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DESCRIPTION

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority from U.S. Provisional Application Serial No. 61/235,927,
filed August 21, 2009, and U.S. Provisional Application Serial No. 61/235,948, filed August 21,
2009, the disclosures of which are hereby incorporated by reference herein in their entirety.

STATEMENT OF GOVERNMENT FUNDING

[0002] Research for this application was partially funded through a Phase | NIH SBIR grant
entitled "Nitric Oxide-Releasing Antibacterial Wound Dressing" (grant number 5R43AI074098-
02). The government may have certain rights to this application.

FIELD OF THE INVENTION

[0003] The present invention relates to materials that may be used as wound dressings that
may release nitric oxide. The present invention also relates to methods of making and using
wound dressings that may release nitric oxide.

BACKGROUND OF THE INVENTION

[0004] An important aspect for wound care is the control of infection, which may facilitate the
healing process. Wound dressings are one of the most commonly used tools to protect the
wound from infection. Antimicrobial agents are often incorporated into the wound dressing to
treat and prevent infection. However, there are several disadvantages associated with use of
antimicrobial agents. It has been observed that an increasing number of pathogens have
developed resistance to the conventional antibiotic treatment. According to statistics, antibiotic-
resistant pathogens are the primary reason for a majority of all lethal nosocomial infections.
See Robson et al.,, Surg. Clin. N. Am. 77, 637-650 (1977). Furthermore, many antiseptic
agents not only kill pathogens, but also impose a threat to the proliferating granulation tissue,
fibroblasts and keratinocytes that may help with the wound healing process. Additionally, some
antimicrobial agents may cause allergic reactions in some patients.

[0005] It is known that nitric oxide possesses a broad-spectrum of antimicrobial activity and
may be used as an alternative to conventional antibiotics for drug resistant bacteria.
Furthermore, some recent studies have demonstrated that nitric oxide may also play an
important role in the wound healing process by promoting angiogenesis through stimulation of



DK/EP 2467173 T3

vascular endothelial growth factor (VEGF) and increased fibroblast collagen synthesis. See
Schaffer MR, et al., Diabetes-impaired healing and reduced wound nitric oxide synthesis: A
possible pathophysiologic correlation. Surgery 1997;121(5):513-9; and Shi HP, et al., The role
of INOS in wound healing. Surgery 2001;130 (2):225-9. Thus, nitric oxide presents a promising
addition and/or alternative to the conventional antibiotic treatment for wound care.

[0006] WO 03/026717 (Fitzhugh et al) described a method for preparing a nitric oxide-
releasing substrate.

[0007] Shin et al (J. Am. Chem. Soc. 2007, 129, 4612-2619) describe NO-releasing silica
nanoparticles prepared from amine-functionalized silica nanoparticles.

[0008] Hetrick et al (Biomaterials 30 (2009) 2782-2789) describe the use of NO-releasing silica
nanparticles to kill biofilm-based microbial cells.

[0009] Hrabie et al (Chem. Rev. 2002, 102, 1135-1154) and Davies et al (J. Am. Chem. Soc.
2001, 123, 5473-5481) describe the chemistry of NO-releasing diazeniumdiolate functional
groups.

[0010] Nitric oxide is a gas at ambient temperature and atmospheric pressure, and it has a
short half-life in a physiological milieu. Several small molecule nitric oxide donor prodrugs have
been developed which have contributed greatly to the understanding of nitric oxide in a
number of disease states. However, due to issues with stability, indiscriminate NO-release,
monotypical nitric oxide release kinetics, and inability to target specific tissue types no clinically
viable solutions currently exist for administering nitric oxide outside of its gaseous form.
Reproducibly delivering a the appropriate levels of nitric oxide for a given therapeutic indication
is important because release of large amounts of nitric oxide may be toxic or create
undesirable side effects such as decreases in angiogenesis or increased inflammation.
Therefore, it has been challenging to use nitric oxide in the wound care field, other than via
exogenous application, particularly in topical wound healing applications wherein nitric oxide
has concentration dependent effects and benefits from delivery in a controlled and targeted
manner.

[0011] Thus, the need exists for wound treatments and dressings that can release nitric oxide
by a controlled delivery method.

SUMMARY OF THE INVENTION

[0012] In an aspect of the present invention there is provided a wound dressing according to
the appended claims. In some embodiments, the NO-releasing polysiloxane macromolecules
may include S-nitrosothiol functional groups.

[0013] In some embodiments of the invention, the concentration of the NO-releasing
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polysiloxane macromolecules may be in a range of about 0.1 to about 20 weight percent.

[0014] The wound dressings may include additional additives. For example, the wound
dressings may include a water-soluble porogen such as sodium chloride, sucrose, glucose,
lactose, sorbitol, xylitol, polyethylene glycol, polyvinylpyrrollidone, polyvinyl alcohol and
mixtures thereof. The wound dressings may also include at least one therapeutic agent such
as antimicrobial compounds, anti-inflammatory agents, pain-relievers, immunosuppressants,
vasodilators, wound healing agents, anti-biofilm agents and mixtures thereof.

[0015] In some embodiments, the polymer matrix may include a hydrophilic polyurethane,
such as, for example, an aliphatic polyether polyurethane that absorbs water in an amount
ranging from 10 percent to 60 percent of its dry weight.

[0016] In some embodiments, the NO-releasing macromolecules may be present within, and
optionally crosslinked to, the polymer matrix of the polymer foam.

[0017] In some embodimesnt, the storage of nitric oxide in the wound dressing may be in a
range of 0.1 pmol NO cm™ to 100 pmol NO cm™, in some embodiments, in a range of 100
pmol NO cm2 to 1000 pmol NO cm2 and in some embodiments, in a range of 1 nmol NO cm2

to 10 pmol NO cm™2.

[0018] In other aspects of the invention, there are provided a wound dressing for use in a
method of treating a wound, and a method of forming wound dressings according to the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] The accompanying drawings, which are included to provide a further understanding of
the invention and are incorporated in and constitute a part of this application, illustrate certain
embodiment(s) of the invention.

Figure 1 depicts a cross-sectional view of a wound dressing according to an embodiment of
the invention.

Figures 2A and 2B depict cross-sectional views of wound dressings according to
embodiments of the invention.

Figures 3A and 3B depict cross-sectional views of wound dressings according to
embodiments of the invention.

Figures 4A and 4B depict cross-sectional views of wound dressings according to
embodiments of the invention.

Figures 5A and 5B depict cross-sectional views of wound dressings according to
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embodiments of the invention.

Figures 6A and 6B depict cross-sectional views of wound dressings according to
embodiments of the invention.

Figure 7 shows water uptake of particular polyurethane polymer matrices over time.

Figure 8 shows water uptake for Tecophilic® Aliphatic thermoplastic polyurethane HP-60D-20
("T20") loaded with increasing weight percent of poly(ethylene glycol) 8000 MW as a porogen.

Figure 9 shows the water uptake for Tecophilic® Hydrogel thermoplastic polyurethane TG-
2000 solvent cast into polymer films thin film dressings and soaked in phosphate buffered
saline at physiological temperature and pH.

Figure 10 illustrates the covalent storage of nitric oxide on the aminosilane N-
methylaminopropyltrimethoxysilane as a diazeniumdiolate NO donor, followed by co-
condensation with a backbone alkoxysilane, tetraethoxysilane, to form Nitricil™ composition
70.

Figure 11 depicts the chemiluminescent detection of NO release from Nitricil™ 70 silica
particles free in solution, wound dressing Composition J, and wound dressing Composition D
measured at physiological buffer, pH, and temperature.

Figure 12 shows the efficacy of various NO-releasing wound dressing compositions on both
the levels of planktonic bacteria flushed from the wound and the levels of biofilm bacteria
scrubbed from the wound are shown in comparison to Tegaderm™ covered controls.

Figures 13A and 13B depict the NO behavior of the finished device soaked in buffer at
physiological temperature and pH (37° C, 7.4).

Figure 14 depicts the % complete re-ephitheliazation versus time for wound dressings
according to embodiments of the invention in comparison to Tegaderm™ covered controls.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0020] The foregoing and other aspects of the present invention will now be described in more
detail with respect to the description and methodologies provided herein.

[0021] The terminology used in the description of the invention herein is for the purpose of
describing particular embodiments only and is not intended to be limiting of the invention. As
used in the description of the embodiments of the invention and the appended claims, the
singular forms "a", "an" and "the" are intended to include the plural forms as well, unless the
context clearly indicates otherwise. Also, as used herein, "and/or" refers to and encompasses

any and all possible combinations of one or more of the associated listed items. Furthermore,
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the term "about," as used herein when referring to a measurable value such as an amount of a
compound, dose, time, temperature, and the like, is meant to encompass variations of 20%,
10%, 5%, 1%, 0.5%, or even 0.1% of the specified amount. It will be further understood that the
terms "comprises" and/or "comprising," when used in this specification, specify the presence of
stated features, integers, steps, operations, elements, and/or components, but do not preclude
the presence or addition of one or more other features, integers, steps, operations, elements,
components, and/or groups thereof. Unless otherwise defined, all terms, including technical
and scientific terms used in the description, have the same meaning as commonly understood
by one of ordinary skill in the art to which this invention belongs.

Chemical Definitions

[0022] As used herein the term "alkyl" refers to Cq.og inclusive, linear (i.e.,"straight-chain"),

branched, or cyclic, saturated or at least partially and in some cases fully unsaturated (i.e.,
alkenyl and alkynyl) hydrocarbon chains, including for example, methyl, ethyl, propyl, isopropyl,
butyl, isobutyl, tert-butyl, pentyl, hexyl, octyl, ethenyl, propenyl, butenyl, pentenyl, hexenyl,
octenyl, butadienyl, propynyl, butynyl, pentynyl, hexynyl, heptynyl, and allenyl groups.
"Branched" refers to an alkyl group in which a lower alkyl group, such as methyl, ethyl or
propyl, is attached to a linear alkyl chain. Exemplary branched alkyl groups include, but are not
limited to, isopropyl, isobutyl, tert-butyl. "Lower alkyl" refers to an alkyl group having 1 to about
8 carbon atoms (i.e., a Cq_g alkyl), e.g., 1, 2, 3, 4, 5, 6, 7, or 8 carbon atoms. "Higher alkyl"
refers to an alkyl group having about 10 to about 20 carbon atoms, e.g., 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, or 20 carbon atoms. In certain embodiments, "alkyl" refers, in particular, to C4_g

straight-chain alkyls. In other embodiments, "alkyl" refers, in particular, to C4.5 branched-chain

alkyls.

[0023] Alkyl groups can optionally be substituted (a "substituted alkyl") with one or more alkyl
group substituents, which can be the same or different. The term "alkyl group substituent”
includes but is not limited to alkyl, substituted alkyl, halo, arylamino, acyl, hydroxyl, aryloxyl,
alkoxyl, alkylthio, arylthio, aralkyloxyl, aralkylthio, carboxyl, alkoxycarbonyl, oxo, and cycloalkyl.
There can be optionally inserted along the alkyl chain one or more oxygen, sulfur or
substituted or unsubstituted nitrogen atoms, wherein the nitrogen substituent is hydrogen,
lower alkyl (also referred to herein as "alkylaminoalkyl"), or aryl.

[0024] Thus, as used herein, the term "substituted alkyl" includes alkyl groups, as defined
herein, in which one or more atoms or functional groups of the alkyl group are replaced with
another atom or functional group, including for example, alkyl, substituted alkyl, halogen, aryl,
substituted aryl, alkoxyl, hydroxyl, nitro, amino, alkylamino, dialkylamino, sulfate, and
mercapto.

[0025] The term "aryl" is used herein to refer to an aromatic substituent that can be a single
aromatic ring, or multiple aromatic rings that are fused together, linked covalently, or linked to a
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common group, such as, but not limited to, a methylene or ethylene moiety. The common
linking group also can be a carbonyl, as in benzophenone, or oxygen, as in diphenylether, or
nitrogen, as in diphenylamine. The term "aryl" specifically encompasses heterocyclic aromatic
compounds. The aromatic ring(s) can comprise phenyl, naphthyl, biphenyl, diphenylether,
diphenylamine and benzophenone, among others. In particular embodiments, the term "aryl"
means a cyclic aromatic comprising about 5 to about 10 carbon atoms, e.g., 5, 6, 7, 8, 9, or 10
carbon atoms, and including 5- and 6-membered hydrocarbon and heterocyclic aromatic rings.

[0026] The aryl group can be optionally substituted (a "substituted aryl") with one or more aryl
group substituents, which can be the same or different, wherein "aryl group substituent"
includes alkyl, substituted alkyl, aryl, substituted aryl, aralkyl, hydroxyl, alkoxyl, aryloxyl,
aralkyloxyl, carboxyl, acyl, halo, nitro, alkoxycarbonyl, aryloxycarbonyl, aralkoxycarbonyl,
acyloxyl, acylamino, aroylamino, carbamoyl, alkylcarbamoyl, dialkylcarbamoyl, arylthio,

alkylthio, alkylene, and -NR'R", wherein R! and R" can each be independently hydrogen, alkyl,
substituted alkyl, aryl, substituted aryl, and aralkyl.

[0027] Thus, as used herein, the term "substituted aryl" includes aryl groups, as defined
herein, in which one or more atoms or functional groups of the aryl group are replaced with
another atom or functional group, including for example, alkyl, substituted alkyl, halogen, aryl,
substituted aryl, alkoxyl, hydroxyl, nitro, amino, alkylamino, dialkylamino, sulfate, and
mercapto. Specific examples of aryl groups include, but are not limited to, cyclopentadienyl,
phenyl, furan, thiophene, pyrrole, pyran, pyridine, imidazole, benzimidazole, isothiazole,
isoxazole, pyrazole, pyrazine, triazine, pyrimidine, quinoline, isoquinoline, indole, carbazole,
and the like.

