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WOUND DRESSING AND METHOD FOR CONTROLLING
SEVERE, LIFE-THREATENING BLEEDING

This application is a continuation-in-part under 37 C.F.R. § 1.53(b) of
U.S. Patent Application No. Unassigned, filed on December 15, 2003, for
Wound Dressing and Method of Controlling Severe Life-Threatening Bleeding,
which was a national stage filing under 37 C.F R § 371 of International

Application No. PCT/US02/18757, filed on June 14, 2002.

FIELD OF THE INVENTION

This invention is directed to hemorrhage '-control wound dressings, and
methods of using and producing such dressings. The subject wound dressing 1s
constructed from a non-mammalian material for the control of severe bleeding.
The wound dressing is formed of a biomaterial comprising chitosan and/or

otherhydrophilic polymers for controlling severe bleeding. The material may

alternatively comprise polyacrylic acid or a combination of polyacrylic acid with

other polymers. The kind of severe, life-threatening bleeding contemploétged Dy
this invention is of the type not capable of being stanched when a convenﬁonal
gauze wound dressing is applied with conventional pressure to the wound. The
wound dressing is capable of substantially stanching the flow of life-threatening
bleeding from a wound by adhering to the wound site, sealing the wound,
accelerating blood clot formation at the wound site, reinforcing clot formation at
the wound site, preventing bleed out from the wound site, and substantially

prohibiting the flow of blood out of the wound site.

BACKGROUND OF THE INVENTION

An advanced hemorrhage control bandage and methods of its application would

substantially angment available hemostatic methods. To date, the application of
continuous pressure with gauze bandage remains the preferred primary intervention

technique used to stem blood flow, especially flow from severely bleeding wounds.
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However, this procedure neither effectively nor safely stanches severe blood flow. This
has been, and continues to be, a major survival problem in the case of severe life-
threatening bleeding from a wound.

Furthermore, it is widely accepted that severe bleeding is the leading cause of
death from wounds on the battlefield, accounting for approximately 50 percent of such
deaths. It is estimated that one-third of these deaths could be preventable with enhanced
hemorrhage control methods and devices. Such enhanced hemorrhage control would
also prove very useful in non~military settings, e.g., hospitals and veterinary cliﬁics,
where hemorrhage 1s the second leading cause of death following trauma.

Currently available hemostatic bandages such as collagen wound dressings or dry
fibrin thrombin wound dressings are restricted to use in surgical applications, and are
not sufficiently resistant to dissolution in high blood flow. They also do not possess
enough adhesive properties to serve any practical purpose in the stanching of severe

blood flow. These currently available surgical hemostatic bandages are also delicate and

‘thus prone to failure should they be damaged by bending or loading with pressure. They

are also susceptible to dissolution in hemorrhagic bleeding. Such dissolution and |
collapse of these bandages may be catastrophic, because it can produce a loss of
adhesion to the wound and allow bleeding to continue unabated.

There is prior art relating to chitosan and chitosan dressings. For
example, U.S. Patent 4,394,373 1ssued to Malette ef al. employs chitosan in
liquid or powder form to agglutinate blood in microgram/mlL quantities. Also,
U.S. Patent 4,452,785 issued to Malette et al. 1s directed to a method of
occluding blood vessels therapeutically by injecting chitosan directly into the
vessels. U.S. Patent 4,532,134 1ssued to Malette er al. further relates to
hemostatis, inhibiting fibroplasias, and promoting tissue regeneration by placing
in contact with the tissue wound a chitosan solution or water-soluble chitosan.
The chitosan forms a coagulm:n, which prevents bleeding.

U.S. Patent 5,858,350 issued to Vournakis et al. relates to a process to
make diatom derived biomedical grade, high purity chitin and chitin derivatives

(so called protein-free even though this is not demonstrated by analysis in the
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patent). The proposed advantage of so called protein-free chitin/chitosan
materials are that they should be significantly less antigenic than current shrimp
and crab derived chitin materials.

Mi, F.L., et al., “Fabrication and Characterization of a Sponge-Like
Assymetric Chitosan Membrane as a Wound Dressing”, Biomaterials, 22(2):
165-173 (2001) deécribes the fabrication and wound healing function of an
asymmetric chitosan membrane produced by a phase inversion method.

Chan, M.W., et al., “Comparison of Poly-N-acetyl Glucosamine (P-
GlcNAc) with Absorbable Collagen (Actifoam), and Fibrin Sealant (Bolheal) for
Achieving Hemostasis in a Swine Model of Splenic Hemorrhage™, J. Trauma,
Injury, f}ﬁection, and Critical Care, 48(3): 454-458 (2000) describes the testing
of chitin/chitosan hemostatic patches under the moderate blood flow and oozing
typical of the swine spleen capsular stripping test.

Cole, D.J., et al., “A Pilot Study Evaluating the Efficacy of a Fully
Acetylated poly-N- acetyl glucosamine Membrane Formulatlon as a Topical

Hemostatic Agent”, Surgery 126(3): 510:517 (1999) descrlbes hemostatic agent

~ testing in the swine spleen capsular stripping test.

