(glycolide), poly(methylglycolide), poly(dimethylsiloxane), poly(isobutylene),
poly(styrene), poly(ethylene), poly(propylene oxide), etc.
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[00120] The initiator may be a molecule that generates/reacts to heat, light, pH, solution
ionic strength, osmolarity, pressures, etc. In some embodiments, the initiator may be
photoreactive and cross-links the polymers of the oxygen carrier or polymersome via

exposure to ultraviolet light.

[00121] In various embodiments, the compositions may be prepared without the use of

organic solvents.

[00122] The compositions of the various embodiments may include polymersomes
comprising poly(ethylene oxide)-block-poly(e-caprolactone) copolymers that have been
modified with an acrylate moiety at the hydrophobic block terminus. In some
embodiments, the oxygen carriers or polymersomes may comprise crosslinked polymers
formed between the poly(e-caprolactone) terminus and a diacrylate using a UV initiator,
such as 2,2-dimethoxy-2-phenylacetophenone (DMPA). In some embodiments, DMPA is
compartmentalized in the polymersome membrane during polymersome assembly while

hemoglobin occupies the internal aqueous compartment of the carrier.

[00123] The composition of the various embodiments may also comprise polymersomes or
oxygen carriers that have increased degradative half-lives. Circulation times of oxygen
carrier and polymersomes may be generally limited to hours (or up to one day) because of
either rapid clearance by the mononuclear phagocytic system (MPS) of the liver and

spleen, or by excretion.

[00124] The most common lamellae-forming amphiphiles may have a hydrophilic volume
fraction between 20 and 50%. In some embodiments, the hydrophilic volume fraction of the
oxygen carriers, nanoparticles and/or polymersomes is up to about 20%. In some
embodiments, the hydrophilic volume fraction of the oxygen carriers, nanoparticles and/or
polymersomes is up to about 19%. In some embodiments, the hydrophilic volume fraction of
the oxygen carriers, nanoparticles and/or polymersomes is up to about 18%. In some
embodiments, the hydrophilic volume fraction of the oxygen carriers, nanoparticles and/or
polymersomes is up to about 17%. In some embodiments, the hydrophilic volume fraction of
the oxygen carriers, nanoparticles and/or polymersomes is up to about 16%. In some
embodiments, the hydrophilic volume fraction of the oxygen carriers, nanoparticles and/or
polymersomes is up to about 15%. In some embodiments, the hydrophilic volume fraction of

the oxygen carriers, nanoparticles and/or polymersomes is less than 20%. In some
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embodiments, the hydrophilic volume fraction of the oxygen carriers, nanoparticles and/or
polymersomes is from about 1% to about 20%. It should be noted that the ability of
amphiphilic and super-amphiphilic molecules to self-assemble can be largely assessed,
without undue experimentation, by suspending the synthetic super-amphiphile in aqueous
solution and looking for lamellar and vesicular structures as judged by simple observation
under any basic optical microscope, cryogenic transmission electron microscope, or through

the scattering of light.

[00125] The effective amount of the composition may depend on any number of variables,
including, the species, breed, size, height, weight, age, overall health of the subject, the type
of formulation, the mode or manner of administration, the type and/or severity of the
particular condition being treated, or the need to modulate the activity of the molecular
pathway induced by association of the analog to its receptor. The appropriate effective
amount can be routinely determined by those of skill in the art using routine optimization
techniques and the skilled and informed judgment of the practitioner and other factors evident

to those skilled in the art.

[00126] A therapeutically effective dose of the oxygen carriers of the various embodiments
may provide partial or complete biological activity as compared to the biological activity of a
patient’s or subject’s physiologically mean, median or minimum tissue oxygenation. A
therapeutically effective dose of the oxygen carriers of the various embodiments may provide
a complete or partial amelioration of symptoms associated with a disease, disorder or ailment

for which the subject is being treated.

[00127] The oxygen carriers of the various embodiments may delay the onset or lower the
chances that a subject develops one or more symptoms associated with the disease, disorder,
or ailment for which the subject is being treated. In some embodiments, an effective amount
is the amount of a compound required to treat or prevent a consequence resulting from low or
poor tissue oxygenation. In the various embodiments, the effective amount of active
compound(s) used for therapeutic treatment of conditions caused by or contributing to low or
poor tissue oxygenation varies depending upon the manner of administration, the age, body

weight, and general health of the patient.

[00128] Soluble amphiphiles, proteins, ligands, allosteric effectors, oxygen binding

compounds can bind to and/or intercalate within a membrane. Such a membrane may also be

36



WO 2011/133635 PCT/US2011/033190

semi-permeable to solutes, sub-microscopic in its thickness (d), and result from a process of
self-assembly or directed assembly. The membrane can have fluid or solid properties,
depending on temperature and on the chemistry of the amphiphiles from which it is formed.
At some temperatures, the membrane can be fluid (having a measurable viscosity), or it can
be solid-like, with an elasticity and bending rigidity. The membrane can store energy through
its mechanical deformation, or it can store electrical energy by maintaining a transmembrane

potential. Under some conditions, membranes can adhere to each other and coalesce (fuse).

[00129] As mentioned above, in various embodiments, hemoglobin may be used as the
oxygen-binding compound. In some embodiments, the oxygen-binding compound is a one,
two, or three monomeric subunits of hemoglobin. In some embodiments, the oxygen-binding
compound is protein with oxygen binding properties that are similar to hemoglobin. In some
embodiments, the oxygen-binding compound is genetically- or chemically-modified
hemoglobin or an oxygen binding protein isolated from another species that possesses
gaseous binding characteristics that are similar to human hemoglobin. In some embodiments,
the oxygen-binding compound is modified myoglobin. In some embodiments, the oxygen-
binding compound is a one, two, or three monomeric subunits of myoglobin. In some
embodiments, the oxygen-binding compound is chosen from a protein, small molecule,
polypeptide, nucleic acid molecule, or any combination thereof. In some embodiments, the
oxygen-binding compound is a protein. In some embodiments, the oxygen-binding
compound is a polypeptide. In some embodiments, the oxygen-binding compound is a
polypeptide with a genetically or chemically modified heme group. In some embodiments,

the oxygen-binding compound is a small molecule comprising a heme group.

[00130] In some embodiments, the oxygen carrier transports an effective amount of
oxygen in order to treat a subject or to prevent a subject from suffering from a disease or
disorder in which their blood does not carry or release sufficient levels of oxygen to
tissues. In some embodiments the oxygen carrier comprises an effective amount of
oxygen in order to treat or prevent the spread of cancer in a subject in need thereof. In
some embodiments, the oxygen carrier comprises an effective amount of oxygen in order

to promote wound healing in a subject in need thereof.

[00131] In some embodiments, the allostreic effector is 2,3-Bisphosphoglycerate or an
isomer derived therefrom. Allosteric effectors such as 2,3Bisphosphoglycerate may

increase the offload of oxygen from the oxygen carrier or polymersome of the various
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embodiments to a tissue or cell that is deoxygenated within a subject.

[00132] As mentioned above, critical lysis tension (Tc) is the tension at which a particle
ruptures when subject to an external force, as measured by micropipette aspiration and
expressed as milliNewtons/meter (mN/m). The change in critical lysis tension of an oxygen
carrier or polymersome may be measured before and after loading of the oxygen carrier,
nanoparticle and/or polymersome with hemoglobin, another oxygen-binding compound, or a

mixture of one or more oxygen-binding compounds.

[00133] In various embodiments, the oxygen carriers, nanoparticles and/or polymersomes
have a change of critical lysis tension of no more than 20%. In various embodiments, the
oxygen carriers, nanoparticles and/or polymersomes have a change of critical lysis tension of
no more than 19%. In various embodiments, the oxygen carriers, nanoparticles and/or
polymersomes have a change of critical lysis tension of no more than 18%. In various
embodiments, the oxygen carriers, nanoparticles and/or polymersomes have a change of
critical lysis tension of no more than 17%. In various embodiments, the oxygen carriers,
nanoparticles and/or polymersomes have a change of critical lysis tension of no more than
16%. In various embodiments, the oxygen carriers, nanoparticles and/or polymersomes have
a change of critical lysis tension of no more than 15%. In various embodiments, the oxygen
carriers, nanoparticles and/or polymersomes have a change of critical lysis tension of no more
than 14%. In various embodiments, the oxygen carriers, nanoparticles and/or polymersomes
have a change of critical lysis tension of no more than 13%. In various embodiments, the
oxygen carriers, nanoparticles and/or polymersomes have a change of critical lysis tension of
no more than 12%. In various embodiments, the oxygen carriers, nanoparticles and/or
polymersomes have a change of critical lysis tension of no more than 11%. In various
embodiments, the oxygen carriers, nanoparticles and/or polymersomes have a change of
critical lysis tension of no more than 10%. In various embodiments, the oxygen carriers,
nanoparticles and/or polymersomes have a change of critical lysis tension from about 5% to
about 10%. In various embodiments, the oxygen carriers, nanoparticles and/or polymersomes
may have a change of critical lysis tension from about 10% to about 15%. In various
embodiments, the oxygen carriers, nanoparticles and/or polymersomes have a change of
critical lysis tension from about 15% to about 20%. In various embodiments, the oxygen
carriers, nanoparticles and/or polymersomes have a change of critical lysis tension from

about 1% to about 5%.
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[00134] As mentioned above, critical areal strain (Ac) is the areal strain realized by the
oxygen carriers, nanoparticles and/or polymersomes at the critical lysis tension. In various
embodiments, the oxygen carriers, nanoparticles and/or polymersomes have a critical areal
strain from about 20% to about 50%. In various embodiments, the oxygen carriers,
nanoparticles and/or polymersomes have a critical areal strain from about 20% to about 25%.
In various embodiments, the oxygen carriers, nanoparticles and/or polymersomes have a
critical areal strain from about 25% to about 30%. In various embodiments, the oxygen
carriers, nanoparticles and/or polymersomes have a critical areal strain from about 30% to
about 35%. In various embodiments, the oxygen carriers, nanoparticles and/or polymersomes
have a critical areal strain from about 35% to about 40%. In various embodiments, the
oxygen carriers, nanoparticles and/or polymersomes have a critical areal strain from about
40% to about 45%. In various embodiments, the oxygen carriers, nanoparticles and/or

polymersomes have a critical areal strain from about 45% to about 50%.