[0028] "Cyclic" and "cycloalkyl" refer to a non-aromatic mono- or multicyclic ring system of
about 3 to about 10 carbon atoms, e.g., 3, 4, 5, 6, 7, 8, 9, or 10 carbon atoms. The cycloalkyl
group can be optionally partially unsaturated. The cycloalkyl group also can be optionally
substituted with an alkyl group substituent as defined herein, oxo, and/or alkylene. There can
be optionally inserted along the cyclic alkyl chain one or more oxygen, sulfur or substituted or
unsubstituted nitrogen atoms, wherein the nitrogen substituent is hydrogen, alkyl, substituted
alkyl, aryl, or substituted aryl, thus providing a heterocyclic group. Representative monocyclic
cycloalkyl rings include cyclopentyl, cyclohexyl, and cycloheptyl. Multicyclic cycloalkyl rings
include adamantyl, octahydronaphthyl, decalin, camphor, camphane, and noradamantyl.

[0029] "Alkoxyl" refers to an alkyl-O- group wherein alkyl is as previously described. The term
"alkoxyl" as used herein can refer to, for example, methoxyl, ethoxyl, propoxyl, isopropoxyl,
butoxyl, f-butoxyl, and pentoxyl. The term "oxyalkyl" can be used interchangeably with
"alkoxy!". In some embodiments, the alkoxyl has 1, 2, 3, 4, or 5 carbons.

[0030] "Aralkyl" refers to an aryl-alkyl group wherein aryl and alkyl are as previously described,
and included substituted aryl and substituted alkyl. Exemplary aralkyl groups include benzyl,
phenylethyl, and naphthylmethyl.
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[0031] "Alkylene" refers to a straight or branched bivalent aliphatic hydrocarbon group having
from 1 to about 20 carbon atoms, e.g., 1,2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, or 20 carbon atoms. The alkylene group can be straight, branched or cyclic. The
alkylene group also can be optionally unsaturated and/or substituted with one or more "alkyl
group substituents." There can be optionally inserted along the alkylene group one or more
oxygen, sulfur or substituted or unsubstituted nitrogen atoms (also referred to herein as
"alkylaminoalkyl"), wherein the nitrogen substituent is alkyl as previously described. Exemplary
alkylene groups include methylene (-CHy-); ethylene (-CHy-CHo-); propylene (-(CHj)s3-);
cyclohexylene (-CgH1g-); -CH=CH-CH=CH-; -CH=CH-CH,-; wherein each of q and r is
independently an integer from 0 to about 20,e.9.,0,1,2,3,4,5,6,7,8,9, 10, 11,12, 13, 14,
15, 16, 17, 18, 19, or 20, and R is hydrogen or lower alkyl; methylenedioxyl (-O-CH»>-O-); and
ethylenedioxyl (-O-(CH5),-O-). An alkylene group can have about 2 to about 3 carbon atoms

and can further have 6-20 carbons.

[0032] "Arylene" refers to a bivalent aryl group. An exemplary arylene is phenylene, which can
have ring carbon atoms available for bonding in ortho, meta, or para positions with regard to
each other, i.e., respectively. The arylene group can also be napthylene. The arylene group
can be optionally substituted (a "substituted arylene") with one or more "aryl group
substituents" as defined herein, which can be the same or different.

[0033] "Aralkylene" refers to a bivalent group that contains both alkyl and aryl groups. For
example, aralkylene groups can have two alkyl groups and an aryl group (i.e., -alkyl-aryl-
alkyl-), one alkyl group and one aryl group (i.e., -alkyl-aryl-) or two aryl groups and one alkyl
group (i.e., -aryl-alkyl-aryl-).

[0034] The term "amino” and "amine" refer to nitrogen-containing groups such as NR3, NHs,
NHR,, and NHoR, wherein R can be alkyl, branched alkyl, cycloalkyl, aryl, alkylene, arylene,

aralkylene. Thus, "amino" as used herein can refer to a primary amine, a secondary amine, or
a tertiary amine. In some embodiments, one R of an amino group can be a cation stabilized

diazeniumdiolate (i.e., NONO™X").
[0035] The terms "cationic amine" and "quaternary amine" refer to an amino group having an
additional (i.e., a fourth) group, for example a hydrogen or an alkyl group bonded to the

nitrogen. Thus, cationic and quartemary amines carry a positive charge.

[0036] The term "alkylamine" refers to the -alkyl-NHo group.

[0037] The term "carbonyl" refers to the -(C=0)- group.

[0038] The term "carboxyl" refers to the -COOH group and the term "carboxylate" refers to an

anion formed from a carboxyl group, i.e., -COO".

[0039] The terms "halo", "halide", or "halogen" as used herein refer to fluoro, chloro, bromo,
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and iodo groups.
[0040] The term "hydroxyl" and "hydroxy" refer to the -OH group.
[0041] The term "hydroxyalkyl" refers to an alkyl group substituted with an-OH group.

[0042] The term "mercapto” or "thio" refers to the -SH group. The term "silyl" refers to groups
comprising silicon atoms (Si).

[0043] As used herein the term "alkoxysilane" refers to a compound comprising one, two,
three, or four alkoxy groups bonded to a silicon atom. For example, tetraalkoxysilane refers to
Si(OR)4, wherein R is alkyl. Each alkyl group can be the same or different. An "alkylsilane"

refers to an alkoxysilane wherein one or more of the alkoxy groups has been replaced with an
alkyl group. Thus, an alkylsilane comprises at least one alkyl-Si bond. The term "fluorinated
silane" refers to an alkylsilane wherein one of the alkyl groups is substituted with one or more
fluorine atoms. The term "cationic or anionic silane" refers to an alkylsilane wherein one of the
alkyl groups is further substituted with an alkyl substituent that has a positive (i.e., cationic) or a
negative (i.e. anionic) charge, or can become charged (i.e., is ionizable) in a particular
environment (i.e., in vivo).

[0044] The term "silanol" refers to a Si-OH group.

[0045] Provided according to some embodiments of the invention are wound dressings that
include a polymer matrix and nitric oxide (NO)-releasing polysiloxane macromolecules within
and/or on the polymer matrix. The appropriate combination of polymer matrix and NO-
releasing polysiloxane macromolecules may allow for a wound dressing that stably stores NO
and may provide for controlled release of NO to the wound.

The Polymer Matrix

[0046] As used herein, the term "polymer matrix" is meant to encompass any natural or
synthetic polymeric material that may retain at least some of the NO-releasing polysiloxane
macromolecules therein or thereon. As such, the polymer matrix may be a homopolymer,
heteropolymer, random copolymer, block copolymer, graft copolymer, mixture or blend of any
suitable polymer(s), and it may be in any suitable physical form, such as a foam, film, woven or
non-woven material, hydrogel, gel matrix, mixtures and blends thereof, and the like. As
described in further detail below, the choice of polymeric matrix and its physico-chemical
properties for a particular wound dressing may depend on factors such as the NO-releasing
polysiloxane macromolecules within and/or on the polymer matrix, and the type of therapeutic
action desired.

[0047] In some embodiments of the invention, the polymer matrix includes at least one of
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hydrophilic polyurethanes, hydrophilic polyacrylates, co-polymers of carboxymethylcellulose
and acrylic acid, N-vinylpyrrolidone, poly(hydroxy acids), polyanhydrides, polyorthoesters,
polyamides, polycarbonates, polyalkylenes (e.g., polyethylene and polypropylene),
polyalkylene glycols (e.g., poly(ethylene glycol)), polyalkylene oxides (e.g., polyethylene oxide),
polyalkylene terephthalates (e.g., polyethylene terephthalate), polyvinyl alcohols, polyvinyl
ethers, polylvinyl esters, polyvinyl halides (e.g., poly(vinyl chloride)), polyvinylpyrrolidone,
polysiloxanes, poly(vinyl acetates), polystyrenes, polyurethane copolymers, cellulose,
derivatized celluloses, alginates, poly(acrylic acid), poly(acrylic acid) derivatives, acrylic acid
copolymers, methacrylic acid, methacrylic acid derivatives, methacrylic acid copolymers,
poly(butyric acid), poly(valeric acid), poly(lactide-co-caprolactone), copolymers thereof and
blends thereof.

[0048] In some embodiments of the invention, the polymer matrix may include a
superabsorbent polymer (SAP). A polymer is considered superabsorbent, as defined per
IUPAC, as a polymer that can absorb and retain large amounts of water relative to its own
mass. SAPs may absorb water more than 500 times their own weight and may swell more than
1000 times their original volume. Exemplary SAPs include sodium polyacrylate, the
polyurethane Tecophilic® TG-T2000, polyacrylamide copolymer, ethylene maleic anhydride
copolymer, cross-linked carboxy-methyl-cellulose, polyvinyl alcohol copolymers, and cross-
linked polyethylene oxide.

[0049] In some embodiments of the invention, polymers that are relatively hydrophobic, as
defined by a water uptake value less than 10% by weight, may be used. Any suitable
hydrophobic polymer may be used. However, exemplary polymers that are relatively
hydrophobic include aromatic polyurethanes, silicone rubber, polycaprolactone, polycarbonate,
polyvinylchloride, polyethylene, poly-L-lactide, poly-DL-glycolide, polyether etherketone
(PEEK), polyamide, polyimide and polyvinyl acetate.

[0050] In addition, in some embodiments of the invention, the polymer matrix is modified to
reduce swelling of the polymer and therefore prevent macromolecule leaching (e.g., NO-
releasing polysiloxane macromolecule migration from the polymer matrix to the wound bed).
Such modifications may include crosslinking of the polymer chains. The polymer matrix may
also be modified by reacting the polymer with additional reagents. For example, the polymer
may be modified to add hydrophilic groups, such as anionic, cationic and/or zwitterionic
moeities, or to add hydrophobic groups such as silicone moeities, to the polymer chain.

[0051] In some embodiments, the polymer matrix includes polymer foam. The term "polymer
foam" is meant to encompass any natural or synthetic polymer that is present as a foam and
that may retain at least some NO-releasing polysiloxane macromolecules therein or thereon. In
some embodiments, the polymer foam has an average cell size in a range of 50um and
600um. Furthermore, in some embodiments, the foam may be an open-celled foam. In some
embodiments, the open cell walls of the foam may include pores of average size smaller than
100pm, with the individual pore sizes between 10 and 80 ym. As used herein, the term "open-
celled foam" refers to a foam that has cells that are substantially interconnected, such as
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foams wherein at least 50%, at least 60%, at least 70%, at least 80%, or at least 90% of the
cells are connected to at least one other cell. In some embodiments, the foam may be flexible.
As used herein, the term "flexible" refers to foam that has a flexural strength of at least 40
MPa.

[0052] In some embodiments of the invention, the polymer foam is polyurethane foam. Any
suitable polyurethane foam may be used. However, in some embodiments, the polyurethane
foam may include at least one polyisocyanate segment and at least one polyol segment.
Polyurethanes may be formed from the reaction of polyisocyanates and polyols. The
polyisocyanate segment refers to a portion of the polyurethane formed from at least one
polyisocyanate.

[0053] In some embodiments of the invention, the at least one polyisocyanate segment is
formed from at least one of tolylene diisocyanate, methylphenylene diisocyanate, modified
diisocyanates (e.g., uretdiones, isocyanurates, allophanates, biurets, isocyanate prepolymers
and carbodiimide-modified isocyanates) and/or mixtures thereof. Exemplary diisocyanate
include toluene diisocyanate; 1,4-tetramethylene diisocyanate; 1,4-hexamethylene
diisocyanate; 1,6-hexamethylene diisocyanate; 1,12-dodecane diisocyante; cyclobutane-1,3-
diisocyanate; cyclohexane-1,3-diisocyanate; cyclohexane-1,4-diisocyanate; 1-isocyanato-
3.,3,5-trimethyl-5-isocyanatomethyl cyclohexane; 2,4-hexahydrotolylene diisocyanate; 2,6-
hexahydrotolylene diisocyanate; 2,6-hexahydro-1,3-phenylene diisocyanate; 2,6-hexahydro-
1,4-phenylene diisocyanate; per-hydro-2,4'-diphenyl methane diisocyanate; per-hydro-4,4'-
diphenyl methane diisocyanate; 1,3-phenylene diisocyanate; 1,4-phenylene diisocyanate; 2,4-
tolylene diisocyanate, 2,6-toluene diisocyanates; diphenyl methane-2,4'-diisocyanate; diphenyl
methane-4,4'-diisocyanate; naphthalene-1,5-diisocyanate; 1,3-xylylene diisocyanate; 1,4-
xylylene diisocyanate; 4,4'-methylene-bis(cyclohexyl isocyanate); 4,4'-isopropyl-bis-(cyclohexyl
isocyanate);  1,4-cyclohexyl diisocyanate;  3-isocyanatomethyl-3,5,5-trimethylcyclohexyl
isocyanate (IPDI); 1-methyoxy-2,4-phenylene diisocyanate; 1-chloropyhenyl-2,4-diisocyante; p-
(1-isocyanatoethyl)-phenyl isocyanate; m-(3-isocyanatobutyl)-phenyl isocyanate; 4-(2-
isocyanate-cyclohexyl-methyl)-phenyl isocyanate; and mixtures thereof.

[0054] The polyol segment refers to a portion of the polyurethane foam formed from at least
one polyol. The polyols may include polyether polyols and/or polyester polyols. Polyether
polyols may have a significant amount of ether linkages in their structure, whereas the
polyester polyols may have ester linkages within their structure. Any suitable polyol may be
used. However, in some embodiments of the invention, the at least one polyol segment is
formed from a diol having from 2 to 18 carbon atoms, and in some embodiments, a diol having
2 to 10 carbon atoms. Exemplary diols include 1,2-ethanediol, 1,3-propanediol, 1,4-butanediol,
1,6-hexanediol, 1,5-pentanediol, 1,10-decanediol, 2-methyl-1,3-propanediol, 2-methyl-2-butyl-
1,3-propanediol, 2,2-dimethyl-1,3-propanediol, 2,2-dimethyl-1,4-butanediol, 2-ethyl-2-butyl-
1,3-propanediol, neopentyl glycol hydroxypivalate, diethylene glycol and triethylene glycol.
Triols and polyols of higher functionality may also be used and include compounds having 3 to
25, and in some embodiments, 3 to 18, and, in particular embodiments, 3 to 6 carbon atoms.
Examples of triols which can be used are glycerol or trimethylolpropane. As polyols of higher
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functionality, it is possible, for example, to employ erythritol, pentaerythritol and sorbitol. In
some embodiments, low molecular mass reaction products of the polyols may be used, for
example, those of trimethylolpropane with alkylene oxides, such as ethylene oxide and/or
propylene oxide. These low molecular mass polyols can be used individually or as mixtures.