Sandford, Steinnes A., “Biomedical Applications of High Purity
Chitosan” in WATER SOLUBLE POLYMERS, SYNTHESIS, SOLUTION PROPERTIES
AND APPLICATIONS, ACS Series 467, (W.S.Shalaby ef al. Eds. ACS,
Washington, DC 1991, Ch 28, 431-445). This is a general review paper
describing chitosan use with referénce to a chitosan sponge.

Mallette, W.G., et al., “Chitosan: A New Hemostat,” Annals of
Thoracic Surgery 36(1): 55-58, (1983). See comments concerning the Malette
patents above.

Olsen, R., et al., In CHITIN AND CHITOSAN, SOURCES, CHEMISTRY,
BIOCHEMISTRY, PHYSICAL PROPERTIES AND APPLICATIONS, Elsevier Applied
Science, London and New York, 1989, 813-828. This paper concerns the

aggluﬁnating efficiency of chitosan.

PCT/US2004/043084
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Japanese Patent 60142927 covers a chitosan medical band with improved
tack. Japanese patent 63090507A2 describes a water insoluble and 2% acetic
acid insoluble chitosan sponge for external hemostatic application or for
protection of a wound.

5 U.S. Patent 5,700,476 describes collagen based structurally
inhomogeneous sponges for wound dressings and/or implant applications formed
by freeze drying techniques employing at least one pharmacological agent and at
least oné substructure. »

U.S. Patent 2,610,625 relates to freeze dried sponge structures that are

10 highly effective in stopping the flow of blood or other fluids and which will be
absorbed after a time in the body. This patent describes collagen sponge
preparation.

U.S. Patent 5,836,970 comprises a wound dressing formed of a blend or
mixture of chitosan and alginate.

15 Thus, there is a need for improved hemostatic bandages able to stanch of severe

blood flow and that will not fail upon bending or loading with pressure.

SUMMARY OF THE INVENTION
The 1mvention 1s directed to a first-aid/primary intervention wound
20 dressing for control of severe, life-threatening bleeding. Presently there are no
low cost wound dressings that are suitable for control of severe life-threatening
bleeding. There 1s a need for this type of dressing especially in the battlefield,
where typically 50% of all deaths are associated with an inability to immediately
control severe bleeding. The wound dressing of the invention is capable of

substantially stanching the flow of life-threatening bleeding from a wound by

3
N

adhering to the wound site, sealing the wound, accelerating blood clot formation
at the wound site, reinforcing clot formation at the wound site, preventing bleed
out from the wound site, and substantially prohibiting the flow of blood out of

the wound site.
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In one embodiment, a compressed sponge for hemorrhage control
comprising a hydrophilic polymer, wherein the compressed sponge has a
compressed sponge density of about 0.6 to 0.15 g/cm’ is provided. The
hydrophilic polymer may be an alginate, chitosan, a hydrophilic polyamine, a
chitosan derivative, polylysine, polyethylene imine, xanthan, carrageenan,
quaternary ammonium polymer, chondroitin sulfate, a starch, a modified
cellulosic polymer, a dextran, hyaluronan or combinations thereof. The starch
may be of amylase, amylopectin and a combination of amylopectin and amylase.
Preferably, the hydrophilic polymer is chitosan. Preférab]y, the chitosan has a
weight average molecular weight of at least about 100 kDa. More preferably,
the chitosan has a weight average molecular weight of at least about 150 kDa.
Most preferably, the chitosan has a weight average molecular weight of at least
about 300 kDa.

Preferably, the chitosan has a viscosity at 25°C in a 1% solution of acetic
acid (AA) with spindle LV1 at 30 rpm which is about 100 centipoise to about
2000 centipoise. More preferably, the chitosan has viscosity at 25 °Cinal%
solution of acetic acid (AA) with spindle LV1 at 30 rpm which is about 125
centipoise to about 1000 centipoise. Most preferably, the chitosan has viscosity
at 25°C in a 1% solution of acetic acid (AA) with spindle LLV1 at 30 rpm which
is about 150 centipoise to about 500 centipoise.

The compressed sponge may further comprise an active ingredient. The
active ingredient may include, but is not limited to, calcium, thrombin, factor
VIla, factor XIII, thromboxane A2, prostaglandin-2a, epidermal growth factor,
platelet derived growth factor, Von Willebrand factor, tumor necrosis factor '.
(TNF), TNF-alpha, transforming growth factor (TGF), TGF-alpha, TGF-beta,
insulin like growth factor, fibroblast growth factor, keratinocyte growth factor,
nerve growth factor, penicillin, ampicillin, methicillin, amoxycillin, clavamox,
clavulanic acid, amoxicillin, aztreonam, imipenem, streptomycin, Kanamycin,

Tobramycin, gentamicin, vancomycin, clindamycin, erythromycin, polymyxin,
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bacitracin, amphotericin, nystatin, rifampicin, tetracycline, doxycycline,
chloramphenicol and combinations thereof.