[00135] As mentioned above, a “hemoglobin loading capacity” is a measurement of a
hemoglobin -based oxygen carrier and is defined as the weight of hemoglobin within the
oxygen carrier divided by the total weight of carrier. In some embodiments, the oxygen
carrier or polymersomes have a hemoglobin loading capacity of greater than about 15. In
some embodiments, the oxygen carrier or polymersomes have a hemoglobin loading
capacity of greater than 20. In some embodiments, the oxygen carrier or polymersomes
have a hemoglobin loading capacity of greater than 25. In some embodiments, the oxygen
carrier or polymersomes have a hemoglobin loading capacity of greater than 26. In some
embodiments, the oxygen carrier or polymersomes have a hemoglobin loading capacity of
greater than 27. In some embodiments, the oxygen carrier or polymersomes have a
hemoglobin loading capacity of greater than 28. In some embodiments, the oxygen carrier
or polymersomes have a hemoglobin loading capacity of greater than 29. In some
embodiments, the oxygen carrier or polymersomes have a hemoglobin loading capacity of

greater than 30.

[00136] As mentioned above, a “hemoglobin loading efficiency” is a fundamental
measurement of a hemoglobin -based oxygen carrier and is defined as the weight of
hemoglobin that is encapsulated and/or incorporated within a carrier suspension divided by
the weight of the original hemoglobin in solution prior to encapsulation (expressed as a

%). In some embodiments, the oxygen carrier or polymersomes have a hemoglobin
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loading efficiency of greater than about 10%. In some embodiments, the oxygen carriers,
nanoparticles and/or polymersomes have a hemoglobin loading efficiency of greater than
about 11%. In some embodiments, the oxygen carriers, nanoparticles and/or
polymersomes have a hemoglobin loading efficiency of greater than about 12%. In some
embodiments, the oxygen carriers, nanoparticles and/or polymersomes have a hemoglobin
loading efficiency of greater than about 13%. In some embodiments, the oxygen carriers,
nanoparticles and/or polymersomes have a hemoglobin loading efficiency of greater than
about 14%. In some embodiments, the oxygen carriers, nanoparticles and/or
polymersomes have a hemoglobin loading efficiency of greater than about 15%. In some
embodiments, the oxygen carriers, nanoparticles and/or polymersomes have a hemoglobin
loading efficiency of greater than about 16%. In some embodiments, the oxygen carriers,
nanoparticles and/or polymersomes have a hemoglobin loading efficiency of greater than
about 17%. In some embodiments, the oxygen carriers, nanoparticles and/or
polymersomes have a hemoglobin loading efficiency of greater than about 18%. In some
embodiments, the oxygen carriers, nanoparticles and/or polymersomes have a hemoglobin
loading efficiency of greater than about 19%. In some embodiments, the oxygen carriers,
nanoparticles and/or polymersomes have a hemoglobin loading efficiency of greater than
about 20%. In some embodiments, the oxygen carriers, nanoparticles and/or
polymersomes have a hemoglobin loading efficiency of greater than about 21%. In some
embodiments, the oxygen carriers, nanoparticles and/or polymersomes have a hemoglobin
loading efficiency of greater than about 22%. In some embodiments, the oxygen carriers,
nanoparticles and/or polymersomes have a hemoglobin loading efficiency of greater than
about 23%. In some embodiments, the oxygen carriers, nanoparticles and/or
polymersomes have a hemoglobin loading efficiency of greater than about 24%. In some
embodiments, the oxygen carriers, nanoparticles and/or polymersomes have a hemoglobin
loading efficiency of greater than about 25%. In some embodiments, the oxygen carriers,
nanoparticles and/or polymersomes have a hemoglobin loading efficiency of greater than
about 26%. In some embodiments, the oxygen carriers, nanoparticles and/or
polymersomes have a hemoglobin loading efficiency of greater than about 27%. In some
embodiments, the oxygen carriers, nanoparticles and/or polymersomes have a hemoglobin
loading efficiency of greater than about 28%. In some embodiments, the oxygen carriers,
nanoparticles and/or polymersomes have a hemoglobin loading efficiency of greater than
about 29%. In some embodiments, the oxygen carriers, nanoparticles and/or

polymersomes have a hemoglobin loading efficiency of greater than about 30%.
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[00137] In some embodiments, the oxygen carriers, nanoparticles and/or polymersomes
have a hemoglobin loading efficiency from about 10% to about 35%. In some
embodiments, the oxygen carriers, nanoparticles and/or polymersomes have a hemoglobin
loading efficiency from about 15% to about 35%. In some embodiments, the oxygen
carriers, nanoparticles and/or polymersomes have a hemoglobin loading efficiency from
about 18% to about 35%. In some embodiments, the oxygen carriers, nanoparticles and/or
polymersomes have a hemoglobin loading efficiency from about 20% to about 35%. In
some embodiments, the oxygen carriers, nanoparticles and/or polymersomes have a
hemoglobin loading efficiency from about 22% to about 35%. In some embodiments, the
oxygen carriers, nanoparticles and/or polymersomes have a hemoglobin loading efficiency
from about 24% to about 35%. In some embodiments, the oxygen carriers, nanoparticles
and/or polymersomes have a hemoglobin loading efficiency from about 26% to about
35%. In some embodiments, the oxygen carriers, nanoparticles and/or polymersomes have
a hemoglobin loading efficiency from about 28% to about 35%. In some embodiments,
the oxygen carriers, nanoparticles and/or polymersomes have a hemoglobin loading

efficiency from about 30% to about 35%.

[00138] In various embodiments, the polymersome-hemoglobin solution is administered to a

subject. The subject may be a mammal, a non-human animal, a canine and/or a vertebrate.

[00139] The various embodiments may include a polymersomes or oxygen carriers with
varying sizes. In some embodiments, the oxygen carrier, nanoparticle and/or
polymersome includes a roughly spherical shape and has a diameter of about 5 nm to about
1 um. In some embodiments, the polymersome or oxygen carrier has a diameter of about
5 nm to about 25 nm. In some embodiments, the polymersome or oxygen carrier has a
diameter of about 10 nm to about 20 nm. In some embodiments, the polymersome or
oxygen carrier has a diameter of about 20 nm to about 30 nm. In some embodiments, the
polymersome or oxygen carrier has a diameter of about 30 nm to about 40 nm. In some
embodiments, the polymersome or oxygen carrier has a diameter of about 40 nm to about
50 nm. In some embodiments, the polymersome or oxygen carrier has a diameter of about
50 nm to about 60 nm. In some embodiments, the polymersome or oxygen carrier has a
diameter of about 60 nm to about 70 nm. In some embodiments, the polymersome or
oxygen carrier has a diameter of about 70 nm to about 80 nm. In some embodiments, the

polymersome or oxygen carrier has a diameter of about 80 nm to about 90 nm. In some
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embodiments, the polymersome or oxygen carrier has a diameter of about 90 nm to about

100 nm.

[00140] In various embodiments, the oxygen carrier, nanoparticle and/or polymersome
includes a roughly spherical shape and has a diameter of about 50 nm to about 1 pm. In
various embodiments, the oxygen carrier, nanoparticle and/or polymersome has a diameter
of about 50 nm to about 250 nm. In various embodiments, the oxygen carrier, nanoparticle
and/or polymersome has a diameter of about 100 nm to about 200 nm. In various
embodiments, the oxygen carrier, nanoparticle and/or polymersome has a diameter of
about 200 nm to about 300 nm. In various embodiments, the oxygen carrier, nanoparticle
and/or polymersome has a diameter of about 300 nm to about 400 nm. In various
embodiments, the oxygen carrier, nanoparticle and/or polymersome has a diameter of
about 400 nm to about 500 nm. In various embodiments, the oxygen carrier, nanoparticle
and/or polymersome has a diameter of about 500 nm to about 600 nm. In various
embodiments, the oxygen carrier, nanoparticle and/or polymersome has a diameter of
about 600 nm to about 700 nm. In various embodiments, the oxygen carrier, nanoparticle
and/or polymersome has a diameter of about 700 nm to about 800 nm. In various
embodiments, the oxygen carrier, nanoparticle and/or polymersome has a diameter of
about 800 nm to about 900 nm. In various embodiments, the polymersome or oxygen

carrier has a diameter of about 900 nm to about 1 um.

[00141] In various embodiments, the oxygen carrier includes a nanoparticle that has a
diameter of about 5 nm to about 100 nm. In various embodiments, the oxygen carrier
includes a nanoparticle that has a diameter of about 5 nm to about 10 nm. In various
embodiments, the oxygen carrier includes a nanoparticle that has a diameter of about 10
nm to about 50 nm. In various embodiments, the oxygen carrier includes a nanoparticle
that has a diameter of about 50 nm to about 100 nm. In various embodiments, the oxygen
carrier includes a nanoparticle that has a diameter of about 100 nm to about 300 nm. In
various embodiments, the oxygen carrier includes a nanoparticle that has a diameter of
about 300 nm to about 500 nm. In various embodiments, the oxygen carrier includes a

nanoparticle that has a diameter of about 500 nm to about 1 um.

[00142] In various embodiments, the oxygen carrier has a diameter of about 5 nm to about
100 nm. In various embodiments, the oxygen carrier has a diameter of about 5 nm to

about 10 nm. In various embodiments, the oxygen carrier has a diameter of about 10 nm
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to about 50 nm. In various embodiments, the oxygen carrier has a diameter of about 50
nm to about 100 nm. In various embodiments, the oxygen carrier has a diameter of about
100 nm to about 300 nm. In various embodiments, the oxygen carrier has a diameter of
about 300 nm to about 500 nm. In various embodiments, the oxygen carrier has a diameter

of about 500 nm to about 1 um.

[00143] In a further embodiment, the oxygen carriers or polymersomes may be formed
with a range of varying membrane thicknesses. The thickness of the membrane may
depend upon the molecular weight of the polymers and the types of polymers used in the
preparation of the oxygen carriers or polymersomes. In some embodiments, the membrane
may be a single, double, triple, quadruple, or more layers of polymers. In some
embodiments, the oxygen carriers or polymersomes have a polymer membrane thickness
from about 5 nm to about 35 nm. In some embodiments, the oxygen carriers or
polymersomes have a membrane thickness from about 5 nm to about 10 nm. In some
embodiments, the oxygen carriers or polymersomes have a membrane thickness from
about 10 nm to about 15 nm. In some embodiments, the oxygen carriers or polymersomes
have a membrane thickness from about 15 nm to about 20 nm. In some embodiments, the
oxygen carriers or polymersomes have a membrane thickness from about 20 nm to about
25 nm. In some embodiments, the oxygen carriers or polymersomes have a membrane
thickness from about 25 nm to about 30 nm. In some embodiments, the oxygen carriers or
polymersomes have a membrane thickness from about 30 nm to about 35 nm. In some
embodiments, the oxygen carriers or polymersomes have a polymer membrane that is no
more than about 5 nm in thickness. In some embodiments, the oxygen carriers or
polymersomes have a polymer membrane that is no more than about 10 nm in thickness.
In some embodiments, the oxygen carriers or polymersomes have a polymer membrane
that is no more than about 15 nm in thickness. In some embodiments, the oxygen carriers
or polymersomes have has a polymer membrane that is no more than about 20 nm in
thickness. In some embodiments, the oxygen carriers or polymersomes have a polymer
membrane that is no more than about 25 nm in thickness. In some embodiments, the
oxygen carriers or polymersomes have a polymer membrane that is no more than about 30
nm in thickness. In some embodiments, the oxygen carriers or polymersomes have a

polymer membrane that is no more than about 35 nm in thickness.