[0055] Examples of polyether polyols include the commercially available polyols PETOL28-3B,
PETOL36-3BR, and PETOL56-3MB, Multranol®, Arcol® and Acclaim® (Bayer Material
Science), and the Caradol® family of polyols (Shell Chemical Corporation).

[0056] Examples of polyester polyols that can be suitably used in the current invention include
diethylene glycol adipate diol, dicaprylate diol, and in general, the esters of dicarboxylic and
hydroxyl acids with glycol, and glycol functionalized polyester oligomers polylactate,
polglycolate, polycaprylate, PET, and commercial formulations such as Desmophen® C
polycarbonate diols and Desmophen® polyacrylate diols (Bayer).

[0057] In some embodiments, certain polyols or mixtures thereof specifically formulated for
manufacture of high resiliency flexible polyurethane foams may be used. Examples of such
polyols include a polyol having an ethylene oxide content in a range of 50% to 80%, a primary
hydroxyl content of at least 40% and a molecular weight in a range of 2500 and 6000; a
polymer polyol prepared by in situ polymerization of a high-functionality poly(oxyethylene)-
poly(oxypropylene) oligomer, with a second poly(oxyethylene) polyol oligomer with a molecular
weight ranging from 450 to 30,000 and an poly(oxyethylene) content greater than 70%; and
biobased polyols derived from soybean oil, castor oil, palm oil, linseed oil and canola oil.

[0058] Other polyisocyanates and polyols may be used, including polyols and polyisocyanates
having other functional groups therein. As such, in some embodiments, the polyisocyanates
and polyols may include other functional groups such as ether, ester, urea, acrylate,
pyrrolidone, vinyl, phenyl, and amino linkages, provided that the resulting polyurethane is
suitable for forming a foam.

[0059] In some embodiments of the invention, the polymer foam includes a superabsorbent
polymer (SAP). The superabsorbancy can be introduced in the foam structure by the inclusion
of polymer segments that have superabsorbency in the polyol or the 'soft' segment of the
foam. Examples of polymer segments having superabsorbency may include polyacrylamide
copolymer, ethylene maleic anhydride copolymer, cross-linked carboxy-methyl-cellulose,
polyvinyl alcohol copolymers, and cross-linked polyethylene oxide.

[0060] In some embodiments of the invention, polymer foams that are relatively hydrophobic
may be used. Any suitable hydrophobic polymer may be used. Hydrophobicity can be
introduced by selection of the polyisocyanate or the 'soft’ segment of the polyurethane foam.
Choosing highly hydrophobic polyisocyanates may results in a rigid foam, while lack of
adequate hydrophobicity may prevent the formation of the foam structure.

[0061] Commonly used polyisocyanates for hydrophobic foams include diphenylmethane
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diisocyanate and its isomers, toluene diisocyanate, hexamethylene diisocyanate and mixtures
thereof. In some embodiments, the polyisocyanates may also include copolymers of the
diisocyanates previously mentioned. In some embodiments, the isocyanate groups may also
be introduced at the termini of polymer segments of relatively hydrophobic polymers to provide
a better control of the foam. Other polymers that are relatively hydrophobic include silicone
rubber, polycaprolactone, polycarbonate, polyvinylchloride, polyethylene, poly-L-lactide, poly-
DL-glycolide, polyetheretherketone (PEEK), polyamide, polyimide and polyvinyl acetate.

[0062] The polymer to be foamed may also be modified by reacting the polymer with additional
reagents. For example, the polymer may be modified to add hydrophilic groups, such as
anionic, cationic and/or zwitterionic moeities, or to add hydrophobic groups, such as silicone
groups, to the polymer chain.

[0063] The polymer foam may be prepared by the reaction between the isocyanate moieties of
the polyisocyanate 'hard' segments and the nucleophilic terminal groups of the polyols or
'soft'segments. The nucleophilic groups may include hydroxyl, amine and/or carboxylic groups.

[0064] In some embodiments, the foam may also contain chain extending segments in addition
to the polyols and polyisocyanate building blocks. Polyamine co-reactants, due to the their
reactivity with isocyanates, are the most commonly used chain extenders used to increase the
chain length and flexibility of the foam. The most commonly used polyamines are polyaspartic
esters, polyaldimines, butylenes diamines, and other short chain alkyl diamines.

Nitric Oxide-Releasing Polysiloxane Macromolecules

[0065] The term "NO-releasing polysiloxane macromolecules" refers to a structure synthesized
from monomeric silane constituents that results in a larger molecular framework with a molar
mass of at least 500 Da and a nominal diameter ranging from 0.1 nm - 100 ym and may
comprise the aggregation of two or more macromolecules, whereby the macromolecular
structure is further modified with an NO donor group. For example, in some embodiments, the
NO donor group may include diazeniumdiolate nitric oxide functional groups. In some
embodiments, the NO donor group may include S-nitrosothiol functional groups.

[0066] In some embodiments of the invention, the NO-releasing polysiloxane macromolecules
may be in the form of NO-releasing particles, such as those described in U.S. Publication No.
2009/0214618. Such particles may be prepared by methods described therein.

[0067] As an example, in some embodiments of the invention, the NO-releasing particles
include NO-loaded precipitated silica ranging from 20 nm to 10 ym in size. The NO-loaded
precipitated silica may be formed from nitric oxide donor modified silane monomers into a co-
condensed siloxane network. In some embodiments of the invention, the nitric oxide donor is
an N-diazeniumdiolate.
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[0068] In some embodiments of the invention, the nitric oxide donor may be formed from an
aminoalkoxysilane by a pre-charging method, and the co-condensed siloxane network may be
synthesized from the condensation of a silane mixture that includes an alkoxysilane and the
aminoalkoxysilane to form a nitric oxide donor modified co-condensed siloxane network. As
used herein, the "pre-charging method" means that aminoalkoxysilane is "pretreated" or
"precharged" with nitric oxide prior to the co-condensation with alkoxysilane. In some
embodiments, the precharging nitric oxide may be accomplished by chemical methods. In
another embodiment, the "pre-charging" method can be used to create co-condensed siloxane
networks and materials more densely functionalized with NO-donors.

[0069] The co-condensed siloxane network can be silica particles with a uniformed size, a
collection of silica particles with a variety of size, amorphous silica, a fumed silica, a
nanocrystalline silica, ceramic silica, colloidal silica, a silica coating, a silica film, organically
modified silica, mesoporous silica, silica gel, bioactive glass, or any suitable form or state of
silica.

[0070] The composition of the siloxane network, (e.g., amount or the chemical composition of
the aminoalkoxysilane) and the nitric oxide charging conditions (e.g., the solvent and base)
may be varied to optimize the amount and duration of nitric oxide release. Thus, in some
embodiments, the composition of the silica particles may be modified to regulate the half-life of
NO release from silica particles.

[0071] In some embodiments, the alkoxysilane is a tetraalkoxysilane having the formula
Si(OR)4, wherein R is an alkyl group. The R groups can be the same or different. In some

embodiments the tetraalkoxysilane is selected as tetramethyl orthosilicate (TMOS) or tetraethyl
orthosilicate (TEOS). In some embodiments, the aminoalkoxysilane has the formula: R"-(NH-
R")-Si(OR)3, wherein R is alkyl, R' is alkylene, branched alkylene, or aralkylene, n is 1 or 2,

and R" is selected from the group consisting of alkyl, cycloalkyl, aryl, and alkylamine.

[0072] In some embodiments, the aminoalkoxysilane can be selected from N-(6-

aminohexyl)aminopropyltrimethoxysilane (AHAP3); N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane (AEAP3); (3-trimethoxysilylpropyl)di-ethylenetriamine (DET3);
(aminoethylaminomethyl)phenethyltrimethoxysilane (AEMP3); [3-

(methylamino)propyl]trimethoxysilane (MAP3); N-butylamino-propyltrimethoxysilane(n-BAP3);
t-butylamino-propyltrimethoxysilane(t-BAP3); N-ethylaminoisobutyltrimethoxysilane(EAIB3); N-
phenylamino-propyltrimethoxysilane (PAP3); and N-cyclohexylaminopropyltrimethoxysilane
(CHAP3).

[0073] In some embodiments, the aminoalkoxysilane has the formula: NH [R'-Si(OR)3],

wherein R is alkyl and R’ is alkylene. In some embodiments, the aminoalkoxysilane can be
selected from bis(3-triethoxysilylpropyl)amine, bis-[3-(trimethoxysilyl)propyllamine and bis-[(3-
trimethoxysilyl)propyllethylenediamine.

[0074] In some embodiments, as described herein above, the aminoalkoxysilane is
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precharged for NO-release and the amino group is substituted by a diazeniumdiolate.
Therefore, in some embodiments, the aminoalkoxysilane has the formula: R"-N(NONO"X*)-R'-

Si(OR)3, wherein R is alkyl, R' is alkylene or aralkylene, R" is alkyl or alkylamine, and X* is a

cation selected from the group consisting of Na*, K* and Li*.

[0075] In some embodiments of the invention, the co-condensed siloxane network further
includes at least one crosslinkable functional moiety of formula (R1)x(R2)y SiR3, wherein Ry and
R» is each independently C4_5 alkyl or C4_5 alkoxyl, X and Y is each independently 0, 1, 2, or 3,
and X+Y equal to 3, and Rj is a crosslinkable functional group. In a further embodiment, R is
C1.3 alkoxyl, and R5 is methyl. In another embodiment, Rj is selected from the group consisting
of acrylo, alkoxy, epoxy, hydroxy, mercapto, amino, isocyano, carboxy, vinyl and urea. Rj3
imparts an additional functionality to the silica which results in a multifunctional device. Yet, in
another embodiment, the crosslinkable functional moiety is selected from the group consisting
of methacryloxymethyltrimethoxysilane, methacryloxypropyltrimethoxysilane,
methacryloxypropyltriethoxysilane, 3-acryloxypropyl)trimethoxysilane, N-(3-methyacryloxy-2-
hydroxypropyl)-3-aminopropyltriethoxysilane, 5,6-epoxyhexyltriethoxysilane, 2-(3,4-
epoxycyclohexyl)ethyl trimethoxysilane, 3-glycidoxypropyl)trimethoxysilane, 3-
aminopropyltrimethoxysilane, 3-aminopropyltriethoxysilane, 3-isocyanatopropyltriethoxysilane,
3-mercaptopropyltrimethoxysilane, mercaptopropyltriethoxysilane, 11-
mercaptoundecyltrimethoxysilane, 2-cyanoethyltriethoxysilane, ureidopropyltriethoxysilane,
ureidopropyltrimethoxysilane, vinylmethyldiethoxysilane, vinylmethyldimethoxysilane,
vinyltriethoxysilane, vinyltrimethoxysilane, vinyltriisopropoxysilane and vinyltris(2-
methoxyethoxy)silane. In some embodiments, R3 may be used to cross-link the NO-donor

modified silica with or within polymeric matrices.

[0076] The NO-releasing polysiloxane macromolecules may be present within and/or on the
polymer matrix at any suitable concentration, but in some embodiments, the NO-releasing
polysiloxane macromolecules are present within the polymer matrix at a concentration
sufficient to increase the rate of wound healing, decrease inflammation and/or exert an
antimicrobial effect. In particular embodiments, the concentration of the NO-releasing
polysiloxane macromolecules may be in a range of about 0.1 to about 20 weight percent.

[0077] In some embodiments, the NO-releasing polysiloxane macromolecules may be
uniformly distributed within the polymer matrix. Thus, in such embodiments, the concentration
of NO-releasing polysiloxane macromolecules is substantially constant throughout the polymer
matrix.

Interaction between the Polymer Matrix and NO-releasing Polysiloxane Macromolecules

[0078] Wound healing occurs in several different phases, and may take place over 0-12 (or
more) months. Wound healing phases include:
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i) Clotting

ii) Cell Proliferation

iii) Granulation Tissue Formation

iv) Epithelialization

v) Neovascularization or angiogenesis

vi) Wound Contraction

vii) Matrix deposition including collagen synthesis

viii) Tissue Remodeling, including scar formation and scar remodeling

0 NO OO, WDN -

-
-
-
-
-
-
-
-

[0079] The phase of wound healing plays a role in the selection of the NO-releasing
polysiloxane macromolecules and the polymer matrix chosen. Nitric oxide may play a role in
wound healing by a number of different mechanisms. First, extended exposure to low
concentrations of nitric oxide may promote wound healing whereby nitric oxide acts as a
signaling molecule in a number of wound healing cascades. Additionally, nitric oxide may also
play a role in mitigating inflammation following injury. Modulation of inflammatory cytokines and
cells of the inflammatory response via nitric oxide may significantly alter the wound healing
phases described above. Additionally, wound complications and pain may be significantly
reduced with topical administration of nitric oxide as an anti-inflammatory agent. Furthermore,
nitric oxide may act as a broad spectrum antimicrobial agent, particularly at relatively high
concentrations. The antimicrobial effects of nitric oxide are broad ranging and different wound
types may be colonized with different wound pathogens (e.g., gram negative bacteria, gram
positive bacteria, fungi, etc.). Additionally, different pathogens may be more sensitive to nitric
oxide than other pathogens. In some embodiments, nitric oxide may act as an antimicrobial
agent by directly killing planktonic bacteria and other organisms; directly killing biofilm
embedded bacteria and other organisms; indirectly kiling microorganisms through
nitrosative/oxidative stress; increasing drug permeability across microbial membranes; and/or
preventing recurrence of infection or biofilm formation.