[00144] Clinical studies have shown that circulation times of spherical carriers may be
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generally extended threefold in humans over rats. As proposed for clinically used drug
formulations of PEG-liposomes, oxygen carriers and polymersomes with long circulating
lifetime may increase the drug exposure to cancer cells, low oxygenated tissues, or healing
wounds, and thereby increase the time-integrated dose, commonly referred to in drug
delivery as 'the area under the curve. Additionally, the enhanced permeation and retention
effect that allows small solutes and micelles to permeate the leaky blood vessels of a
rapidly expanding tumor might also allow oxygen carriers and polymersomes to transport
into the tumor stroma. Persistent circulation of the oxygen carriers and polymersomes has
many practical applications because these vehicles can increase exposure of drugs to

cancer cells, low or poor oxygenated tissues, or healing wounds.

[00145] The compositions of the various embodiments may comprise polymersomes or
oxygen carriers that have increased circulatory half-lives. In some embodiments, the
compositions have a certain percent mass composition of polymer designed to have a
circulatory half-life from about 12 hours to about 36 hours, and a degradative half-life
from about 38 to about 60 hours. In some embodiments, the compositions have a certain
percent mass composition of polymer designed to have circulatory half-life about 12 hours
less than the degradative half-life of the oxygen-carrier or polymersome. This delay in
degradation may vary depending upon the route of administration and/or the targeted
micro-compartment or subcellular microenvironment where the polymersome or oxygen
carrier deploys its contents for treatment or prevention of the disease states or disorders
disclosed herein. In some embodiments, the compositions comprising polymersomes or
oxygen carriers have circulatory half-life about 11 hours less than the degradative half-life
of the oxygen-carrier or polymersome. In some embodiments, the compositions
comprising polymersomes or oxygen carriers have circulatory half-life about 10 hours less
than the degradative half-life of the oxygen-carrier or polymersome. In some
embodiments, the compositions comprising polymersomes or oxygen carriers have
circulatory half-life about 9 hours less than the degradative half-life of the oxygen-carrier
or polymersome. In some embodiments, the compositions comprising polymersomes or
oxygen carriers have circulatory half-life about 8 hours less than the degradative half-life
of the oxygen-carrier or polymersome. In some embodiments, the compositions
comprising polymersomes or oxygen carriers have circulatory half-life about 7 hours less

than the degradative half-life of the oxygen-carrier or polymersome. In some
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embodiments, the compositions comprising polymersomes or oxygen carriers have
circulatory half-life about 6 hours less than the degradative half-life of the oxygen-carrier
or polymersome. In some embodiments, the compositions comprising polymersomes or
oxygen carriers have circulatory half-life about 5 hours less than the degradative half-life
of the oxygen-carrier or polymersome. In some embodiments, the compositions
comprising polymersomes or oxygen carriers have circulatory half-life about 4 hours less
than the degradative half-life of the oxygen-carrier or polymersome. In some
embodiments, the compositions comprising polymersomes or oxygen carriers have
circulatory half-life about 3 hours less than the degradative half-life of the oxygen-carrier
or polymersome. In some embodiments, the compositions comprising polymersomes or
oxygen carriers have circulatory half-life about 2 hours less than the degradative half-life
of the oxygen-carrier or polymersome. In some embodiments, the compositions
comprising polymersomes or oxygen carriers have circulatory half-life about 1 hours less
than the degradative half-life of the oxygen-carrier or polymersome. In some
embodiments, the compositions comprising polymersomes or oxygen carriers have
circulatory half-life about 14 hours less than the degradative half-life of the oxygen-carrier
or polymersome. In some embodiments, the compositions comprising polymersomes or
oxygen carriers have circulatory half-life from about 1 hour to about 20 hours less than the
degradative half-life of the oxygen-carrier or polymersome. In some embodiments, the
compositions comprising polymersomes or oxygen carriers have a certain percent mass
composition of polymer designed to have a circulatory half-life of about 36 hours, and a
degradative half-life greater than about 48 hours. In some embodiments, the compositions
comprising polymersomes or oxygen carriers have a certain percent mass composition of
polymer designed to have a circulatory half-life from about 24 hours to about 36 hours,
and a degradative half-life from about 38 to about 60 hours. In some embodiments, the
compositions comprising polymersomes or oxygen carriers have a certain percent mass
composition of polymer designed to have a circulatory half-life from about 28 hours to
about 36 hours, and a degradative half-life from about 38 to about 60 hours. In some
embodiments, the compositions comprising polymersomes or oxygen carriers have a
certain percent mass composition of polymer designed to have a circulatory half-life from
about 30 hours to about 36 hours, and a degradative half-life from about 38 to about 60
hours. In some embodiments, the compositions comprising polymersomes or oxygen

carriers have a certain percent mass composition of polymer designed to have a circulatory
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half-life of no more than 36 hours, and a degradative half-life from about 38 to about 60

hours.

[00146] In some embodiments, in vivo delivery to a subject is achieved by intravenous,
inhalational, transmucosal (e.g. buccal) or transcutaneous routes of administration.
Dosages for a given host may be determined using conventional considerations (e.g., by
customary comparison of the differential activities of the subject preparations and a known

appropriate, conventional pharmacological protocol).

[00147] The pharmaceutical composition of the various embodiments may be loaded with
different concentrations of oxygen binding molecule per gram of polymer. In some
embodiments, the pharmaceutical composition comprises from about 10 to about 40 mg
oxygen binding compound/mg polymer. In some embodiments, the pharmaceutical
composition comprises from about 20 to about 40 mg oxygen binding compound /mg
polymer. In some embodiments, the pharmaceutical composition comprises from about 30
to about 40 mg oxygen binding compound /mg polymer. In some embodiments, the
pharmaceutical composition comprises from about 35 to about 40 mg oxygen binding
compound /mg polymer. In some embodiments, the pharmaceutical composition
comprises from about 25 to about 40 mg oxygen binding compound /mg polymer. In
some embodiments, the pharmaceutical composition comprises from about 25 to about 35
mg oxygen binding compound /mg polymer. In some embodiments, the pharmaceutical
composition comprises from about 25 to about 30 mg oxygen binding compound /mg
polymer. In some embodiments, the pharmaceutical composition comprises from about 20
to about 25 mg oxygen binding compound /mg polymer. In some embodiments, the
pharmaceutical composition comprises from about 10 to about 15 mg oxygen binding

compound /mg polymer.

[00148] In some embodiments, the pharmaceutical composition comprises from about 10
to about 40 mg hemoglobin/mg polymer. In some embodiments, the pharmaceutical
composition comprises from about 20 to about 40 mg hemoglobin/mg polymer. In some
embodiments, the pharmaceutical composition comprises from about 30 to about 40 mg
hemoglobin/mg polymer. In some embodiments, the pharmaceutical composition
comprises from about 35 to about 40 mg hemoglobin/mg polymer. In some embodiments,

the pharmaceutical composition comprises from about 25 to about 40 mg hemoglobin/mg
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polymer. In some embodiments, the pharmaceutical composition comprises from about 25
to about 35 mg hemoglobin/mg polymer. In some embodiments, the pharmaceutical
composition comprises from about 25 to about 30 mg hemoglobin/mg polymer. In some
embodiments, the pharmaceutical composition comprises from about 20 to about 25 mg
hemoglobin/mg polymer. In some embodiments, the pharmaceutical composition
comprise from about 10 to about 15 mg hemoglobin/mg polymer. In some embodiments

the hemoglobin dosages may be replaced by the same weight of myoglobin.

[00149] In some embodiments, the pharmaceutical composition is a liquid formulation,
wherein the dosage may be from about 1 unit of compositions to about 50 units of solution,
wherein a unit of solution comprises from about 60 g of hemoglobin to about 70 g of
hemoglobin. In some embodiments, a unit of a liquid formulation comprising the
pharmaceutical composition comprises about 61 grams of hemoglobin. In some
embodiments, a unit of a liquid formulation comprising the pharmaceutical composition
comprises about 62 grams of hemoglobin. In some embodiments, a unit of a liquid
formulation comprising the pharmaceutical composition comprises about 63 grams of
hemoglobin. In some embodiments, a unit of a liquid formulation comprising the
pharmaceutical composition comprises about 64 grams of hemoglobin. In some
embodiments, a unit of a liquid formulation comprising the pharmaceutical composition
comprises about 65 grams of hemoglobin. In some embodiments, a unit of a liquid
formulation comprising the pharmaceutical composition comprises about 66 grams of
hemoglobin. In some embodiments, a unit of a liquid formulation comprising the
pharmaceutical composition comprises about 67 grams of hemoglobin. In some
embodiments, a unit of a liquid formulation comprising the pharmaceutical composition
comprises about 68 grams of hemoglobin. In some embodiments, a unit of a liquid
formulation comprising the pharmaceutical composition comprises about 69 grams of
hemoglobin. In some embodiments, a unit of a liquid formulation comprising the

pharmaceutical composition comprises about 70 grams of hemoglobin.

[00150] Generally, a pharmaceutical composition according to the various embodiments
may comprise a dose of hemoglobin that is suspended within a solution and administered
in units, where a unit is equal to 67.5 grams of hemoglobin. If a subject undergoes surgery
or experiences blood loss, the pharmaceutical composition may be administered to the

subject according to the following dosing regimen, where blood is replaced with units of
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liquid formulation. In some embodiments, the pharmaceutical composition comprises
from about 30 g of hemoglobin/unit of solution administered to about 80 g of

hemoglobin/unit of solution administered.

Examples Of Blood Use Average # Units

Required per Patient
Automobile Accident 50 units of blood
Heart Surgery 6 units of blood

6 units of platelets
Organ Transplant 40 units of blood

30 units of platelets
20 bags of cryoprocipitate
25 units of fresh frozen plasma

Bone Marrow Transplant 120 units of platelets
20 units of blood

[00151] In some embodiments, the pharmaceutical composition comprises a dose from
about 40 g of hemoglobin/unit of solution administered to about 80 g of hemoglobin/unit
of solution administered. In some embodiments, the pharmaceutical composition
comprises a dose from about 50 g of hemoglobin/unit of solution administered to about 80
g of hemoglobin/unit of solution administered. In some embodiments, the pharmaceutical
composition comprises a dose from about 60 g of hemoglobin/unit of solution
administered to about 80 g of hemoglobin/unit of solution administered. In some
embodiments, the pharmaceutical composition comprises a dose from about 70 g of
hemoglobin/unit of solution administered to about 80 g of hemoglobin/unit of solution
administered. In some embodiments, the pharmaceutical composition comprises a dose
from about 60 g of hemoglobin/unit of solution administered to about 70 g of

hemoglobin/unit of solution administered.

[00152] The dose of the pharmaceutical composition of the various embodiments may also
be measured in grams of polymersome administered per kg of a subject. In some
embodiments, the total dose administered comprises from about 25 mg of polymer to
about 35 mg of polymer per kg of a subject. In some embodiments, the total dose
administered comprises from about 26 mg of polymer to about 35 mg of polymer per kg of

a subject. In some embodiments, the total dose administered comprises from about 27 mg
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of polymer to about 35 mg of polymer per kg of a subject. In some embodiments, the total
dose administered comprises from about 28 mg of polymer to about 35 mg of polymer per
kg of a subject. In some embodiments, the total dose administered comprises from about
29 mg of polymer to about 35 mg of polymer per kg of a subject. In some embodiments,
the total dose administered comprises from about 30 mg of polymer to about 35 mg of
polymer per kg of a subject. In some embodiments, the total dose administered comprises
from about 31 mg of polymer to about 35 mg of polymer per kg of a subject. In some
embodiments, the total dose administered comprises from about 32 mg of polymer to
about 35 mg of polymer per kg of a subject. In some embodiments, the total dose
administered comprises from about 33 mg of polymer to about 35 mg of polymer per kg of
a subject. In some embodiments, the total dose administered comprises from about 34 mg

of polymer to about 35 mg of polymer per kg of a subject.

[00153] In some embodiments, the pharmaceutical composition is a liquid formulation that
comprises an allosteric effector such as 2,3-Bisphosphoglycerate, wherein the formulation
comprises from about 1 to about 100 mmol/L of formulation. In some embodiments, the
formulation comprises from about 1 to about 100 mmol of a isomer of 2,3-
Bisphosphoglycerate per L of formulation. In some embodiments, the formulation
comprises from about 1 to about 10 mmol of a isomer of 2,3Bisphosphoglycerate per L of
formulation. In some embodiments, the formulation comprises about 5 mmol of 2,3-
Bisphosphoglycerate or isomer derived thereof per L of formulation. In some
embodiments, the formulation comprises about 2.25 mmol of 2,3-Bisphosphoglycerate or

isomer derived thereof per Unit (450 mL) of formulation.

[00154] The pharmaceutical compositions may be prepared, packaged, or sold in the form
of a sterile, injectable, aqueous or oily suspension or solution. This suspension or solution
may be formulated according to the known art, and may comprise, in addition to the active
ingredient, additional ingredients such as the dispersing agents, wetting agents, or
suspending agents described herein. Such sterile injectable formulations may be prepared
using a non toxic parenterally acceptable diluent or solvent, such as water or 1,3 butane
diol, for example. Other acceptable diluents and solvents include, but are not limited to,
Ringer's solution, isotonic sodium chloride solution, and fixed oils such as synthetic mono
or di-glycerides. Other parentally-administrable formulations which are useful include

those which comprise the active ingredient in microcrystalline form, in a liposomal
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preparation, or as a component of a biodegradable polymer systems. Compositions for
sustained release or implantation may comprise pharmaceutically acceptable polymeric or
hydrophobic materials such as an emulsion, an ion exchange resin, a sparingly soluble
polymer, or a sparingly soluble salt. The formulations described herein, are also useful for
pulmonary delivery and the treatment of such cancers of the respiratory system or lung, are
also useful for intranasal delivery of a pharmaceutical composition of the various
embodiments. Such formulation suitable for intranasal administration is a coarse powder
comprising the active ingredient and having an average particle from about 0.2 to 500
micrometers, administered by rapid inhalation through the nasal passage from a container

of the powder held close to the nares.

[00155] The various embodiment pharmaceutical compositions may be administered to
deliver a dose of from about 0.1 g/kg/day to about 100 g/kg/day, where the gram
measurement is equal to the total weight of hemoglobin and polymer in the pharmaceutical
composition. In some embodiments, the dosage is from about 0.1 to 1 g/kg/day. In
another embodiment, the dosage is from about 0.5 g/kg/day to about 1.0 g/kg/day. In
another embodiment, the dosage is from about 1.0 g/kg/day to about 1.5 g/kg/day. In
another embodiment, the dosage is from about 1.5 g/kg/day to about 2.0 g/kg/day. In
another embodiment, the dosage is from about 2.5 g/kg/day to about 3.0 g/kg/day. In
another embodiment, the dosage is 1.0, 2.0, 5.0, 10, 15, 20, 25, 30, 35, 40, 45, or 50
g/kg/day, where the gram measurement is equal to the total weight of hemoglobin and
polymer in the pharmaceutical composition. In one embodiment, administration of a dose
may result in a therapeutically effective concentration of the drug, protein, active agent,
etc., between 1 uM and 10 uM in a diseased or cancer-affected tissue, or tumor of a

mammal when analyzed in vivo.

[00156] In an embodiment, a pharmaceutical composition, especially one used for
prophylactic purposes, can comprise, in addition, a pharmaceutically acceptable adjuvant
filler or the like. Suitable pharmaceutically acceptable carriers are well known in the art.
Examples of typical carriers include saline, buffered saline and other salts, lipids, and
surfactants. The oxygen carrier or polymersome may also be lyophilized and administered
in the forms of a powder. Taking appropriate precautions not to denature any protein
component of the claimed invention, the preparations can be sterilized and if desired

mixed with auxiliary agents, e.g., lubricants, preservatives, stabilizers, wetting agents,
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emulsifiers, salts for influencing osmotic pressure, buffers, and the like that do not
deleteriously react with the oxygen carrier or polymersome of the claimed invention. They
also can be combined where desired with other biologically active agents, e.g., antisense

DNA or mRNA.

[00157] A pharmaceutical composition of the various embodiments may be prepared,
packaged, or sold in bulk, as a single unit dose, or as a plurality of single unit doses. The
amount of the active ingredient is generally equal to the dosage of the active ingredient
which would be administered to a subject, or a convenient fraction of such a dosage, such

as, for example, one-half or one-third of such a dosage, as would be known in the art.

[00158] The relative amounts of the active ingredient, the pharmaceutically acceptable
carrier, and any additional ingredients in a pharmaceutical composition of the various
embodiments may vary, depending upon the identity, size, and condition of the subject
treated and further depending upon the route by which the composition is to be
administered. By way of example, the composition may comprise from about 0.1% to

about 100% (w/w) active ingredient.

[00159] The compositions and methods described herein can be useful for preventing or
treating any blood disorder including but not necessarily limited to anemia, wherein a
blood disorder causes low or poor oxygenation of tissues in a subject. In some

embodiment the subject is need of a prevention or treatment for the blood disorder.

[00160] The compositions and methods described herein can be useful for preventing or
treating cancers including leukemias, lymphomas, meningiomas, mixed tumors of salivary
glands, adenomas, carcinomas, adenocarcinomas, sarcomas, dysgerminomas,
retinoblastomas, Wilms' tumors, neuroblastomas, melanomas, and mesotheliomas; as
represented by a number of types of cancers, including but not limited to breast cancer,
sarcomas and other neoplasms, bladder cancer, colon cancer, lung cancer, pancreatic
cancer, gastric cancer, cervical cancer, ovarian cancer, brain cancers, various leukemias
and lymphomas. One would expect that any other human tumor cell, regardless of
expression of functional p53, would be subject to treatment or prevention by the methods
of the present invention, although the particular emphasis is on mammary cells and
mammary tumors. The various embodiments may also encompass a method of treatment,

according to which a therapeutically effective amount of the drug, protein, active agent,
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etc., or a vector comprising same according to the various embodiments may be
administered to a patient requiring such treatment. The various embodiments should not
be construed as being limited solely to these examples, as other cancer-associated diseases
which are at present unknown, once known, may also be treatable using the methods of the

various embodiments.

[00161] Also useful in conjunction with the methods provided in the various embodiments
may be chemotherapy, phototherapy, anti-angiogenic or irradiation therapies, separately or
combined, which maybe used before, contemporaneously, or after the enhanced treatments
of the present invention, but will be most effectively used after the cells have been
sensitized by the present methods. As used herein, the phrase “chemotherapeutic agent”
means any chemical agent or drug used in chemotherapy treatment, which selectively
affects tumor cells, including but not limited to, such agents as adriamycin, actinomycin D,
camptothecin, colchicine, taxol, cisplatinum, vincristine, vinblastine, and methotrexate.

Other such agents are well known in the art.

[00162] The compositions and methods described herein can be useful for preventing or
treating anemia including but not necessarily limited to hemolytic anemia caused by viral

infection such as Hepatitis C virus.

[00163] Methods of treating and/or ameloriating genetic blood disorders, such as
thalassemia or sickle cell anemia, or delaying or ameliorating at least one symptom
thereof, are contemplated herein, comprising administering to a patient in need thereof an
effective amount of an oxygen carrier or polymersome of the claimed invention. All
compositions disclosed herein are considered useful for incorporation into a
pharmaceutical composition. In some embodiments, pharmaceutical composition of the
claimed invention is used to treat or prevent an enlarged spleen and/or anemia. In some
embodiments, pharmaceutical composition of the claimed invention is used to treat or
prevent an enlarged spleen and/or anemia, excessive iron absorption, and those resulting
from ineffective erythropoiesis due to excessive iron absorption, including osteoporosis,

e.g. secondary osteoporosis.

[00164] In an embodiment, a method is provided to ameloriate or delay the onset of an
enlarged spleen in a patient suffering from thalassemia, comprising administering a

pharmaceutically effective amount of the oxygen carrier or polymersome of the claimed

52



WO 2011/133635 PCT/US2011/033190
invention. For example, transfusion independent beta-thalassemia intermedia patients.

[00165] In some embodiments, the spleen size of a patient suffering from thalassemia and
receiving a polymersome may be reduced by 10%, 20%, 30%, 40%, or even 50% or more
as compared to a patient with a similar spleen size suffering from thalassemia and not

being administered the oxygen carrier or polymersome of the claimed invention.