[0080] Therefore, in some embodiments, the nitric oxide released from a particular wound
dressing may provide a particular therapeutic action, such as act as a signaling molecule in a
wound healing cascade, act as an anti-inflammatory agent and/or act as an antimicrobial
agent. The desired therapeutic action may determine which NO-releasing polysiloxane
macromolecules and polymer matrix are used in a particular wound dressing. For example,
two particular classes of nitric oxide donors are diazeniumdiolates and nitrosothiols. Both of
these nitric oxide donors have at least one mechanism for the release of nitric oxide.
Diazeniumdiolate may be triggered to release nitric oxide by exposure to water or another

proton source, and an O?-protected diazeniumdiolate may be triggered to release nitric oxide
by exposure to light, enzymatic action and/or pH adjustment. Nitrosothiols may be triggered to
release nitric oxide via thermal and radiative processes, and/or via interaction with copper and
other thiols (e.g., glutathione). Therefore, the mechanism of release of nitric oxide from the
NO-releasing polysiloxane macromolecules may affect which polymer matrix is chosen.
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[0081] Specifically, because different NO-releasing polysiloxane macromolecules may release
nitric oxide by different mechanisms, the polymer matrix chosen should complement the
particular NO-releasing macromolecule employed. Several properties of the polymer matrix
may be tailored based on the NO-releasing polysiloxane macromolecules used and the desired
therapeutic action of the wound dressing. Such properties include:

(i) Moisture Uptake/Retention

[0082] The rate of moisture uptake may be tunable to meet the requirements of the NO-
release kinetics of the macromolecule in order to achieve the desired therapeutic action of the
wound dressing. The equilibrium moisture retention can vary from 5 percent for certain
aliphatic polymers to over 2000 percent for hydrogels and superabsorbent polymers. Thus, in
some embodiments, the polymer matrix has a low equilibrium moisture retention in a range of
0 to 10 percent. In some embodiments, the polymer matrix has a moderate equilibrium
moisture retention in a range of 10 to 100 percent. Further, in some embodiments, the polymer
matrix has a high equilibrium moisture retention of 100 percent or higher.

(ii) Moisture Vapor Transfer Rate (MVTR)

[0083] The MVTR may be tunable in breathable polymer films to match the requirements of a
water reactive NO-releasing polysiloxane macromolecules in a thin film yet still maintain
adequate MVTR for the desired wound or injury area. Wound dressings that maintain a moist
wound bed are termed as occlusive. An optimum MVTR maintains a moist wound environment
which activates debriding enzymes and growth factors that promote wound healing. Occlusive
dressings also act as a barrier towards exogenous microbes, thereby preventing infection.

Occlusive dressings are characterized by an MVTR of less than 35 g water/m?/h.

(iii) Ability to swell

[0084] The ability of the wound dressing to swell without dissolution upon contact with wound
moisture is beneficial in highly exudating wounds. The wound dressing serves to imbibe excess
moisture that may otherwise cause wound maceration and foul odor.

(iv) Surface Energy

[0085] Hydrophobic wound dressings are characterized by low surface energy whereas
charged and/or hydrophilic wound dressings have a high surface energy. Low surface energy
is desirable to allow easy removal of the dressing without damaging the wound bed.
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(v) Oxygen Permeability

[0086] Adequate oxygen level facilitates neovascularization, aids in collagen synthesis, and
may prevent or minimize microbial infection of the wound. Due to damaged vasculature in
wounds, there may be a low oxygen tension in the wound bed, leading to hypoxia and
anaerobic metabolism that can delay the healing process. Wound dressings may be oxygen
permeable so that the wound receives adequate topical oxygen for healing.

(vi) Nitric Oxide Permeability

[0087] The polymer matrix of the wound dressing may have adequate permeability towards
nitric oxide such that the nitric oxide generated by the NO-releasing polysiloxane
macromolecules is available to the wound bed at a desired therapeutic rate. Hydrophilic
materials typically have a lower NO permeability towards nitric oxide as compared to
hydrophobic materials. The NO permeability of the dressing may be matched to the release
kinetics of the NO-releasing polysiloxane macromolecules and the rate of water uptake by the
polymer, in order to provide for optimal release of NO from the dressing.

(vii) Biodegradability/Bioabsorbability

[0088] Biodegradability refers to the property of the wound dressing to break down into smaller
molecular weight components under physiological conditions. Bioresorbability refers to the
property by which the wound dressing can break down into smaller molecular weight segments
and the segments are completely taken into the body without any biological reaction. This
property is desirable if the dressing is to be used over a long-term for cavity-type wounds.

(viii) Tensile strength

[0089] Tensile strength is the ability of the wound dressing to withstand breakage upon
elongation in any direction. The wound dressing material needs to have adequate tensile
strength in order to withstand stresses occurring as a result of normal patient wear.

(ix) Biocompatibility

[0090] The polymer matrix of the wound dressing may be biocompatible, non-toxic, and non-
irritable.
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(x) lonic Character

[0091] The ionic character of the dressing may affect the dressing surface energy and
biocompatibility. The ionic character of the dressing can be quantified by measurement of the
zeta potential of the wound dressing material under physiological conditions. In some
embodiments, the zeta potential of surfaces may be between -30 mV and +20 mV, and in
some embodiments, between -10 mV and +10 mV, and in some embodiments, approximately
zero. Surfaces with highly negative (<-30 mV) or highly positive (> + 20 mV) zeta potential may
be undesirable as they may have an anti- or pro-coagulant effect on the wound and may
increase dressing surface energy.

(xi) Transparency

[0092] The ability of the wound dressing material to allow passage of visible light may allow for
visual monitoring of the wound healing process. As used herein, a wound dressing or polymer
matrix is transparent if it has an optical transparency value of 80 percent or more transmittance
as measured via solid state spectrophotometry.

[0093] As moisture facilitates nitric oxide release from diazeniumdiolate-functionalized
polysiloxane macromolecules, a wound dressing that includes diazeniumdiolate-modified
polysiloxane macromolecules within and/or on a hydrophilic polymer will allow for the release of
nitric oxide to a wound at a greater rate than would a hydrophobic polymer. Thus, the level of
nitric oxide desired to be applied to the wound can be tailored by increasing or decreasing the
hydrophilicity of the polymer. Therefore, by combining a hydrophilic polymer with a
diazeniumdiolate-modified macromolecule, a concentrated dose of nitric oxide may be
provided to a wound, and by combining a diazeniumdiolate-modified macromolecule with a
relatively hydrophobic polymer, an "extended release" dose of nitric oxide may be provided to
the wound. An extended release formulation may allow for release of nitric oxide over a
predetermined time, such as 0 -7 days. Additionally, as thermal and/or light energy may
facilitate nitrosothiol modified polysiloxane macromolecule decomposition, the polymer matrix
and/or additional layers above the polymer matrix including the nitrosothiol-modified
polysiloxane macromolecules may be transparent so that light may facilitate nitric oxide release
from the nitrosothiol. The transparency may be modified to control the level of nitric oxide
release.

[0094] Thus, the polymer matrix and the NO-releasing polysiloxane macromolecules may be
selected based on at least one property of the polymer matrix and at least one property of the
NO-releasing polysiloxane macromolecules such that the interaction of the properties of the
polymer matrix and the NO-releasing polysiloxane macromolecules provides a predetermined
characteristic to the wound dressing. In some embodiments of the invention, the at least one
property of the polymer matrix may include moisture uptake/retention, moisture vapor transfer
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rate (MVTR), surface energy, oxygen permeability, nitric oxide permeability, pore size
biodegradability/bioabsorbability, tensile strength, biocompatibility, ionic character and/or
transparency. In some embodiments of the invention, the at least one property of the NO-
releasing polysiloxane macromolecules may include the nitric oxide release mechanism (e.g.,
water, heat, light, enzymatic, pH, and the like), total quantity of nitric oxide stored in moles
NO/mg silica, the hydrophobicity/hydrophilicity of the co-condensed silica, and the
biodegradability/bioresorbability of the macromolecular framework. The predetermined
characteristic may be the ability of the nitric oxide in the wound dressing to signal one or more
wound healing cascades, to act as an anti-inflammatory agent and/or to act as an antimicrobial
agent.

[0095] As used herein, the term "interaction of the properties" refers to the ability of particular
properties of the polymer matrix and particular properties to the NO-releasing polysiloxane
macromolecules to combine to produce a wound dressing that has a predetermined
characteristic, as defined herein. For example, the particular hydrophilicity of the polymer
matrix may interact with a particular concentration of water reactive NO-releasing polysiloxane
macromolecules to produce the desired release rate of nitric oxide from the polymer matrix.

[0096] An exemplary calculation of the reaction rate of the nitric oxide release as a function of
the rate of a dressing's water uptake, is shown below. In this calculation, the absorption of
water over time in the wound dressing is modeled. It is assumed that the release of NO from
the NO-releasing polysiloxane macromolecules commences immediately upon contact with the
diffused water.

[0097] Referring to FIG. 1, for a thin film 100 (of thickness 2a) of a polymer matrix including
uniformly dispersed NO-releasing polysiloxane macromolecules at a percent loading
concentration of G (100 x g NO-releasing silica/g polymer), when the film is immersed in water,
water diffuses into the film at a rate given by the unsteady state diffusion expression:

c, \n

wherein D = diffusion coefficient of water in the polymer matrix, C(t) = concentration of water at
time t, and C. is the concentration of water at equilibrium, which is the surrounding

concentration (55 M). In a given time, t, the water diffuses only up to a certain thickness into
the polymer film, thereby 'activating' the NO-releasing polysiloxane macromolecules up to that
depth, z(t). The concentration of water in the film is the concentration of water only up to this
depth and is equal to the mass of water diffused up to that depth, divided by volume of the

penetration, thus

C(’) —_ "lu’a[rr (t)
Az()e

where ¢ is the porosity of the polymer film, which is considered because the water will only
penetrate into the interconnecting pores between the polymer chains. The mass of water in the
film at given time (t) can be calculated by measuring the rate of water uptake (U) by the bulk
polymer, which can be determined experimentally, and is defined as:
_100xm

A

U ( l‘) water

A
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i poly
where Mpoy = mass of the polymer film. Thus substituting this expression for the mass of
water, in the expression for depth of penetration as defined above,

0.01U(NOM
A

=]

0.00UMNOM ., {72 piZ
z(t)=4~) poty [ 2|7
AeC, 8

If the intrinsic rate of NO release of the NO-releasing polysiloxane macromolecules is known as
a function of time, f(t), the rate of NO release from the silica in the polymer that have been

‘activated' at time t is given by:
NO(I):mNo(t)Xf(I)
Where [NO(t)]= micromoles of NO released at time t, myo = mass of NO-releasing silica

z(t

activated at time (t). By definition the NO-releasing co-condensed silica loading in the polymer
wound dressing is expressed as,
G- 100 xm,,,

poly
where Moy = mass of the entire polymer film, of which only Mpyy(t) has been 'wet' by the

water at time (t). Therefore,
My, (1) = O.O‘JGMM 1)

Myo (1) = O‘OIGApme(t)
and hence,
0.01U M 2\ p A
NOW = 0.01GAp, x ST OM (7 )P
o AeC. 8
Therefore, the overall rate of NO release from the polymer is given by
Dirt?

L GU®) ),
N()(t) =10 ‘ 'éC—ppalvMpol,\’ [?]f(f)? *
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[0098] In some embodiments of the invention, the storage of nitric oxide in the dressing is in a
range of 0.1 pmol NO cm to 100 pmol NO cm™2. In some embodiments, the storage of nitric
oxide release in the dressing is in a range of 10 pmol NO ¢cm™ to 1 nmol NO cm™. In some
embodiments, the storage of nitric oxide in the dressing is in a range of 1 nmol NO cm2to 10

pmol NO cm™2. Total nitric oxide storage ({{NO]) and surface flux can be measured in real-time
via the chemiluminescent detection of nitric oxide reviewed by Hetrick et al. (Hetrick et al.
Analytical Chemistry of Nitric Oxide, Annu. Rev. Anal. Chem. 2009, 2, 409-433). Additional
kinetic parameters for nitric oxide release that can be measured during this technique are the
time to release the maximum flux of NO (f,), quantity of NO at the maxium flux ([NO],), half-

life of nitric oxide release (t4/2), and nitric oxide release duration (ty).

[0099] In some embodiments of the invention, the instantaneous flux of nitric oxide release
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from the hydrated dressing surface is in a range of 0.1 pmol NO cm™? s™! to 100 pmol NO cm™

s’ and constitutes a slow initial rate of release. In some embodiments, the instantaneous flux

of nitric oxide release from the hydrated dressing surface is in a range of 100 pmol NO cm™2 s™"

to 1000 pmol NO cm? s' and constitutes an intermediate rate of release. In some
embodiments, the instantaneous flux of nitric oxide from the hydrated dressing surface is in a

range of 1 nmol NO cm?s™! to 10 pmol NO cm™2 s™! and constitutes a rapid burst or fast NO-
release kinetics.

Stability

[0100] According to some embodiments of the invention, the wound dressings can stably store
the NO so that NO is not released prior to its intended therapeutic use. In some embodiments,
95 percent or more of the original NO loading is retained after one week at 25 °C.
Furthermore, in some embodiments, 85 percent of the NO loading is retained up to 2 years at
25 °C.

[0101] In some embodiments of the invention, the wound dressings form a stable matrix
whereby the leaching of silica particles is minimized. The thermodynamics of particulate
leaching from polymeric matrices has not been a challenge previously encountered in the prior
art. Leaching of siloxane based macromolecules can be determined via static light scattering or
elemental analysis for Si in the soak solutions. In some embodiments, greater than 98 percent
of the embedded NO-releasing polysiloxane macromolecules is retained following incubation
under physiological conditions (pH = 7.4, 37 °C, phosphate buffered saline) for 48 hours. In
other embodiments, greater than 95 percent of the embedded NO-releasing polysiloxane
macromolecules is retained following incubation under physiological conditions (pH = 7.4, 37
°C, phosphate buffered saline) for greater than 30 days.

Example Embodiments

[0102] In some embodiments, the NO-releasing polysiloxane macromolecule is Nitricil™
(Novan, Inc.), which is a diazeniumdiolate-modified precipitated silica.

[0103] In some embodiments, the polymer matrix is an aliphatic polyether polyurethane that
absorbs water in an amount of about 6 percent to about 100 percent of its dry weight. In some
embodiments, the aliphatic polyether polyurethane absorbs water in an amount of about 10 to
60 percent of its dry weight, and in some embodiments, 10 to 20 percent of its dry weight.

[0104] In some embodiments, the polymer matrix is a superabsorbent polymer that absorbs
water in an amount of at least 100 percent and ranging up to 5000 percent of its dry weight. In
some embodiments, the polymer matrix includes Tecophilic® Aliphatic thermoplastic
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polyurethane from Lubrizol, Inc.

Additives

[0105] In addition to the NO-releasing polysiloxane macromolecules, other additives may be
present within and/or on the polymer matrix. Such additives may alter the properties of the
polymeric matrix. For example, in some embodiments, the wound dressing may further include
a water-soluble porogen. The water-soluble porogen is an additive that may facilitate water
uptake and diffusion in the polymer matrix. Any suitable porogen may be used, but in some
embodiments, the porogen may include sodium chloride, sucrose, glucose, lactose, sorbitol,
xylitol, polyethylene glycol, polyvinylpyrrollidone, polyvinyl alcohol and mixtures thereof.

[0106] The properties of the polymer matrix and water uptake may also affect the release of
nitric oxide, and so additives that affect the properties of the polymer matrix and/or water
uptake may in turn affect the rate of release of nitric oxide from the NO-releasing polysiloxane
macromolecules.

[0107] Additives may also be included in the polymer foam that directly affect the release of
nitric oxide from the NO-releasing macromolecules. For example, in some embodiments, basic
or other anionic species may be used to buffer the pH of the polymer foam to slow
diazeniumdiolate decomposition and resulting nitric oxide release. In other embodiments,

chelating agents may be used to scavenge metal ions like Fe2*, Cu?* and Cu* to preserve
nitrosothiol NO donor stability and prevent rapid nitric oxide release. In some embodiments,
additives may be added to enhance NO donor decomposition given the inherently slow NO-
release kinetics of the NO-releasing polysiloxane macromolecule. For example, acidic or
carboxylic acid functionalized additives may be added to the foam to create a low internal foam
pH upon hydration and accelerate the decomposition of N-diazeniumdiolate donors. In another
embodiment, cysteine or glutathione may be impregnated into the foam matrix to facilitate
transnitrosation and subsequent thiol mediated decomposition of nitrosothiol containing
macromolecules.

[0108] In addition, other additives useful for foam formation and processing may be included.
For example, surface-active agents may be added to enhance mixing, act as mold-release
agents and/or to influence the final cellular structure of the foam. Furthermore, blowing agents,
and byproducts therefrom, may also be present within the polymer foam. Blowing agents are
described in further detail below. Additives that may be useful in forming foams include
surface-active agents to enhance mixing as well as to influence the final foam structure, and
mold-release agents. Examplary surface active agents may be found in U.S. Patent No.
6,316.662, the disclosure of which is incorporated herein in its entirety.

[0109] Additives may be present in the polymer matrix that may act to provide additional
therapeutic effects to the wound dressing, either acting synergistically or separately from the
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NO-releasing polysiloxane macromolecules. For example, in some embodiments, the wound
dressings may also include at least one therapeutic agent such as antimicrobial agents, anti-
inflammatory agents, analgesic agents, anesthetic agents, antihistamine agents, antiseptic
agents, immunosuppressants, antihemorrhagic agents, vasodilators, wound healing agents,
anti-biofilm agents and mixtures thereof.

[0110] Examples of antimicrobial agents include penicillins and related drugs, carbapenems,
cephalosporins and related drugs, erythromycin, aminoglycosides, bacitracin, gramicidin,
mupirocin, chloramphenicol, thiamphenicol, fusidate sodium, lincomycin, clindamycin,
macrolides, novobiocin, polymyxins, rifamycins, spectinomysin, tetracyclines, vanomycin,
teicoplanin, streptogramins, anti-folate agents including sulfonamides, trimethoprim and its
combinations and pyrimethamine, synthetic antibacterials including nitrofurans, methenamine
mandelate and methenamine hippurate, nitroimidazoles, quinolones, fluoroquinolones,
isoniazid, ethambutol, pyrazinamide, para-aminosalicylic acid (PAS), cycloserine, capreomycin,
ethionamide, prothionamide, thiacetazone, viomycin, eveminomycin, glycopeptide,
glyclyclycline, ketolides, oxazolidinone; imipenen, amikacin, netilmicin, fosfomycin, gentamycin,
ceftriaxone, Ziracin, Linezolid, Synercid, Aztreonam, and Metronidazole, Epiroprim,
Sanfetrinem sodium, Biapenem, Dynemicin, Cefluprenam, Cefoselis, Sanfetrinem celexetil,
Cefpirome, Mersacidin, Rifalazil, Kosan, Lenapenem, Veneprim, Sulopenem, ritipenam acoxyl,
Cyclothialidine, micacocidin A, carumonam, Cefozopran and Cefetamet pivoxil. Examples of
antihistamine agents include diphenhydramine hydrochloride, diphenhydramine salicylate,
diphenhydramine, chlorpheniramine hydrochloride, chlorpheniramine maleate isothipendyl
hydrochloride, tripelennamine hydrochloride, promethazine hydrochloride, methdilazine
hydrochloride, and the like. Examples of local anesthetic agents include dibucaine
hydrochloride, dibucaine, lidocaine hydrochloride, lidocaine, benzocaine, p-buthylaminobenzoic
acid 2-(die-ethylamino) ethyl ester hydrochloride, procaine hydrochloride, tetracaine, tetracaine
hydrochloride, chloroprocaine hydrochloride, oxyprocaine hydrochloride, mepivacaine, cocaine
hydrochloride, piperocaine hydrochloride, dyclonine and dyclonine hydrochloride.

[0111] Examples of antiseptic agents include alcohols, quaternary ammonium compounds,
boric acid, chlorhexidine and chlorhexidine derivatives, iodine, phenols, terpenes, bactericides,
disinfectants including thimerosal, phenol, thymol, benzalkonium chloride, benzethonium
chloride, chlorhexidine, povidone iode, cetylpyridinium chloride, eugenol and
trimethylammonium bromide.

[0112] Examples of anti-inflammatory agents include nonsteroidal anti-inflammatory agents
(NSAIDs); propionic acid derivatives such as ibuprofen and naproxen; acetic acid derivatives
such as indomethacin; enolic acid derivatives such as meloxicam, acetaminophen; methyl
salicylate; monoglycol salicylate; aspirin; mefenamic acid; flufenamic acid; indomethacin;
diclofenac; alclofenac; diclofenac sodium; ibuprofen; ketoprofen; naproxen; pranoprofen;
fenoprofen; sulindac; fenclofenac; clidanac; flurbiprofen; fentiazac; bufexamac; piroxicam;
phenylbutazone; oxyphenbutazone; clofezone; pentazocine; mepirizole; tiaramide
hydrochloride; steroids such as clobetasol propionate, bethamethasone dipropionate,
halbetasol proprionate, diflorasone diacetate, fluocinonide, halcinonide, amcinonide,
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desoximetasone, triamcinolone acetonide, mometasone furoate, fluticasone proprionate,
betamethasone diproprionate, triamcinolone acetonide, fluticasone propionate, desonide,
fluocinolone acetonide, hydrocortisone vlaerate, prednicarbate, triamcinolone acetonide,
fluocinolone acetonide, hydrocortisone and others known in the art, predonisolone,
dexamethasone, fluocinolone acetonide, hydrocortisone acetate, predonisolone acetate,
methylpredonisolone, dexamethasone acetate, betamethasone, betamethasone valerate,
flumetasone, fluorometholone, beclomethasone diproprionate, fluocinonide, topical
corticosteroids, and may be one of the lower potency corticosteroids such as hydrocortisone,
hydrocortisone-21-monoesters (e.g., hydrocortisone-21-acetate, hydrocortisone-21-butyrate,
hydrocortisone-21-propionate, hydrocortisone-21-valerate, etc.), hydrocortisone-17,21-diesters
(e.g., hydrocortisone-17,21-diacetate, hydrocortisone-17-acetate-21-butyrate, hydrocortisone-
17,21-dibutyrate, etc.), alclometasone, dexamethasone, flumethasone, prednisolone, or
methylprednisolone, or may be a higher potency corticosteroid such as clobetasol propionate,
betamethasone benzoate, betamethasone dipropionate, diflorasone diacetate, fluocinonide,
mometasone furoate, triamcinolone acetonide.

[0113] Examples of analgesic agents include alfentanil, benzocaine, buprenorphine,
butorphanol, butamben, capsaicin, clonidine, codeine, dibucaine, enkephalin, fentanyl,
hydrocodone, hydromorphone, indomethacin, lidocaine, levorphanol, meperidine, methadone,
morphine, nicomorphine, opium, oxybuprocaine, oxycodone, oxymorphone, pentazocine,
pramoxine, proparacaine, propoxyphene, proxymetacaine, sufentanil, tetracaine and tramadol.

[0114] Examples of anesthetic agents include alcohols such as phenol; benzyl benzoate;
calamine; chloroxylenol; dyclonine; ketamine; menthol; pramoxine; resorcinol; troclosan;
procaine drugs such as benzocaine, bupivacaine, chloroprocaine; cinchocaine; cocaine;
dexivacaine; diamocaine; dibucaine; etidocaine; hexylcaine; levobupivacaine; lidocaine;
mepivacaine; oxethazaine; prilocaine;, procaine; proparacaine; propoxycaine; pyrrocaine;
risocaine; rodocaine; ropivacaine; tetracaine; and derivatives, such as pharmaceutically
acceptable salts and esters including bupivacaine HCI, chloroprocaine HCI, diamocaine
cyclamate, dibucaine HCI, dyclonine HCI, etidocaine HCI, levobupivacaine HCI, lidocaine HCI,
mepivacaine HCI, pramoxine HCI, prilocaine HCI, procaine HCI, proparacaine HCI,
propoxycaine HCI, ropivacaine HCI, and tetracaine HCI.

[0115] Examples of antihemorrhagic agents include thrombin, phytonadione, protamine
sulfate, aminocaproic acid, tranexamic acid, carbazochrome, carbaxochrome sodium
sulfanate, rutin and hesperidin.

Wound Dressing Devices

[0116] Any suitable configuration of wound dressing device may be used. Referring to FIG. 2A,
in some embodiments, the wound dressing 101 is a single layer that includes a polymer matrix
103 and NO-releasing polysiloxane macromolecules 105 therein and/or thereon. Referring to
FIG. 2B, in some embodiments, the single layer wound dressing may include a medical-grade
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adhesive 107 on the surface of the wound dressing that contacts the wound bed. Referring to
FIGS. 3-5, in some embodiments, the wound dressing may include two or more layers. For
example, referring to FIG 3A, in some embodiments, the wound dressing 101 has two layers, a
first layer 109 that includes a polymer matrix 103 and NO-releasing polysiloxane
macromolecules 105 within and/or on the polymer matrix 103; and a second layer 111 on the
first layer 109. Furthermore, referring to FIG. 3B, in some embodiments, a medical-grade
adhesive 107 may be on the surface of the first layer 109 that contacts the wound bed.
Referring to FIG. 4A, in some embodiments, the polymer matrix 103 and NO-releasing
polysiloxane macromolecules 105 within and/or on the polymer matrix 103 is included in the
second layer 111, which may provide an anti-microbial barrier to the wound dressing 101.
Thus, the first layer 109 may or may not include a polymer matrix 103 and NO-releasing
polysiloxane macromolecules 105 within and/or on the polymer matrix 103. Regardless of
whether the first layer 109 includes a polymer matrix 103 and NO-releasing polysiloxane
macromolecules 105 within and/or on the polymer matrix 103, a medical-grade adhesive 107
may be on the surface of the first layer 109 that contacts the wound bed. Additionally, in some
embodiments, the first layer 109 or second layer 111 may be substantially free of NO-releasing
polysiloxane macromolecules 105.

[0117] Referring to FIGS. 5A and 5B, as another example, in some embodiments, the wound
dressing 101 has three layers, a first layer 109 that contacts the wound bed, a second layer
111 on the first layer 109, and a third layer 113 on the second layer 111. A medical-grade
adhesive 107 may be on the surface of the first layer 109 (FIG. §B). The polymer matrix 103
and NO-releasing polysiloxane macromolecules 105 within and/or on the polymer matrix 103
may be present in the first layer 109, the second layer 111 and/or the third layer 113. In some
embodiments, at least one of the first layer 109, the second layer 111 and the third layer 113 is
substantially free of NO-releasing polysiloxane macromolecules 105. However, as shown in
FIG. 5, in some embodiments, the polymer matrix 103 and NO-releasing polysiloxane
macromolecules 105 within and/or on the polymer matrix 103 are present only in the second
layer 111. The first layer 109 may act as a wound contact layer that prevents NO-releasing
polysiloxane macromolecules 105 from leaching into the wound and/or provides a hydrophobic
or non-stick wound contact surface. The third layer 113 may act to contain nitric oxide within
the wound dressing 101 and may control the MVTR, oxygen diffusion and/or microbial
penetration into the wound dressing 101.