[00166] The various embodiments may include methods for treating, or amelioriating or
delaying onset of at least one symptom of genetic blood disorders. Some embodiments
methods may provide treatment or prevention of sickle cell disease, alpha-thalassemia,
delta-thalassemia, and beta-thalassemia. Contemplated treatments herein include
treatment of patients suffering from thalassemia minor, thalassemia intermedia,
thalassemia major (Cooley's disease), e- thalassemia, and sickle-p-thalassemia. Some
embodiments methods may provide reducing the frequency of chelation therapy in a
patient, e.g., suffering from thalessemia, that includes administering a disclosed compound

is provided herein.

[00167] The various embodiments may include methods for stimulating wound healing in
a subject in need thereof comprising administering the oxygen carrier or polymersome of
the various embodiments to a subject in need thereof. Some embodiments may include
methods for treating or preventing diseases, illnesses or conditions in mammals. In some
embodiments, the compositions of the various embodiments may be used for canine
anemia. In some embodiments, the compositions of the various embodiments may be
useful to treat or prevent symptoms associated with iron deficiency. Some embodiments
may provide methods for treating a blood disorder or low oxygenation of tissues in

patients susceptible to, symptomatic of, or at elevated risk for developing hypertension.

[00168] The various embodiments may also include kits comprising any of the
aforementioned compositions or pharmaceutical compositions comprising an oxygen
carrier or a polymersome, wherein the oxygen carrier or a polymersome comprises at least
one biocompatible polymer and at least one biodegradable polymer. According to some
embodiments, the formulation may be supplied as part of a kit. The kit may comprise the
pharmaceutical composition comprising an oxygen carrier or a polymersome. In another
embodiment, the kit may comprise a lyophilized oxygen carrier or polymersome with an

aqueous rehydration mixture. In another embodiment, the oxygen carrier or polymersome
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may be in one container while the rehydration mixture is in a second container. The
rehydration mixture may be supplied in dry form, to which water may be added to form an
rehydration solution prior to administration by mouth, venous puncture, injection, or any
other mode of delivery. In some embodiments, the kit may further comprise a vehicle for
administration of the composition such as tubing, a catheter, syringe, needle, and/or

combination of any of the foregoing.

[00169] Any reference (patent, patent application, or journal article) disclosed in this
application is herein incorporated by reference. The various embodiments may be

illustrated, but are not limited to, the following examples:
[00170] Example 1

[00171] Methods and materials to construct biodegradable PEH dispersions with

varying physicochemical properties:

[00172] Poly(ethyleneoxide)-block-poly(e-caprolactone) (PEO-b-PCL) possessing a PEO
block size of ~1.5-4 kDa and with a PEO block fraction of ~10-15% by weight may be
utilized to form biodegradable PEH dispersions. Poly(ethyleneoxide)-block-poly(y-methyl
g-caprolactone) (PEO-b-PMCL) copolymers of varying molecular weight, hydrophobic-to-
hydrophilic block fraction, and resulting polymersome membrane-core thickness may be
further incorporated to generate PEH constructs that are not only slowly biodegradable but
also uniquely deformable, enabling passage through compromised capillary beds, via infra.
PMCL, as a derivative of PCL, is a similarly fully bioresorbable polymer that degrades via
non-enzymatic cleavage of its ester linkages. Polymersomes composed from PEO-b-
PMCL are spontaneously formed at lower temperatures, in greater yields, and possess
more deformable and viscoelastic membranes as compared to those composed from PEO-
b-PCL. They also similarly degrade much more slowly than vesicles formed from PEO-b-
PGA, PEO-b-PLA, or PEO-b-PLGA. As such, PEO-b-PCL and PEO-b-PMCL-derived
PEH dispersions (e.g. PEO(2 kiloDaltons)-b-PCL(12 kiloDaltons) and PEO(2kiloDaltons)-
b-PMCL(9.4 kiloDaltons)) demonstrate larger hemoglobin-encapsulation efficiencies,
smaller average particle diameters, and lower levels of metHb generation as compared to

biodegradable cellular HBOCs claimed in the literature.

[00173] Synthesis of PEH dispersions:
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[00174] To synthesize PEH dispersions, bovine and human hemoglobin may be used as
starting materials. Well-established hemoglobin extraction and purification procedures
may be utilized to harvest hemoglobin with > 97% purity and of < 3% metHb level.
Briefly, bovine erythrocytes may be extracted, centrifuged and collected in 3.8% sodium
citrate by Animal Technologies, Inc. (Tyler, Texas, USA). Packed bovine erythrocytes
may be centrifuged at 6000 rpm for 20 minutes (2-30C), and the supernatant removed.

The cell pellet may be washed with three volumes of ice-cold isotonic saline solution (0.95
gNaCl per 100 mL) to one volume of sedimented erythrocytes, which may be followed by
gentle mixing and swirling for 2-3 minutes. The mixture may be centrifuged again at 6000
rpm for 19-20 minutes (2-30C) and the supernatant discarded. The washing step may be
repeated twice. Erythrocytes may be lyzed by adding two volumes of hypotonic, 15
mOsm phosphate buffer (PB) at pH 7.4 to one volume of washed erythrocytes, followed
by gentle mixing and swirling for 2-3 minutes. The mixture may be left to stand for one
hour in an ice bath. Lyzed erythrocytes may then be filtered through a 0.05 um Minikros
Sampler hollow fiber cartridge (Spectrum Laboratories, Inc., Rancho Dominguez, CA,
USA) at 4°C. The retained fluid may be recycled and the filtrate (hemoglobin solution)
collected. The extracted hemoglobin solution may then be filtered through a 50 kDa
hollow fiber cartridge (Spectrum Laboratories, Inc.) at 4°C to concentrate the hemoglobin
solution. The concentrated hemoglobin solution may be diluted with phosphate buffer
(PB) or phosphate buffered saline (PBS) at physiological pH of 7.3 to the desired

hemoglobin concentration.

[00175] PEO(2k)-b-PCL(12k), and at least four different PEO-b-PMCL copolymers with
PEO molecular weight ranging from about 1.1kiloDaltons to about 3.5kiloDaltons and
PMCL molecular weight ranging from about 4.5kiloDaltons -12kiloDaltons, have
previously been shown to give a stable and high yield of polymersomes. By varying the
initial amounts of polymer (from 1 mg — 10 mg per sample), as well as the initial aqueous
hemoglobin concentrations used in polymersome formation (from 50 mg/ml to 300
mg/ml), PEH dispersions that differ in the degree of hemoglobin encapsulation may be

generated.

[00176] PEH dispersions may be formed by using two well-established methodologies: 1)
“thin-film rehydration” which involves the generation of giant (micron-sized) polymersomes

by immersion of a dry thin-film of polymer in an aqueous solution of dissolved Hb (at 40 °C
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for 48 hours) followed by serial extrusion through membranes of progressively decreasing
pore diameters to generate uniform PEH dispersions of nanometric dimensions (e.g. 100 nm);
and, 2) “sonication rehydration” which is based on immersion of the same dry thin-film of
polymer in an aqueous hemoglobin solution followed by high-frequency sonication at
ambient temperature followed by extrusion through a single pore-size membrane to yield the
desired nanometric PEH dispersion. Each of these methods produces a high yield of stable
polymersomes that may be effectively controlled through membrane extrusion to yield
unilamellar, mono-dispersed suspensions of PEHs that vary from 100 nm -1 um diameter in
average size. Although thin-film rehydration yields a very narrow PEH size distribution, and
higher Hb encapsulation% due to larger core volumes available for encapsulation, the
stability of hemoglobin and the resultant PEO-b-PCL-based PEH dispersions has been
demonstrably less. This result may be due to the fact that the hydration temperature for PEO-
b-PCL is close to the denaturation temperature of free hemoglobin.54 PEO-b-PMCL
polymersomes may be formed by thin-film or sonication rehydration at room temperature and
expectedly enable a higher yield of cellular HBOCs with greater Hb encapsulation efficiency.
Variants of each described PEH formulation may be produced by co-encapsulating N-acetyl-
L-cysteine (NAC) in order to suppress hemoglobin oxidation during PEH synthesis. NAC
helps limit metHb generation during PEH formation. Unencapsulated hemoglobin may be
separated from PEH dispersions using dialysis, ultrafiltration and/or , and/or size exclusion

chromatography.
[00177] Example 11

[00178] Characterization of physicochemical properties of PEH dispersions:

[00179] To verify PEH generation, each Hb/polymer formulation may be characterized for
particle size distribution using dynamic light scattering (DLS). The PEH structure and
morphology may be directly visualized in their native physiological environments using
cryogenic transmission electron microscopy (cryo-TEM). The viscosities of the various
PEO-b-PCL and PEO-b-PMCL-based PEH dispersions may be measured using a
microviscometer. Hb encapsulation%, defined as the weight ratio of hemoglobin in the
resultant PEH suspension compared to that in the initial solution, is a significant parameter
that determines the ultimate utility of that particular PEH formulation as a potential

synthetic oxygen carrier.
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[00180] Multiple PEO-b-PCL and PEO-b-PMCL-based PEH dispersions may be
systematically generated, varying in initial polymer composition, polymer-to-Hb weight
ratios, particle sizes and production strategies. Subsequent measurements of the Hb
encapsulation% may be conducted in order to determine the best formulation construct for
future in vivo application. To measure Hb encapsulation%, two independent methods may
be used. In the first method, PEH dispersions may be initially lysed with a detergent (e.g.
triton X-100) and the UV absorbance of the resulting lysate may be measured in order to
determine the mass of Hb and subsequent Hb encapsulation% of the original PEH
composition. While this calculation method is relatively straight forward, it may
overestimate the encapsulation% through some assumptions on total Hb dispersion
volume. As such, an asymmetric flow field-flow fractionator coupled with a differential
interferometric refractometer may be used to measure the concentration of eluting,
unencapsulated Hb from which the encapsulation% may be determined. From these
measurements, the weight ratio of Hb:polymer in the various PEH dispersions may be
further calculated. The percentage of metHb in each of the PEH dispersions may be

determined by analogous methodology to the well-established cyanometMb assay.
[00181] Example 111

[00182] Characterization of the oxygen-carrying properties of biodegradable PEH

dispersions:

[00183] The oxygen binding properties of PEO-b-PCL and PEO-b-PMCL-based PEH
dispersions may be measured using established techniques. The equilibrium oxygen
binding properties are thoroughly characterized as well as the diffusion kinetics of oxygen
across polymersome membranes. With the aid of these measurements, oxygen
permeabilities and oxygen-membrane diffusion coefficients for these various PEH
dispersions may be determined. These very fundamental parameters have, hitherto, been
uncharacterized for any synthetic oxygen carrier but are critical for the optimal design of a
successful cellular HBOC. Nitric oxide (NO) binding profiles of various PEO-b-PCL and
PEO-bPMCL-based PEH dispersions may be further studied.

[00184] A physiologically important function of the red blood cell membrane is its
management of the transport of endogenous gaseous messenger-molecules such as NO.

As described above, acellular HBOCs are observed to induce vasoconstriction,
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hypertension, reduced blood flow, and vascular damage in animals due to their entrapment
of endothelium-derived NO. Hb encapsulated in liposomes, however, is not been observed
to be similarly “vasoactive”; analogous to those of natural red blood cells, liposome
membranes effectively retard NO binding through effective Hb sequestration from the
surrounding vascular environment. PEH dispersions may likely exhibit more resistance to
NO scavenging owing to their thicker membranes and lower permeabilities. Finally,
different measurements on PEO-b-PCL and PEO-b-PMCL-based PEH dispersions may be
performed in order to test their stability and integrity under physiological conditions for

extended durations of time.
[00185] Experimental:
[00186] Characterization of oxygen binding properties:

[00187] Equilibrium oxygen binding properties such as P50 and n of PEO-b-PCL and
PEO-b-PMCL-based PEH dispersions may be measured using a Hemox—analyzersL >
Dependence of these properties on the composition of PEH dispersions may depend on
different Hb-loading sources (animal vs. human), a series of Hb-loading concentrations, as
well as an allosteric effector (such as inositol hexaphosphate) in the aqueous phase of the

polymersomes.

[00188] In addition to these equilibrium measurements, the kinetics of oxygen diffusion
across PEH membranes and binding to/release of Hb for different PEO-b-PCL and PEO-b-
PMCL-based PEH dispersions may also be determined using a highly sensitive oxygen
microelectrode. Measurements of various PEHs may be compared to those from free Hb
and empty polymersome dispersions (without Hb) in order to delineate the roles of
diffusion and binding in O2 take-up. A diffusion-reaction transport model may be used to
determine oxygen permeability of different polymersome membranes. A correlation
between diffusive properties of various diblock copolymer membranes and measured

oxygen binding properties of PEH formulations may be used.
[00189] Characterization of NO binding properties:

[00190] NO binding of PEO-b-PCL and PEO-b-PMCL-based PEH dispersions under
oxygenated and deoxygenated conditions may be systematically studied using stopped

flow spectroscopy. The time-course of binding may be measured by taking rapid
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absorbance scans of the various oxygenated or deoxygenated PEH dispersions rapidly
mixed with NO-containing solution. A range of Hb loading concentrations, PEH
dispersion concentrations, and PEH sizes may be used. Similarly, the roles of NO
diffusion and binding in NO uptake by PEO-b-PCL and PEO-b-PMCL-based PEH
constructs may be further characterized by conducting experiments comparing PEH, free
Hb, and empty polymersomes using a NO microelectrode. The NO binding rate constants
for PEO-b-PCL and PEO-b-PMCL-based PEH dispersions under different conditions may
be established and compared with the results for free Hb solution, liposome encapsulated

Hb (LEH), and Oxyglobin®.
[00191] Characterization of the stability and integrity of PEH dispersions:

[00192] To test the stability of various PEO-b-PCL and PEO-b-PMCL-based PEH
dispersions, they may be stored in saline solution and in blood plasma at 4 °C and at 37 °C
for several days; changes in PEH morphology and size distribution may be assessed using
cryo-TEM and DLS, respectively. Similarly, changes in Hb concentration, metHb level,
and Hb leakage over time may be tested using techniques described herein. The effects of
physiological shear rates on the stability and integrity of PEH dispersions may be
determined by passing them through a parallel-plate flow chamber apparatus, as described
in S. Usami, et al, Ann. Biomed. Eng., 21, 77-83 (1993); and D. K. Brunk, D. A. Hammer,
Biophys J. 72: 2820-2833 (1997); which are incorporated herein by reference. The outlet
PEH dispersions may be characterized using cryo-TEM and DLS.

[00193] Measurement of critical lysis tension, critical areal strain using micropipette

aspiration.

[00194] Micropipet aspiration of hemoglobin-encapsulating polymersomes follows
analogous procedures to those described above and in the previous references. Briefly,
micropipets made of borosilicate glass tubing (Friedrich and Dimmock, Milville, NJ) may
be prepared using a needle/pipette puller (model 730, David Kopf Instruments, Tujunga,
CA) and microforged using a glass bead to give the tip a smooth and flat edge. The inner
diameters of the micropipets may range from 1 um to 6 um and may be measured using
computer imaging software. The pipettes may then used to pick up the hemoglobin-loaded
and unloaded polymersomes and apply tension to their membranes. Micropipets may be

filled with PBS solution and connected to an aspiration station mounted on the side of a
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Zeiss inverted microscope, equipped with a manometer, Validyne pressure transducer
(models DP 15-32 and DP 103-14, Validyne Engineering Corp., Northridge, CA), digital
pressure read-outs, micromanipulators (model WR-6, Narishige, Tokyo, Japan), and
MellesGriot millimanipulators (course x,y,z control). Suction pressure may be applied via
a syringe connected to the manometer. PBS solutions that have osmolalities of 310-320
mOsm may be used in order to make the polymersomes flaccid (internal vesicle solution is
typically 290-300 mOsm sucrose). The osmolalities of the solutions may be measured
using an osmometer. Since sucrose and PBS have different densities and refractive
indices, the polymersomes may settle in solution and may be readily visible under

phasecontrast or DIC optics.
[00195] Example IV

[00196] Development of PEO-b-PCL and PEO-b-PMCL-based PEH dispersions that

are capable of dry storage, point-of-care rehydration, and in vivo delivery:
[00197] Polymer Synthesis.

[00198] Acrylate-modified PEO-b-PCL (PEO-b-PCL-acryl) may be synthesized according
to standard procedures using stannous octoate as the catalyst. The resulting polymer may
be found to have a number average molecular weight of 14 kDa (12 and 2 kDa for the PCL
and PEO blocks, respectively), which can be determined by calibrating the NMR peaks to
the terminal methoxy group on the PEO at approximately 3.4 ppm. The polydispersity of
the polymer is < 1.5. Acrylation of the OH terminus of the PCL block does not lead to a
significant change in the polymer size or distribution following the second purification.

The acrylation efficiency is found to be 99%.
[00199] Formation of PEH Dispersions:

[00200] To synthesize PEO-b-PCL-acryl-based PEH dispersions, bovine and human Hb
may be used as starting materials. Well-established Hb extraction and purification
procedures may be utilized to harvest Hb with > 97% purity and of < 3% metHb level.
PEO(2k)-b-PCL(12k)-acryl polymer and 2,2dimethoxy-2-phenylacetophenone (DMPA)
may be dried on roughened Teflon via dissolution in methylene chloride at a molar ratio of
1:1, deposition on Teflon, and evaporation of the organic solvent. Varying the amount of

PEO(2k)-b-PCL(12k)-acryl polymer (from 1 mg — 10 mg per sample), as well as the initial
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aqueous Hb concentrations used in polymersome formation (from 50 mg/ml to 300
mg/ml), PEH dispersions that compartmentalize DMPA in their membranes and that differ
in the degree of aqueous Hb encapsulation are generated. PEH dispersions may be formed
by using two well-established methodologies: 1) “thin-film rehydration” which involves
the generation of giant (micron-sized) polymersomes by immersion of a dry thin-film of
polymer in an aqueous solution of dissolved Hb (at 60 °C for 48 hours) followed by serial
extrusion through membranes of progressively decreasing pore diameters to generate
uniform PEH dispersions of nanometric dimensions (e.g. 100 nm); and, 2) “sonication
rehydration” which is based on immersion of the same dry thin-film of polymer in an
aqueous Hb solution followed by high-frequency sonication at ambient temperature
followed by extrusion through a single pore-size membrane to yield the desired nanometric
PEH dispersion. Each of these methods produces a high yield of stable polymersomes that
can be effectively controlled through membrane extrusion to yield unilamellar, mono-
dispersed suspensions of PEHs that vary from 100 nm -1 pm diameter in average size. In
some embodiments, a variant of each described PEH formulation is produced by co-
encapsulating N-acetyl-L-cysteine (NAC) in order to suppress Hb oxidation during PEH
synthesis. NAC helps limit metHb generation during PEH formation. Unencapsulated Hb
may be separated from PEH dispersions using dialysis, ultrafiltration and/or size exclusion

chromatography.
[00201] Stabilization of PEH Membranes After Formation:

[00202] Once assembled into PEO-PMC-acryl-based PEH dispersions, UV light exposure
induces a radical polymerization of the acryl groups via activation of the photoinitator
DMPA incorporated in the polymersome membranes. This approach does not hinder
hydrolysis of the PCL chain and yields oligo-caprolactone units, PEG, and kinetic chains
of poly(acrylic acid) as the degradation products. Hemoglobin is protected from photo-
induced degradation of metHb formation by co-ecapsulation of NAC within Hb in the
polymersomes’s aqueous phase. Polymerization of the vescicles’ membranes proceeds by
exposure of the DMPA-incorporated PEO-b-PCL-acryl PEH dispersions to UV light using
an OmniCure Series 1000 spot-curing lamp with a collimating lens (Exfo, Ontario,

Canada; 365 nm, 55 mW/cm?2) for 10-30 min.

[00203] Lyophilization and Dry-phase Storage:
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[00204] Lyophilization proceeds by free-drying the PEO-b-PCL acryl PEH dispersions
after UV light exposure by placement in liquid nitrogen until bubbling ceases. The frozen
PEH dispersions may then placed on a benchtop lyophilizer (FreeZone 4.5 L. Benchtop
Freeze Dry System, Labconco, Kansas City, MO; Model 77500) for 24 h until samples are
dry. The dry, collapsed PEH dispersions are then stored in a dessicator under argon gas

and placed at 4 °C.
[00205] Point-of-Care Hydration:

[00206] The dried PEH dispersions are taken out of the dessicator and placed in a vial.
The same original volume of aqueous solution may added back to the samples to hydrate
the vesicles. Polymersome rehydration may be further augmented by gentle vortexing for
10 minutes to achieve full vesicle resuspension, intact polymersomes are verified by DLS,
which shows minimal vesicle aggregation and no destruction into micelles. Hemoglobin
retention may verified by running the PEH dispersion over an aqueous size-exclusion
column and taking aliquots of the running bands for UV-vis analysis. Bands
corresponding to polymersomes, as verified further by DLS of the elution aliquots, contain
hemoglobin as assessed by UV-vis spectroscopy. The stability of the retained hemoglobin
may be further verified by the UV-vis spectra that show no bands corresponding to metMb

generation or any further hemoglobin breakdown products.