[0118] Referring to FIG. 6A, in some embodiments, at least one layer of the wound dressing
101 includes a perforated layer 115. A "perforated layer" 115 includes at least one hole 117
defined within polymer matrix 103. In some embodiments, the polymer matrix 103 includes an
array of holes 117 defined therein. The holes 117 in the polymer matrix 103 may have any
suitable width 119, but in some embodiments, the holes 117 have a width 119 in a range of
about 200 to about 5000 microns. The term "width" 119 refers to the largest distance across
the hole. For a cylindrical hole 117, the width 119 is the diameter. The width 119 of the holes
117 may be chosen based on a variety of parameters, such as moisture of the wound, polymer
matrix, thickness of the layer and/or dressing, whether adhesive is used and/or whether it is
being used with negative pressure wound therapy (NPWT). In some embodiments, the NO-
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releasing polysiloxane macromolecules 105 may be present in the polymer matrix 103 of the
perforated layer 115. Such perforated layers 115 may be used with other perforated layers 115
and/or with non-perforated layers, in any suitable combination. Additionally, the perforated
layers 115 may not include NO-releasing polysiloxane macromolecules 105 and/or may be
used in combination with other layers that include a polymer matrix 103 and NO-releasing
polysiloxane macromolecules 105 within and/or on the polymer matrix 103. Furthermore, as
shown in FIG. 6B, a medical-grade adhesive 107 may be on the surface of the perforated layer
115 that contacts the wound bed. The use of a perforated layer 115 may allow for moisture
from the wound to interact with NO-releasing silica in a layer on the perforated layer 115, may
increase gas (e.g., nitric oxide) diffusion to the wound bed, and provide a suitable material for
use with NPWT.

[0119] The perforated layer 115 may be formed by any suitable method. However, in some
embodiments, the perforated layer 115 is formed by using a mold, or by pressing an object into
the polymer matrix 103 to form at least one hole 117, wherein the hole edges may also be
melted and fused depending on the nature of the polymer matrix 103. Additionally, in some
embodiments, the holes 117 of the perforated layers 115 may be formed by curing the polymer
matrix 103 in a mold, e.g., in an anhydrous and/or low temperature process, and then peeled
out or packaged in individual perforated trays.

[0120] According to some embodiments of the invention, additional therapeutic agents, such
as those described herein, may be present in any of the layers of the wound dressing. As an
example, in some embodiments, a layer that is substantially free of NO-releasing polysiloxane
macromolecules may include at least one therapeutic agent. As an additional example, a layer
that includes NO-releasing polysiloxane macromolecules may also include at least one
additional therapeutic agent.

[0121] In some embodiments, the wound dressing may further include a polymer backing layer
that contacts the polymer matrix or a polymer layer on the polymer matrix. In some
embodiments, the wound dressing is an island wound dressing, and the polymer backing layer,
and optionally at least a portion of the polymer matrix that contacts the wound bed, may
include a medical grade adhesive thereon. For example, the wound dressing may include a
polymer backing layer and a polymer matrix layer including a polymer matrix having NO-
releasing polysiloxane macromolecules therein or thereon, wherein the polymer matrix layer is
attached to a portion of the polymer backing layer, and wherein at least a portion of the
polymer backing layer that is facing but not attached to the polymer matrix layer is coated with
a medical grade adhesive. Such wound dressings may also include additional layers, such as a
wound contact layer, wherein the wound contact layer is on the face of the polymer matrix
layer that is not attached to the polymer backing layer.

[0122] Each layer of wound dressing according to embodiments of the invention may have any
suitable thickness. However, in some embodiments, one or more layers of the wound dressing
may have a thickness in a range of about 10 to about 5000 microns. In some embodiments of
the invention, at least one layer of the wound dressing may be substantially transparent.
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Further, in some embodiments, the wound dressing as a whole may be substantially
transparent. The term "substantially transparent” refers to a material that has a percent
transmittance of 80 percent or more, as determined using a solid state spectrophotometer.
Additionally, as described above, in some embodiments, at least one layer of the wound
dressing has a medical-grade adhesive thereon. For example, the surface of the wound
dressing that contacts the wound may have a medical-grade adhesive thereon.

[0123] Examples of medical grade adhesives that can be safely used on skin are acrylate-
based adhesives, such as 2-ethylhexyl acrylate, isooctyl acrylate or n-butyl acrylate
copolymerized with polar functional monomers such as acrylic acid, methacrylic acid, vinyl
acetate, methyl acrylate, N-vinylcaprolactam, or hydroxyethyl methacrylate. Additional
examples include octylcyanoacrylate, AcrySure™ adhesives (MACtac), adhesives based on
silk protein, silicone gel based adhesives (Silbione® by Bluestar Silicones) and polyurethane
based adhesive blends.

Wound Dressing Kits

[0124] As described above, wound healing may be effected through prolonged low
concentrations of nitric oxide administration whereby nitric oxide acts as a signaling molecule in
a number of wound healing cascades. In some embodiments, the instantaneous flux of nitric
oxide release from hydrated dressing surface necessary to promote wound healing may be in

the range of 0.5 pmol NO cm2 s™! to 20 pmol NO cm™2 57" upon initial application to the patient
and constitutes a slow rate of release. An intermediate NO-releasing wound dressing may
mitigate the inflammatory phase immediately following injury, following debridement of a
chronic wound, in stalled wounds, or in infected wounds. In the inflammatory phase, the flux of

nitric oxide released from the hydrated dressing surface is in a range of 20 pmol NO cm™? s to

1000 pmol NO cm?2 g upon initial application to the patient and constitutes an intermediate
rate of release. High levels of NO-released from a third matrix/ NO-releasing polysiloxane
macromolecule composition may be necessary to effect antimicrobial activity, using the rapid
burst of nitric oxide to kill microorganisms through oxidative/nitrosative intermediates. In these
embodiments, the flux of nitric oxide released from the hydrated dressing surface is in a range

of 1 nmol NO cm? s to 1 pmol NO cm?2 s upon initial application and may constitute the

rapid burst of nitric oxide necessary to provide a one or more log reduction against a broad
range of microorganisms.

[0125] Therefore, provided according to some embodiments of the invention are kits that
include wound dressings directed to a course of therapy with three unique dressing types of
compositions designed to target these three wound processes. For a particular wound, a
regiment may be implemented for a specified number of days whereby the three unique
dressings are administered in sequence or repeated at some frequency (e.g., to keep
microbial burden low).
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Methods of Treating a Wound

[0126] In some embodiments of the invention, provided are methods of treating a wound by
applying a wound dressing according to an embodiment of the invention. Such methods may
be used in combination with any other known methods of wound treatment, including the
application of medicaments, such as those that have anti-inflammatory, pain-relieving,
immunosuppressant, vasodilating, wound healing and/or anti-biofilm forming properties. For
the methods used herein, additional therapeutic agents and methods may be used prior to,
concurrently with or after application with a gel according to embodiments of the invention.
Wound dressings according to embodiments of the invention may also be used in combination
with other wound dressings known to those of skill in the art.

[0127] In some embodiments of the invention, the wound dressings provided herein may be
used in conjunction with at least one agent that can disrupt biofilm macrostructure prior to or in
conjunction with the application of the wound dressing. In some embodiments, the anti-biofilm
agent may disrupt the extracellular matrix of the biofilm. Examples of anti-biofilm agents that
may act in this manner include lactoferrin, periodate, xylitol, DNase, protease, and an enzyme
that degrades extracellular polysaccharides. In some embodiments of the invention, the
formulation of the anti-biofilm agent may be acidic to promote enzyme activity of the DNase
(e.g., mammalian DNases such as DNase Il) and the acidic conditions simultaneously may also
enhance the rate NO release from diazeniumdiolate modified silica. In some embodiments, the
protease may include at least one of proteinase K, trypsin, Pectinex Ultra SP (PUS) and
pancreatin. In some embodiments, enzymes that degrade extracellular polysaccharides may
include N-acetylglucosaminidases (e.g., dispersin B).

[0128] In some embodiments of the invention, the anti-biofilm agent may act by affecting the
transcriptional, translational and/or post-translational regulation of quorum-sensing genes or
gene products in the infecting organism(s). For example, the anti-biofilm agents may include at
least one of hamamelitannin, cyclic di-GMP and sublethal concentrations of nitric oxide.

[0129] The anti-biofilm agents may also act by other mechanisms. For example, the anti-
biofim agent may cause the infecting organism to transition from a sessile state to a
metabolically active state. As another example, the anti-biofilm agent may act by causing the
infecting organism(s) to transition from a non-motile state to a motile phenotype.

[0130] In some embodiments of the invention, the wound dressings provided herein may be
used in conjunction with a wound debridement procedure. For example, in some
embodiments, wounds may first be treated with a debridement procedure; and then a wound
dressing according to an embodiment of the invention may be applied to the debrided wound.
The wound dressings according to embodiments of the invention may increase the rate of
wound healing, decrease inflammation and/or exert an antimicrobial effect. The wound
dressings according to embodiments of the invention may be used in conjunction with any
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suitable debridement procedure. For example, the debridement procedure may be selective or
nonselective.

[0131] In some embodiments, the debridement procedure may include at least one of surgical,
enzymatic, autolytic, sharp, mechanical and biological processes. Any suitable surgical method
may be used, but in some embodiments, the surgical method may involve a surgeon cutting
away nonviable tissue in the wound. Any suitable enzymatic method may be used, but in some
embodiments, the enzymatic method may involve the use of one or more proteases, their
required cofactors, and optionally any enhancing agents, to digest the nonviable tissue in the
wound. Exemplary proteases include trypsin, papain or other vegetable-derived proteases and
collagenase. Any suitable autolytic method may be used, but in some embodiments, the
autolytic method may involve maintaining a moist wound environment in order to promote the
breakdown of nonviable tissue by enzymes that are naturally produced by the body. Any
suitable mechanical method may be used, but in some embodiments, the mechanical methods
may include wet-to-dry gauze, irrigation, pulsatile lavage, whirlpool therapy and/or low
frequency ultrasound. Any suitable sharp method may be used, but in some embodiments, the
sharp method may involve cutting away nonviable tissue by qualified clinical staff (e.g. RN or
nurse practitioner). Any suitable biological method may be used, but in some embodiments,
the biological method may involve the use of maggots, which selectively digest the nonviable
tissue in the wound. These debridement methods may be used alone or in combination.

[0132] After the wound is debrided, a wound dressing according to an embodiment of the
invention may be applied. Additional processes may be performed and therapeutic agents may
be applied. For example, after wound debridement, an anti-biofilm agent may be applied to the
wound prior to or in conjunction with the application of the wound dressing. Exemplary anti-
biofilm agents include acetylsalicylic acid (aspirin), cyclic di-GMP, lactoferrin, gallium, selenium,
as described above. Other compounds, such as hamamelitannin (witch hazel extract), arginine
and c-di -GMP, may also be applied.

[0133] Also provided according to some embodiments of the invention are methods of using a
wound dressing according to an embodiment of the invention in conjuction with negative
pressure wound therapy (NPWT).

[0134] Subjects suitable to be treated with wound dressings or methods according to an
embodiments of the invention include, but are not limited to, avian and mammalian subjects.
Mammals of the present invention include, but are not limited to, canines, felines, bovines,
caprines, equines, ovines, porcines, rodents (e.g. rats and mice), lagomorphs, primates,
humans, and the like, and mammals in utero. Any mammalian subject in need of being treated
according to the present invention is suitable. Human subjects are preferred. Human subjects
of both genders and at any stage of development (i.e., neonate, infant, juvenile, adolescent,
adult) can be treated according to the present invention.

[0135] lllustrative avians according to the present invention include chickens, ducks, turkeys,
geese, quail, pheasant, ratites (e.g., ostrich) and domesticated birds (e.g., parrots and
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canaries), and birds in ovo.

[0136] The invention can also be carried out on animal subjects, particularly mammalian
subjects such as mice, rats, dogs, cats, livestock and horses for veterinary purposes, and for
drug screening and drug development purposes.

Methods of Forming Wound Dressings

[0137] The wound dressings described herein may be formed by any suitable method.
However, provided according to some embodiments of the invention are methods of forming
wound dressings. In some embodiments, incorporation of NO-releasing polysiloxane
macromolecules can be achieved through physically embedding the particles into polymer
surfaces, via electrostatic association of particles onto polymeric surfaces, and/or by covalent
attachment or cross-linking of particles onto reactive groups on the surface of a polymer, within
the polymer and/or within cells of a foam. In some embodiments, methods of forming wound
dressings include combining NO-releasing polysiloxane macromolecules and at least one
monomer; and polymerizing the at least one monomer to form a polymer matrix comprising the
NO-releasing polysiloxane macromolecules. The monomer may be polymerized by any
suitable method, but in some embodiments, the monomer is polymerized by photocuring
and/or moisture curing, with or without an initiator. In some embodiments, the monomer may
be polymerized upon contact with the wound environment, e.g., via the moisture in the wound.
In some embodiments, a single layer wound dressing may be formed by a method that
includes solvent casting a solution of polymer and NO-releasing polysiloxane macromolecules.

[0138] In some embodiments, the polymerization occurs via liquid casting or molten polymer
extrusion. In some embodiments, a liquid monomer, NO-releasing polysiloxane
macromolecules and an initiator are deposited on a surface and polymerization proceeds upon
activation of the initiator. Polymerizable groups can also be used to functionalize the exterior of
the particles, whereupon, the particles can be co-polymerized into a polymer during the
polymerization process.

[0139] In some embodiments of the invention, methods of forming the wound dressings
include dispersing the NO-releasing polysiloxane macromolecules in a mixture of foam forming
monomers; polymerizing the foam forming monomers to form a polymer; and then foaming the
polymer.

[0140] In some embodiments, methods of forming wound dressings include reacting functional
groups on the NO-releasing polysiloxane macromolecules with at least one foam forming
monomer; polymerizing the at least one foam forming monomer to form a polymer including
the NO-releasing polysiloxane macromolecules therein; and then foaming the polymer.