[00207] Development of Molecularly-targeted PEO-b-PCL and PEO-b-PMCL-based
PEH Dispersions:

[00208] Through well-established chemical conjugation methods, polymersome surfaces
may be modified with various biological ligands to impart specific multi-avidity biological
adhesion. Similar methodology may be adopted to generate molecularly-and cellular-
targeted polymersome-encapsulated PEH dispersions that are able to promote, amongst
other things, wound healing and improved efficacy of radiation therapy to hypoxia tissues.
Biological ligands may be conjugated to these nanoparticles via a carbodiimide-mediated
aqueous phase reaction. The degree of polymersome-surface coverage with ligand may be
systematically varied (from 1% to > 10% of the total surface area of the polymersomes) by
using ligands of different concentrations and PEH dispersions that are synthesized from
mixtures containing different ratios of functionalized to unfunctionalized polymers. After

verifying peptide conjugation to polymersome surfaces, the kinetic binding of the resultant
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PEH formulations to recombinant molecular targets/receptors may be characterized via
surface plasmon resonance (Biacore SPR) measurements. Dose-dependent curves may
analyzed in a manner similar to that described for the free biological ligand. These
processes reveal kinetic parameters of the interaction between PEH dispersions and
molecular targets (on-rate, kon and off-rate, koff) and the change in affinity of ligands

(dissociation constant, K) as affected by their conjugation to polymersomes.
[00209] Experimental:

[00210] Established chemical modification procedures may be used to functionalize the
PEO terminus of PEO-b-PCL diblock copolymers with carboxyl groups and verify the
reactions by 1H NMR spectroscopy. PEH dispersions may be created and purified from
various combinations of functionalized and unfunctionalized copolymers using standard
separation methods to yield mono-dispersed suspensions of unilamellar vesicles that are
stable for several months. PEH size distributions may be determined by dynamic light
scattering (DLS). Ligand identity and purity may be confirmed by reverse phase high
performance liquid chromatography and MALDI mass spectrometry. Ligand conjugation
to carboxyl-terminated PEO groups on the polymersome surface may be carried in an
aqueous reaction mediated by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and
Nhydroxysuccinimide (NHS). The extent of ligand conjugation may be determined using
a micro-BCA assay. The resultant targeted PEH dispersions may be extensively imaged
by cryogenic transmission electron microscopy (cryo-TEM) to verify their stability after
ligand conjugation. Their size distributions may again be measured by DLS. The degree
of ligand conjugation may be verified using flow cytometry. SPR measurements may be
carried out on biosensor instruments Biacore X and Biacore 2000 (Biacore AG, Uppsala,
Sweden) at 25°C. Recombinant purified Her2/neu receptors composed of the ectodomain
of Her2/neu fused to the Fc of human IgG (which may be purchased from Xcyte
Therapeutics (Seattle, WA)) and immobilized by attachment to the dextran hydrogel on the
sensor surface. Targeted PEH constructs may be injected in various concentrations and
their binding may be monitored in real time. The kinetic rate constants (kon and koff) and
the equilibrium binding constant (KD) for receptor/PEH binding may be estimated from
kinetic analysis of the sensorgrams. PEHs without targeting ligands or irrelevant ligand-

conjugated PEHs may be used as controls.

[00211] Alternative ligand conjugation chemistries can also be employed. For example,
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organic phase reactions where the diblock polymer may be chemically functionalized and
conjugated with select ligands (small molecules, peptides that have organic-phase
solubility) prior to forming PEH dispersions are possible. This organic coupling method
ensures that the PEO terminus is conjugated with ligand before it is exposed to aqueous
solution where it might lose many of its modified surface reactive groups via competing
hydrolysis. Also, as an alternative method to vary the degree of ligand surface
conjugation, PEH dispersions composed of PEO-b-PCL copolymers may be created that
vary with respect to PEO and PCL block sizes. This approach may control the kinetics of
ligand conjugation to polymersome surfaces as well as the degree of ligand surface
coverage for a given PEH formulation. It is possible that targeted PEH formulations may
bind to the sensor surface in a non-specific manner during SPR measurements, thereby
affecting its regeneration and signal-tobackground ratio. If a reliable measurement cannot
be performed, ligand-conjugated PEH binding characteristics may be studied using ELISA
or isothermal titration calorimetry, which are other established techniques for studying

nanoparticle binding.

[00212] The foregoing method descriptions and the process flow diagrams are provided
merely as illustrative examples and are not intended to require or imply that the steps of
the various embodiments must be performed in the order presented. As will be appreciated
by one of skill in the art the order of steps in the foregoing embodiments may be
performed in any order. Words such as “thereafter,” “then,” “next,” etc. are not intended
to limit the order of the steps; these words are simply used to guide the reader through the
description of the methods. Further, any reference to claim elements in the singular, for

(13 A AN Y4
a

example, using the articles an” or “the” is not to be construed as limiting the element

to the singular.

[00213] Skilled artisans may implement the above-described methods, processes and/or
functionality in varying ways for each particular application, but such implementation
decisions should not be interpreted as causing a departure from the scope of the present

invention.

[00214] The preceding description of the disclosed embodiments is provided to enable any
person skilled in the art to make or use the present invention. Various modifications to
these embodiments will be readily apparent to those skilled in the art, and the generic

principles defined herein may be applied to other embodiments without departing from the
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spirit or scope of the invention. Thus, the present invention is not intended to be limited to
the embodiments shown herein but is to be accorded the widest scope consistent with the

following claims and the principles and novel features disclosed herein.

65



WO 2011/133635 PCT/US2011/033190

WHAT IS CLAIMED:
1. A composition, comprising:
an oxygen carrier comprising:
a plurality of polymers; and

an oxygen-binding compound.

2. The composition of claim 1, wherein the oxygen carrier is a polymer vesicle and the

oxygen-binding compound is within the polymer vesicle.

3. The composition of claim 1, wherein the oxygen carrier is a nanoparticle-based vesicle

and the oxygen-binding compound is within the nanoparticle-based vesicle.

4. The composition of claim 1, wherein the oxygen carrier is a polymersome and the

oxygen-binding compound is within the polymersome.

5. The composition of claim 1, wherein the oxygen-binding compound is a naturally
occurring protein, a recombinant protein, a recombinant polypeptide, a synthetic
polypeptide, a chemical synthesized by an animal, a synthetic small molecule, a

carbohydrate, a nucleic acid, a lipid or a polymer.

6. The composition of claim 1, wherein the oxygen-binding compound is a compound
derived from one or more of a naturally occurring protein, a recombinant protein, a
recombinant polypeptide, a synthetic polypeptide, a chemical synthesized by an animal, a

synthetic small molecule, a carbohydrate, a nucleic acid, a lipid and a polymer.

7. The composition of claim 1, wherein the oxygen-binding compound is hemoglobin.

8. The composition of claim 1, wherein the oxygen-binding compound is a derivative of

hemoglobin.

9. The composition of claim 2, wherein at least one of the plurality of polymers is a
biodegradable polymer and at least one of the plurality of polymers is a biocompatible

polymer.
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10. The composition of claim 9, wherein the biocompatible polymer is poly(ethylene

oxide) or poly(ethylene glycol).

11. The composition of claim 10, wherein the biodegradable polymer is poly(e-

caprolactone).

12. The composition of claim 10, wherein the biodegradable polymer is poly(y-methyl e-

caprolactone).

13. The composition of claim 10, wherein the oxygen carrier further comprises one of a

poly(peptide), a poly(saccharide) or a poly(nucleic acid).

14. The composition of claim 10, wherein the biodegradable polymer is a block

copolymer of poly(ethylene oxide) and poly(e-caprolactone).

15. The composition of claim 14, wherein the poly(ethylene oxide) has an number-

average molecular weight from about 1.5 kiloDalton to about 4.0 kiloDalton.

16. The composition of claim 14, wherein a weight fraction of the poly(ethylene oxide) is

from about 11 to about 20 percent of the total weight of the block copolymer.

17. The composition of claim 14, wherein the poly(ethylene oxide) has an number-
average molecular weight from about 1.5 to about 3.8 kiloDalton and a weight fraction

from about 10 to about 30 percent of the total weight of the block copolymer.

18. The composition of claim 10, wherein the biodegradable polymer is a block

copolymer of poly(ethylene oxide) and poly(y-methyl e-caprolactone).

19. The composition of claim 18, wherein the poly(ethylene oxide) has a number-average

molecular weight from about 1.5 kiloDalton to about 4.0 kiloDalton.

20. The composition of claim 18, wherein a weight fraction of poly(ethylene oxide) is
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from about 18 to about 28 percent of the total weight of the block copolymer.

21. The composition of claim 18, wherein the poly(ethylene oxide) has a number-average
molecular weight from about 1.5 to about 3.8 kiloDalton and a weight fraction from about

10 to about 30 percent of the total weight of the block copolymer.

22. The composition of claim 1, wherein at least one of the plurality of polymers is a
block copolymer of which at least one polymer block is poly(ethylene oxide) or
poly(ethylene glycol) having a weight fraction from about 30 to about 50 percent of the
total weight of the copolymer.

23. The composition of claim 1, wherein at least one of the plurality of polymers is a
block copolymer of which at least one polymer block is poly(e-caprolactone) having a

weight fraction from about 50 to about 70 percent of the total weight of the copolymer.

24. The composition of claim 1, wherein at least one of the plurality of polymers is a
block copolymer of which at least one polymer block is poly(y-methyl e-caprolactone)
having a weight fraction from about 50 to about 70 percent of the total weight of the

copolymer.

25. The composition of claim 1, wherein at least one of the plurality of polymers is a
diblock copolymer of which at least one polymer block comprises poly(e-caprolactone)

with a number-average molecular weight from about 9 kiloDalton to about 23 kiloDalton.

26. The composition of claim 1, wherein the number-average molecular weight is from

about 9.5 kiloDalton to about 22.2 kiloDalton

27. The composition of claim 1, wherein at least one of the plurality of polymers is a
diblock copolymer of which at least one polymer block comprises poly(y-methyl &-
caprolactone) having a number-average molecular weight from about 4 kiloDalton to about

10 kiloDalton.

28. The composition of claim 27, wherein the number-average molecular weight is from

about 4.8 kiloDalton to about 9.5 kiloDalton.
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29. The composition of claim 1, wherein at least one of the plurality of polymers is a

diblock copolymer comprising poly(ethylene oxide) and poly(e-caprolactone).