[0141] In some embodiments, polyurethane foam dressings may be prepared by the reaction
of polyols with polyisocyanates added in stoichiometric excess, with other co-reactants added
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as required. In conventional foam manufacture, a stoichiometric amount of water is added to
the reactant mix. The water may react with the isocyanate groups to form CO», which bubbles

through the polymerizing mass, creating a cellular structure of flexible foams.

[0142] For water reactive NO-releasing polysiloxane macromolecules, water may not be used
in the preparation of NO-releasing foam dressings as water may activate the NO-releasing
polysiloxane macromolecules, resulting in a premature release of NO and a decrease in the
therapeutic value of the foam dressing.

[0143] Entirely non-aqueous foams may be synthesized by substituting or complementing the
polyhydrols with amino alcohols or alkanolamines. Examplary amino alcohols and
alkanolamines may be found in U.S. Patent No. 5,859,285, the disclosure of which is
incorporated herein in its entirety. The alkanolamines may chemically store CO5 on their amine
groups, and this CO, may be released by heating. The alkanolamines may be dissolved in a
polar solvent, preferably a diol or a triol, and contacted with CO, to form carbamates. In some

embodiments, the polar solvent may be the polyol itself that can be the soft segment in the
foam dressing.

[0144] The carbamate solution may be used to react with polyisocyanate to form the
polyurethane foams. The carbamates may act as catalysts in foam formation, thereby avoiding
the necessity of using other catalysts.

[0145] While any suitable alkanolamines may be used to produce carbamates, in some
embodiments, the carbamates may be produced by using the following alkanolamines: 2-(2-
aminoethylamino)ethanol, (3-[(2-aminoethyl)amino)]propanol), (2-[(3-
aminopropyl)amino]ethanol), (1-[(2-aminoethyl)amino]-2-propanol, (2-[(3-
aminopropyl)methylamino]ethanol, 1-[(2-amino-1-methylethyl)amino]-2-propanol, 2-[((2-amino-
2-methylpropyl)amino]-2-methyl-1-propanol, 2-[(4-amino-3-methylbutyl)amino]-2-methyl-1-
propanol, 17-amino-3,6,9,12,15-pentaazaheptadecan-1-ol and/or 3,7,12,16-
tetraazaoctadecane-1,18-diol, in particular those based on 2-(2-aminoethylamino)ethanol as
alkanolamine. The carbamate solution can be further blended with polyhydroxyl or polyamine
containing compounds that have been pre-charged with NO and as a result, possess single or
multiple NO-releasing functional group.

[0146] In addition to chemically storing the CO, blowing agent in the above manner, physical

blowing agents may also be used in foam production. Examples of physical blowing agents
include: hydrohalo-olefin (See U.S. Patent Application Publication No. 20090099272, the
contents of which are incorporated herein by reference in their entirety); alkanes, such as 2-
methylbutane, pentane, heptanes (See U.S. Patent No 5,194,325), and other inert, low-boiling
compounds such as pentene and acetone. Carbon dioxide, including supercritical carbon
dioxide, may be used as a physical blowing agent as well.

[0147] In some embodiments of the invention, provided are methods of forming multilayer
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wound dressings that include combining one or more polymeric layers, wherein one or more
polymer layers may include a polymer matrix and NO-releasing polysiloxane macromolecules
therein or thereon. The combining of polymeric layers may be achieved by any suitable
method, but in some embodiments, the polymer layers are laminated to each other. Exemplary
laminating techniques include ultrasonic welding, annealing with anhydrous organic solvents
and application of a pressure sensitive adhesive.

[0148] The present invention will now be described in more detail with reference to the
following examples. However, these examples are given for the purpose of illustration and are
not to be construed as limiting the scope of the invention.

EXAMPLES

EXAMPLE 1

[0149] The water uptake for three hydrophilic polyurethanes thin film dressings soaked in
phosphate buffered saline at physiological temperature and pH is shown in FIG. 7. Tecophilic®
Aliphatic thermoplastic polyurethanes HP-60D-20 ("T20"), HP-60D-60 ("T60"), and HP93A-100
("T100") from Lubrizol, Inc. gradually displayed an increase in weight percentage overtime.

EXAMPLE 2

[0150] The water uptake for Tecophilic® Aliphatic thermoplastic polyurethane HP-60D-20
("T20") loaded with increasing weight percent of poly(ethylene glycol) 8000 MW as a porogen
is shown in FIG. 8. The weight of the thin polymer fiims increases over time as the
hydrophilicity of the polymer matrix is increased as a function of percent PEG loading.

EXAMPLE 3

[0151] The water uptake for Tecophilic® Hydrogel thermoplastic polyurethane TG-2000
solvent cast into polymer films thin film dressings and soaked in phosphate buffered saline at
physiological temperature and pH is shown in FIG. 9. The weight of this superabsorbent
polymer (SAP) rapidly increases upon exposure to moisture and swells to store water
exceeding 2000 percent of its initial weight.

EXAMPLE 4
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[0152] FIG. 10 illustrates the covalent storage of nitric oxide on the aminosilane N-
methylaminopropyltrimethoxysilane as a diazeniumdiolate NO donor, followed by co-
condensation with a backbone alkoxysilane, tetraethoxysilane, to form Nitricil™ composition
70. The Nitricil™ 70 was incorporated with several of the hydrophilic polyurethanes from the
previous examples and tested for their antimicrobial activity against a gram negative

bacterium, P aeruginosa. A 108 innoculum of bacteria was deposited onto the surface of the
NO-releasing wound dressings in an agar slurry and incubated for 24 h. The percent reduction
of P. aeruginosa versus control polyurethane materials for each composition is shown in
TABLE 1. The water uptake of the polymer and the corresponding NO-release kinetics from
the Nitricil™ 70 directly affect the bactericidal activity.

TABLE 1

Composition | Polymer Nitricil (‘Ivet;’é,v 5oading % ReduX_tI‘_iglé I:.sii;uginosa
A T20 2.5 31
B T20 4 58
C T20 8 >99.9999
D T20 10 > 99
E T20 14 >09.9999
F T20 16 >09.9999
G T20 20 >09.9999
H T60 2.5 49
I T60 10 >099.99
J T100 10 98.7
K T100 16 ND
L TG2000 10 ND

EXAMPLE 5

[0153] FIG. 11 depicts the chemiluminescent detection of NO release from Nitricil™ 70 silica
particles free in solution, wound dressing Composition J, and wound dressing Composition D
measured at physiological buffer, pH, and temperature. The flux of NO release from the
dressing surfaces are reported as PPB/mg of Nitricil™ loaded. As an example of how the
polymer matrix governs resulting NO release, the initial levels of NO release from Composition
D are 20X lower than the Nitricil™ alone. Composition D also maintains a more consistent level
of NO-release over the first 60 min in comparison to Composition J at the equivalent 10%
Nitricil™ loading ratio.

EXAMPLE 6
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[0154] Upon application to the wound, the polyurethane material of the wound dressing comes
in contact with moisture in the wound bed. The polyurethane has some affinity for moisture due
to the presence of polyether soft-chain segments in its structure, which results in a finite
amount of water being taken up by the dressing. This inward diffusion of moisture within the
polymer matrix leads to an increase in distance between the polymer chains and is observed
as swelling of the polymer. The increasing distance between the chains and the concentration
gradient between the water in the polymer and the bulk water in the wound bed, allow greater
space of movement for the embedded silica particles. As a result, the particles may diffuse out
of the polymer, with the smaller particles having a greater propensity. This phenomenon
manifests itself as particle leaching.

[0155] Wound dressings comprising NO-releasing silica particles were engineered to minimize
leaching upon exposure to moisture in the wound bed. The dressing polymer composition and
silica loading wt/wt both affect the cumulative amount leached. Light scattering is a commonly
used technique to characterize particle suspensions, particularly to measure the size and
polydispersity of micrometer and nanometer particle sizes. In static light scattering mode, the
time-averaged intensity of light scattered by a particle suspension is measured and is highly
dependent upon the particle size, its concentration, and molecular weight. Thus, for a dilute
suspension of fairly monodisperse particles, the time averaged light intensity should be directly
proportional to the particle concentration, and the static light scattering is said to occur in the
Rayleigh mode. A plot of scattering intensity vs. particle concentration yields a straight line and
provide an accurate method for determining unknown particle concentrations that leach into
solution from wound dressing prototypes.

[0156] To measure the potential concentrations of NO-releasing silica that accumulate in
solution following incubation under physiologically buffered solutions for 24 and 48 hr, the light
scattering intensity of each unknown particle sample was measured and converted to its
concentration using a calibration curve. Nitric oxide-releasing silica-loaded polyurethane
dressings were cut into three 0.75" x 0.75" square samples. The samples were weighed and
placed into polypropylene vials and 10 mL of filtered phosphate buffered saline (PBS, 10mM
sodium dihydrogen phosphate, 137mM NaCl, 2.3mM KCI, pH 7.4) pre-warmed at 37 °C was
added to each. The vials were then incubated in a water bath maintained at 37 °C. After 24
hours, each of the vials were agitated and an aliquot was removed, which was transferred to a
polystyrene cuvette. The static light scattering intensity of this aliquot was determined against
fitered PBS as blank. The silica concentration of the leachate was then determined using the
calibration curve to convert the obtained kcps value to mg/ml, and the obtained mg/ml values
were expressed as a percentage of the amount of silica calculated to be initially loaded in the
dressing sample.

[0157] The leaching values for representative compositions are shown below and illustrate the
dependence on polymer hydrophilicity and homogeneity of the silica polyurethane compositie:
5% w/v T20 in tetrahydrofuran, 80 mg silica/g polymer, slurry prepared via magnetic stirring
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(TABLE 2), 5% w/v T20 in tetrahydrofuran, 80 mg silica/g polymer, slurry prepared via
sonication, (TABLE 3), 10% w/v T100 in tetrahydrofuran, 160 mg silica/g polymer, slurry
prepared via magnetic stirring (TABLE 4), 10% w/v T20 in tetrahydrofuran, 160 mg silica/g
polymer, slurry prepared via sonication (TABLE 5). All wound dressing polymers were solvent
cast into thin films and dried under vacuum.

TABLE 2
Day Average Stdev
1 11.01% 1.58%
2 9.23% 1.37%
TABLE 3
Day Average Stdev
1 0.62% 0.31%
2 0.34% 0.01%
TABLE 4
Day Average Stdev
1 21.1% 6.73%
2 23.72% 9.14%
TABLE 5
Day Average Stdev
1 0.50% 0.22%
2 1.23% 0.65%
EXAMPLE 7

[0158] P. aeruginosa biofiims were grown for 48 h in partial thickness wounds in a porcine
animal model. After 2 days of growth, the baseline levels of bacteria from a flush of the wound
with sterile buffer and a vigorous scrub of the wound with bacteria/tissue in sterile buffer were

recorded. The planktonic bacteria were approximately 108 CFU/mL and the biofim embedded

bacteria were above 100 CFU/mL prior to treatment with NO-releasing wound dressings. The
efficacy of various NO-releasing wound dressing compositions on both the levels of planktonic
bacteria flushed from the wound and the levels of biofilm bacteria scrubbed from the wound
are shown in comparison to Tegaderm™ covered controls in FIG. 12. The wound dressings
comprising different polymer matrices and variable percentages of Nitricil™ loading elicited
different outcomes when tested against an in vivo biofilm model.

EXAMPLE 8
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[0159] A medical grade, aliphatic polyether polyurethane that absorbs a small amount of water
in the amount of 20% of its dry weight is combined with 14% w/w Nitricil™ 70 (nitric oxide-
loaded precipitated silica) such that the Nitricil™ is permanently incorporated throughout the
polyurethane matrix. The resulting polyurethane film device is transparent. The polymer blend
is cast onto a transparent, siliconized PET release liner (FRA-308, Fox River Associates, LLC),
which is pre-printed with a 1" square grid.

[0160] The testing performed to evaluate design and technical characteristics is summarized in
the TABLE 6 below.

TABLE 6

Performance Characteristic Measured Value
Film Thickness 98 + 10 um
Water Uptake [%] 6.8+2.9%
MVTR 31+ 16 g/m?24 h
Oxygen Permeability 206 + 91 mL 02 @ STP/100 in?
Tensile Strength 9.57 + 2.02 kg/in?
Residual solvent 3.31 yL THF/g
Nitric Oxide Storage 1.2 + 0.1 umoles NO/cm?
Leaching Analysis <0.5% (<3 ppm)

[0161] Chemiluminescent detection of NO was used to characterize the nitric oxide release
behavior from the polyurethane film device. The nitric oxide in the device is liberated upon
exposure to moisture. FIGS. 13A and 13B depict the NO behavior of the finished device
soaked in buffer at physiological temperature and pH (37° C, 7.4). The maximum flux at the

device surface never exceeds 850 pmol NOcm™ s™! (FIG. 13A), and the total NO loaded in the

device averaged 1.2 + 0.1umoles NO/cm? (FIG. 13B) for all devices tested. The surface flux of
nitric oxide from the proposed device was optimized to assist in providing a barrier to microbial
penetration.