30. The composition of claim 29, wherein the poly(ethylene oxide) has a number-average
molecular weight of about 2 kiloDalton and the poly(e-caprolactone) has a number-

average molecular weight of about 12 kiloDalton.

31. The composition of claim 30, wherein the poly(ethylene oxide) has a number average
molecular weight that is from about 1.8 kiloDalton to about 1.9 kiloDalton and the poly(e-
caprolactone) has a number average molecular weight that is from about 8§ kiloDalton to

about 9.5 kiloDalton.

32. The composition of claim 1, further comprising oxygen dispersed within the polymers

of the oxygen carrier.

33. The composition of claim 1, further comprising oxygen dispersed within an aqueous

core of the oxygen carrier.

34. The composition of claim 1, further comprising a ligand conjugated to the surface of

the oxygen carrier.

35. The composition of claim 1, wherein the oxygen carrier further comprises at least one

allosteric effector.

36. The composition of claim 1, wherein the composition further comprises at least one

pharmaceutically active agent, optionally contained within the oxygen carrier.

37. The composition of claim 4, wherein the polymersome has an aqueous interior.

38. The composition of claim 37, further comprising an allosteric effector

compartmentalized within the aqueous interior of the polymersome.

39. The composition of claim 37, further comprising a pharmaceutically active agent
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compartmentalized within the aqueous interior of the polymersome.

40. The composition of claim 4, wherein the polymersome has a hydrophobic polymersome

membrane.

41. The composition of claim 40, further comprising a pharmaceutically active agent

compartmentalized within the hydrophobic membrane of the polymersome.

42. The composition of claim 40, further comprising an allosteric effector

compartmentalized within the hydrophobic membrane of the polymersome.

43. The composition of claim 42, wherein the allosteric effector is a naturally occurring

molecule, a recombinant molecule, a synthetic molecule or a polymer.

44. The composition of claim 42, wherein the allosteric effector modifies oxygen-binding

through hydrogen ions, carbon dioxide, or 2,3-bisphosphoglycerate.

45. The composition of claim 4, wherein the polymersome has a hydrophilic surface.

46. The composition of claim 45, wherein the oxygen-binding compound is covalently

linked to the hydrophilic surface of the polymersome.

47. The composition of claim 45, further comprising a pharmaceutically active agent

covalently linked to the hydrophilic surface of the polymersome.

48. The composition of claim 45, further comprising an allosteric effector covalently

linked to the hydrophilic surface of the polymersome.

49. The composition of claim 48, wherein the allosteric effector is a naturally occurring

molecule, a recombinant molecule, a synthetic molecule or a polymer.

50. The composition of claim 48, wherein the allosteric effector modifies oxygen-binding

through hydrogen ions, carbon dioxide, or 2,3-bisphosphoglycerate.
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51. The composition of claim 1, wherein the oxygen carrier has a diameter from about 50

nm to about 5 pm.

52. The composition of claim 1, wherein the oxygen carrier has a membrane thickness

from about 5 nm to about 30 nm.

53. The composition of claim 1, wherein the oxygen carrier has a multiblock copolymer
layer structure comprising multiblock copolymer chains having hydrophilic and

hydrophobic blocks.

54. The composition of claim 53, wherein two or more of the copolymer chains are

covalently bonded to one another.

55. The composition of claim 54, wherein the copolymer layer structure is bilayer.

56. The composition of claim 1, wherein the oxygen carrier is biodegradable.

57. The composition of claim 1, wherein the oxygen carrier comprises at least one
hydrophilic block polymer chosen from poly(ethylene oxide), poly(acrylic acid),

poly(ethylene glycol), or any combination thereof.

58. The composition of claim 1, wherein the oxygen carrier comprises at least one
hydrophobic block polymer chosen from poly(caprolactone), poly(methylcaprolactone),
poly(menthide), poly(lactide), poly(glycolide), poly(methylglycolide),
poly(dimethylsiloxane), poly(isobutylene), poly(styrene), poly(ethylene), poly(propylene

oxide), or any combination thereof.

59. A method of manufacturing a composition, comprising:
an oxygen carrier comprising:
preparing an organic solution comprising a plurality of polymers and
exposing the organic solution to a plastic, polytetrafluoroethylene, or glass surface;
dehydrating the organic solution on the plastic, polytetrafluoroethylene, or

glass surface to create a film of polymers;
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rehydrating the film of polymers in an aqueous solution comprising an
oxygen-binding molecule; and
cross-linking the polymers in the aqueous solution via chemical

modification.

60. The method of claim 59, wherein the oxygen-binding molecule is hemoglobin.

61. The method of claim 59, wherein the aqueous solution comprises an allosteric

effector, a pharmaceutically active agent, or a combination thereof.

62. The method of claim 59, wherein cross-linking the polymers in the aqueous solution
via chemical modification comprises cross-linking the polymers via a photoactive

chemical and UV light.

63. The method of claim 59, wherein cross-linking the polymers in the aqueous solution
via chemical modification comprises cross-linking the polymers via a chemical

modification of 2,2-dimethoxy-2-phenylacetophenone.

64. The method of claims 59, wherein cross-linking the polymers in the aqueous solution via

chemical modification comprises lyophilizing the polymers after cross-linking.

65. The method of claims 59, wherein the polymers are purified through a polycarbonate

filter with a pore size of between about 50 kiloDaltons and about 1 million kiloDaltons.

66. The method of claim 59, wherein the organic solution comprises at least one

biocompatible polymer and at least one biodegradable polymer.

67. The method of claim 66, wherein the wherein the biocompatible polymer is chosen
from at least one of poly(ethylene oxide) and poly(ethylene glycol) and the biodegradable
polymer is chosen from at least one of poly(e-caprolactone) and poly(y-methyl e-

caprolactone).

68. The method of claim 66, wherein the organic solution comprises a block copolymer in

which at least one block is poly(e-caprolactone), wherein the weight fraction of poly(e-
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caprolactone) is from about 50 to 70 percent of the total weight of the copolymer.

69. The method of claim 66, wherein the organic solution comprises a block copolymer in
which at least one block is poly(y-methyl e-caprolactone), wherein the weight fraction of
poly(y-methyl e-caprolactone) is from about 50 to 70 percent of the total weight of the

copolymer.

70. The method of claim 66, wherein the organic solution comprises a diblock copolymer

comprising at least one biocompatible polymer and at least one biodegradable polymer.

71. The method of claim 66, wherein the diblock biocompatible polymer is selected from
at least one of poly(ethylene oxide) and poly(ethylene glycol) and the diblock
biodegradable polymer is selected from at least one of poly(g-caprolactone) and poly(y-

methyl e-caprolactone).

72. The method of claim 66, wherein the organic solution comprises a triblock copolymer

comprising at least one biocompatible polymer and at least one biodegradable polymer.

73. The method of claim 72, wherein the triblock biocompatible polymer is selected from
at least one of poly(ethylene oxide) and poly(ethylene glycol) and the triblock
biodegradable polymer is selected from at least one of poly(g-caprolactone) and poly(y-

methyl e-caprolactone).

74. The method of claim 66, wherein the organic solution comprises a block copolymer in
which at least one block is poly(ethylene oxide) and one block is poly (y-methyl &-
caprolactone), the poly(ethylene oxide) having a number-average molecular weight

between about 1.5 and about 3.8 kiloDalton.

75. The method of claim 74, wherein the poly(ethylene oxide) has a weight fraction
between about 10 and about 30 percent of the total weight of the block copolymer.

76. The method of claim 74, wherein the poly(ethylene oxide) has a weight fraction
between about 30 and about 50 percent of the total weight of the block copolymer.
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77. The method of claim 66, wherein the organic solution comprises a diblock copolymer
and at least one polymer block comprising poly(e-caprolactone) with a number-average

molecular weight that is from about 9 kiloDalton to about 23 kiloDalton.

78. The method of claim 66, wherein the organic solution comprises a diblock copolymer
and at least one polymer block comprising poly(e-caprolactone) with a number-average

molecular weight that is from about 9.5 kiloDalton to about 22.2 kiloDalton.

79. The method of claim 66, wherein the organic solution comprises a diblock copolymer
and at least one polymer block comprising poly(y-methyl e-caprolactone) with a-number

average molecular weight that is from about 4 kiloDalton to about 10 kiloDalton.

80. The method of claim 66, wherein the organic solution comprises a diblock copolymer
and at least one polymer block comprising poly(y-methyl e-caprolactone) with a-number

average molecular weight that is from about 4.8 kiloDalton to 9.5 kiloDalton.

81. The method of claim 66, wherein the organic solution comprises a diblock copolymer

comprising poly(ethylene oxide) and poly(e-caprolactone).

82. The method of claim 81, wherein the poly(ethylene oxide) has a number-average
molecular weight that is about 2 kiloDalton and the poly(e-caprolactone) has a number-

average molecular weight that is about 12 kiloDalton.

83. The method of claim 82, wherein the poly(ethylene oxide) has a number-average
molecular weight that is between about 1.8 kiloDalton and about 1.9 kiloDalton and the
poly(e-caprolactone) has a number-average molecular weight that is between about 8

kiloDalton and about 9.5 kiloDalton.

84. The method of claim 82, further comprising:
rehydrating the dried oxygen carrier in an aqueous solution comprising a
pharmaceutically acceptable salt; and

administering the oxygen carrier to a subject in need thereof.

85. The method of claim 84, wherein the oxygen carrier is administered intravenously, via
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inhalation, topically, per rectum, per the vagina, transdermally, subcutaneously,

intraperitoneally, intrathecally, intramuscularly, or orally.

86. A method of treating a subject, comprising:

administrating to the subject an oxygen carrier composition comprising a plurality
of polymers and an oxygen-binding compound, wherein the oxygen carrier is administered
intravenously, via inhalation, topically, per rectum, per the vagina, transdermally,

subcutaneously, intraperitoneally, intrathecally, intramuscularly, or orally.

87. A kit, comprising:

(1) a pharmaceutical composition comprising an oxygen carrier, wherein the
oxygen carrier comprises a plurality of polymers and an oxygen-binding compound; and
(i1) an implement for administering the oxygen carrier intravenously, via

inhalation, topically, per rectum, per the vagina, transdermally, subcutaneously,

intraperitoneally, intrathecally, intramuscularly, or orally.

88. A kit comprising a first container and a second container, wherein the first container
comprises an oxygen carrier and wherein the second container comprises a rehydration

mixture; wherein the oxygen carrier is lyophilized or dried.
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