EXAMPLE 9

[0162] The nitric oxide-releasing wound dressing of Example 9 was used to treat partial
thickness wounds in a porcine model. This study was designed to assess healing potential and
whether or not the proposed device has a negative impact on normal wound repair in
comparison to topical nitric oxide formulations previously reported (evidenced by delayed
wound healing or significant erythema/edema). 160 rectangular wounds measuring 10mm X
7mm x 0.5mm deep were divided into four treatment groups (40 wounds each). Wounds were
dressed immediately after wounding and dressings were changed on days 2, 3, 5, and 7. Five
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wounds from each of the four groups were excised each day beginning on Day 4 after
wounding and prepared according to the sodium bromide salt-split technique to assess
epidermal migration. Epithelialization is considered complete (healed) if no defects or holes are
present after the separation of the dermis and epidermis. Wounds in each of the groups were
evaluated until 100% complete epithelialization was observed. The test materials were non-
adherent to wound bed upon removal (no re-injury was observed) and none of the wounds
from any of the treatment groups developed erythema, swelling or signs of infection. On Day 4,
none of the treatment groups were completely re-epithelialized but Day 6, 100% of the wounds
in the nitric oxide treated group were re-epithelialized in comparison to only 60% of the
Tegaderm covered occlusive wound environment (FIGURE 14). The average MVTR of the

wound dressing in Example 9 across n=6 batches is 31 + 16 g/m?-24h, representing a 9 fold
greater MVTR than that of 3M Tegaderm Barrier Wound Dressing, measured under identical

conditions (3.34 g/m2-24h). Furthermore, the wound dressing in Example 9 has an MVTR <4%
of the 840 g/m?-24h value below which dressings are considered to be occlusive and is <1% of

the 3000 to 5000 g/m2-24h MVTR of damaged skin (Rennekampff, 1996). Untreated controls
(air exposed) did not completely heal until Day 10 illustrating the importance of maintaining a
moist wound environment.

EXAMPLE 10

[0163] Testing has been performed by an independent laboratory, in accordance with Good
Laboratory Practices, to evaluate the biocompatibility of the wound dressing in Example 9, as
recommended by FDA's Blue Book Memo, G95-1, Use of International Standards ISO-10993,
and Biological Evaluation of Medical Devices Part 1: Evaluation and Testing. Following are the
tests that have been conducted along with a brief summary of results.

* Cytotoxicity (in vitro): NON-TOXIC

[0164] MEM Elution extract was prepared from the dressing extracts and applied to mouse
fibroblasts. Fibroblasts were scored for signs of cytotoxicity over a 72-hour test period. The
wound dressing extract received a cytotoxicity score of 0 at all time points.

* Sensitization (in vivo): NO SENSITIZATION

[0165] Normal saline and cotton seed oil extracts were prepared from the dressing extracts
and tested using the Guinea Pig Maximization Sensitization Test. Both extracts elicited a 0%
sensitization response.

* Irritation/Intracutaneous Reactivity (in vivo): NON-IRRITANT
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[0166] Normal saline and cotton seed oil extracts were prepared from the wound dressing and
injected into rabbits. Injection sites were scored for reactivity over a 72-hour test period. For
each extract, the difference between the mean reactivity score for the wound dressing extract
and the mean reactivity score for the vehicle control was < 1.0.

» Systemic (Acute) Toxicity (in vivo): NON-TOXIC

[0167] Normal saline and cotton seed oil extracts were prepared from the wound dressing and
injected into mice. Animals were observed for mortality and signs of pharmacological and
toxicological effects over a 72-hour test period. Both extracts resulted in zero animal fatalities,
zero animals exhibiting clinical signs of toxicity, and zero animals with body weight changes
outside acceptable parameters.

* Sub-acute (Sub-chronic) Toxicity (in vivo): NON-TOXIC

[0168] Normal saline and cotton seed oil extracts were prepared from the wound dressing and
injected intravenously (saline) or intraperitoneally (oil) into mice once daily for 14 days. Animals
were observed for mortality and signs of toxicity during the test period. There were no fatalities,
no statistically significant weight differences between control and test animals, and no
abnormal clinical signs noted for any of the animals during the test period. No clinically
abnormal findings were noted during animal necropsies. Clinical chemistry and hematology
data were not indicative of a pattern of toxicity.

* Implantation (in vivo): NON-IRRITANT

[0169] Two implantation studies have been completed for the wound dressing in which pieces
of were implanted intramuscularly in albino rabbits for either a one or four week study. At the
end of the one-week implantation, the irritant ranking score for the wound dressing was
calculated to be 1.2. At the end of the four-week implantation, the irritant ranking score for the
wound dressing was calculated to be 2.6.

* LAL Endotoxin Test for Pyrogens (in vitro, GMP): PASS

[0170] The kinetic chromogenic LAL test system was validated for use with the wound
dressing. Samples from three production lots of the sterilized, finished device all contained
<0.200 EU/device.
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[0171] The wound dressing of Example 9 passed the requirements of all biocompatibility tests;
thus it can be concluded that the product is biocompatible and non-toxic, providing a topical
nitric oxide releasing solution with proven safety and effectiveness.

EXAMPLE 11

[0172] This example describes a process of manufacturing NO-releasing flexible polyurethane
foam starting from 100 kg of 2-(2-aminoethylamino) ethanol as a basis. The foam is prepared
using Desmodur N-100 (22% NCO groups, Bayer Material Science, Pittsburgh, PA) as the
polyisocyanate and Desmodur N-and Desmophen-R-221-75 (3.3% OH groups, Bayer Material
Science, Pittsburgh, PA) as the polyol. Nitricil™-70 (Novan, Inc.) as an NO-releasing
macromolecule is incorporated in the foam at a loading of 1% (w/w).

1.1. COy is bubbled into the 100 kg 2-(2-aminoethylamino) ethanol to prepare 2-(2-

aminoethylamino)ethanol carbamate

2. 2. The 2-(2-aminoethylamino)ethanol carbamate is dissolved in 200 kg of Desmophen-
R-221-75 polyol

3. 3. Nitricil™-70, the blowing agent, and gel catalysts are added to the mixture (see USP
4173691)

4.4. The mixture is reacted with a stoichiometeric excess of Desmodur N-100, under
agitation and heating at 50° C.

5. 5. The reaction mixture is cured at 50° C to release the chemically bound CO».

Calculations for:

[0173]

1. 1. Amount of CO2 needs to be bubbled

2. 2. Amount of Desmodur N-100 be added
3. 3. Amount of Nitricil™-70 to be added for a nominal 1% w/w loading

Calculation for CO, addition

[0174] There are two moles of NH per mole of 2-(2-aminoethylamino)ethanol. The number of
moles of 2-(2-aminoethylamino) ethanol in 100 kg = 961.54. The number of moles of NH =2 *
961.54 = 1923.07 moles. Thus, the weight of CO5 required = 1923.07 moles * 44 g/mol = 84.6

kg. A 1.2 fold excess gas to ensure complete conversion to carbamates. Thus, the amount of
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COs required = 101.52 kg.

Calculation for catalyst addition

[0175] Two types of catalyst are used in combination, a gel catalyst to accelerate the urethane
formation reaction, and a blowing catalyst to reduce the rising time of the foam. The gel
catalyst (e.g., stannous octoate) is present as 0.3 parts per 100 parts polyol (w/w). The blowing
catalyst (e.g., antimony tris 2-ethylhexoate) is present as 0.3 parts per 100 parts polyol (w/w).
Therefore, the catalyst calculation is based on the total mass of reacting hydroxyl compounds,
and includes the hydroxyls in 2-(2-aminoethylamino) ethanol. Thus, the weight of gel catalyst =
300 kg /100kg* 0.3 = 9 kg. The weight of blowing catalyst = 9 kg.

Calculation for Desmodur N-100 addition

[0176] Enough Desmodur N-100 needs to be added such that the NCO are adequate to react
with OH in 2-(2-aminoethylamino) ethanol and in Desmophen. The equivalent of OH groups in
Desmophen-R-221-75 (3.3% OH) = 17 * 100/3.3 = 515. The moles of OH groups in 100kg 2-
(2-aminoethylamino)ethanol = 961.54. The equivalents in 200 kg = 200/515 = 0.388. The
equivalent NCO groups in Desmodur N-100 (22% NCO) = 42 *100/22 = 191. The equivalents
of NCO required for 1:1 reaction with 200kg Desmophen-R-221-75 = 191 * 0.388 = 74.2 kg.
The percent OH in 2-(2-aminoethylamino)ethanol = 17/104 = 16.3%. The equivalent of OH
groups = 17*100/16.3 = 104. The equivalents in 100 kg = 100/104 = 0.9615. The equivalents of
NCO required for 1:1 reaction = 0.9615 * 191 = 183.65kg. Thus, the total required = 183.65 6+
74.2 = 257.83 kg. A 2% excess is used to ensure complete reaction. Therefore, the Desmodur
N-100 total requirement = 1.02 * 257.83 = 262.985kg.

Calculation for Nitricil™-70

[0177] The total reactant weight (not including CO5) = 262.985 kg (Desmodur N-100) + 200 kg
(Desmophen-R-221-75 polyol) + 100 kg (2-(2-aminoethylamino) ethanol) + 18 kg (weight of
blowing catalyst and gel catalyst) = 580.985 kg. Thus, 1% Nitricil™-70 = 5.81kg.

Summary:
[0178]
Material Amount to be used (kg)
2-(2-aminoethylamino) ethanol 100
Desmophen-R-221-75 200
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Material Amount to be used (kg)
Desmodur N-100 262.985
Nitricil™-70 5.81
Stannous octoate 9
Antimony tris 2-ethylhexoate 9
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o1-
SARBANDAGER, FREMGANGSMADER TIL ANVENDELSE HERAF OG FREMGANGSMADER
TIL DANNELSE DERAF
PATENTKRAV
1. Sarbandage, der omfatter:
en polymermatrix og
nitrogenoxid- (NO) friggrende polysiloxanmakromolekyler inde i og/eller pa polymermatricen,

hvor polymermatricen er et fleksibelt, dbencellet polyurethanskum, der omfatter mindst ét
polyisocyanatsegment og mindst ét polyolsegment og de NO-friggrende polysiloxanmakromolekyler

omfatter N-diazeniumdiolat-funktionelle grupper, og
hvor sarbandagen er ikke-toksisk og stabilt lagrer NO.

2. Sarbandage ifglge krav 1, hvor koncentrationen af de NO-friggrende polysiloxanmakromolekyler

ligger i et interval fra ca. 0,1 til ca. 20 vegtprocent.
3. Sarbandage ifglge krav 1 eller krav 2, der endvidere omfatter:

en vandoplgselig porogen, der er udvalgt fra gruppen bestaende af natriumchlorid, saccharose,
glucose, lactose, sorbitol, xylitol, polyethylenglycol, polyvinylpyrrollidon, polyvinylalkohol og blandinger
deraf; og/eller

mindst ét terapeutisk middel, der er udvalgt fra gruppen bestaende af antimikrobielle forbindelser,
anti-inflammatoriske midler, smertelindrende midler, immunosuppressive stoffer, vasodilatorer, sarhelende

midler, anti-biofilmmidler og blandinger deraf.

4. Sarbandage ifglge et hvilket som helst foregaende krav, hvor sarbandagen er:
et enkelt lag med en tykkelse i intervallet fra 10 til 5000 mikron og/eller
sarbandagen i alt vaesentligt er transparent.

S. Sarbandage ifglge et hvilket som helst foregaende krav, hvor strgmmen af nitrogenoxid, der

friggres fra den hydrerede bandageoverflade er:
i et interval fra 100 pmol NO em™ s til 1000 pmol NO ecm™ s eller
i et interval fra 1 nmol NO cm™ s til 10 pmol NO em? 5™\,

6. Sarbandage ifglge et hvilket som helst foregaende krav, hvor sarbandagen bevarer mindst 95 % af
den originale NO-belastning efter én uge ved 25 °C.

7. Séarbandage ifglge et hvilket som helst foregaende krav, hvor mere end 98 % af de NO-friggrende
polysiloxanmakromolekyler bevares i sarbandagen efter inkubation af sarbandagen i phosphatbufferet

saltvandsoplgsning ved pH 7,4 i 48 timer ved 37 °C.

8. Sarbandage ifglge krav 1 til anvendelse i en fremgangsmade til behandling af et sar, hvilken

fremgangsmade omfatter anvendelse af sarbandagen pa et sar.
9. Sarbandage ifglge krav 8 til anvendelse ifglge krav 8, der endvidere omfatter:
debridering af saret fgr anvendelse af sarbandagen og/eller

udfgrelse af sarbehandling med negativ trykterapi mod saret fgr, samtidigt med eller efter

anvendelse af sarbandagen; og/eller
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S0
behandling af saret med et anti-biofilmmiddel fgr eller i kombination med anvendelsen af
sarbandagen.

10. Sarbandage ifglge krav 9 til anvendelse ifglge krav 9, hvor en anordning til udfgrelse af

sarbehandling med negativ trykterapi og sarbandagen ifglge krav 1 er udformet som én anordning.
11. Fremgangsmade til dannelse af en sarbandage, hvilken fremgangsmade omfatter:

kombinering af NO-friggrende polysiloxanmakromolekyler og mindst én monomer og

polymerisering af den mindst ene monomer for at danne en polymermatrix, der omfatter de NO-
friggrende polysiloxanmakromolekyler,

hvor polymermatricen er et fleksibelt, abencellet polyurethanskum, der omfatter mindst ét
polyisocyanatsegment og mindst ét polyolsegment og de NO-friggrende polysiloxanmakromolekyler
omfatter N-diazeniumdiolat-funktionelle grupper.
12. Fremgangsmade ifglge krav 11, hvor:

monomeren polymeriseres ved fotoh@rdning og/eller

polymeriseringen sker ved en fremgangsmade, der omfatter aflejring af flydende monomer, NO-
friggrende polysiloxanmakromolekyler og en initiator; og polymerisering af den flydende monomer.
13. Fremgangsmade ifglge krav 11 eller 12, hvor kombinering af NO-friggrende
polysiloxanmakromolekyler og mindst én monomer omfatter:

dispergering af de NO-friggrende makromolekyler i en blanding af skumdannende monomerer
eller

omsatning af funktionelle grupper pa de NO-friggrende makromolekyler med mindst én
skumdannende monomer, og

hvor polymerisering af den mindst ene monomer for at danne en polymermatrix omfatter
polymerisering af de skumdannende monomerer for at danne en polymer, og opskumning af polymeren for

at danne polymermatricen.
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WATER UPTAKE BY PEG 8000 DOPED TECOPHILIC POLYURETHANE FILMS
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WATER UPTAKE BY TECOGEL 2000 IN 10 mM PB ph 7.4, 37°(
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