In another embodiment, a compressed composite sponge for hemorrhage
control comprising a hydrophilic polymer sponge and a wettable polymer matrix
or wettable polymer matrices inside the sponge and/or at the sponge surface is
provided. The hydrophilic polymer may include alginate, a hydrophilic
polyamine, a chitosan derivative, polylysine, polyethylene imine, xanthan,
carrageenan, quaternary ammonium polymer, chondroitin sulfate, a starch, é
modified cellulosic polymer, a dextran, hyaluronan or combinations thereof.

The starch may be amylase, amylopectin and a combination of both amylopectin
and amylase.

The wettable polymer may include non-woven mats, woven mats,
molded polymer mesh and low density sponges. The wettable polymer may
include, but is not limited to a chitin, an alginate, a neutralized chitosan, a re-
acetylated chitosan, a poly(glycolic acid), a poly(lactic acid), a poly(e-
caprolactoné), a poly(B-hydroxybutyric acid), a poly(B-hydroxyvaleric acid), a
polydioxanone, a poly(ethylene oxide), a poly(malic acid), a poly(tartronic acid),
a polyphosphazene, a polyethylene, a polypropylene, a metallocene polymer, a
polyuretliane, a polyvinyichloride polymer, a polyester, a polyamide and
combinations thereof. Preferably, the hydrophilic polymer is chitosan.

Preferably, the chitosan has a weight average molecular weight of at least
about 100 kDa. More preferably, the chitosan has a weight average molecular
weight of at least about 150 kDa. Most preferably, the chitosan has a weight
average molecular weight of at least about 300 kDa. Preferably, the chitosan
has viscosity at 25°C in a 1% solution of acetic acid (AA) which is about 100
centipoise to about 2000 centipoise. More preferably, the chitosan has viscosity
at 25°C in a 1% solution of acetic acid (AA) which is about 125 centipoise to
about 1000 centipoise. Most preferably, the chitosan has viscosity at 25°C in a

1% solution of acetic acid (AA) which is about 150 centipoise to about 500

centipoise.
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The sponge may comprise a textile thread impregnated with a hydrophilic

polymer. The textile thread is impregnated with a hydrophilic polymer.
Preferably, the hydrophilic polymer is chitosan. The hydrophilic polymer may
also include, but is not limited to an alginate, a hydrophilic polyamine, a
chitosan derivative, polylysine, polyethylene imine, xanthan, carrageenan,
quaternary ammonium polymer, chondroitin sulfate, a starch, a modified
cellulosic polymer, a dextran, hyaluronan or combinations thereof. The starch
may include amylase, amylopectin and a combination of both amylopectin and -
amylase.

The wettable mesh may be a non-woven mesh. Preferably, the sponge
contains pores with pore diameters of about 15 microns to about 300 microns.
More preferably, the sponge contains pores with pore diameters of about 30
microns to about 250 microns. More preferably, the sponge contains pores with
pore diameters of about 100 microns to about 225 microns. More preferably,
the sponge contains pores with pore diameters of about 125 microns t6 about
200 microns. Most preferably, the sponge contains pores with pore diameters of
about 150 microns to about 175 microns. Prefefably, the sponge has an
available blood contacting surface area per base surface of the sponge of about
100 cm? per cm* to about 1000 cm” per cm®. More preferably, the compressed
composite sponge has an available blood contacting surface area per base sﬂrface
of the sponge of about 200 cm” per cm® to about 800 cm? per cm?®. Most
preferably, the sponge has an available blood contacting surface area per base
surface of the sponge of about 300 cm” per cm’ to about 500 cm? per cm?.
Preferably, the available mass of chitosan biomaterial per wound surface area is
about 0.02 g/cm” to about 1.0 g/cm®. More preferably, the available mass of
chitosan biomaterial per wound surface area is about 0.04 g/cm? to about 0.5
g/cm®. Most preferably, the available mass of chitosan biomaterial per wound
surface area is about 0.06 g/cm?® to about 0.1 g/cm?.

The compressed composite sponge further may comprise a backing

support layer. The backing support layer may be a layer of polymeric material.
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The polymeric material may be a synthetic non-biodegradable material or a

naturally occurring biodegradable polymer. The synthetic biodegradable
materials may include poly(glycolic acid), poly(lactic acid), poly(e-
caprolactone), poly(B-hydroxybutyric acid), poly(B-hydroxyvaleric acid),
polydioxanone, poly(ethylene oxide), poly(malic acid), poly(tartronic acid),
polyphosphazene, copolymers of polyethylene, copolymers of polypropylene,
the copolymers of the monomers used to synthesize said polymers or
combinations thereof. The naturally occurring polymers may include chitin,
algin, a starch, dextran, collagen, albumen and a combination thereof. The
synthetic polymers may include polyethylene, polypropylene, a metallocene
polymer, a polyurethane, a polyvinylchloride polymer, a polyester, a polyamide
or combinations thereof.

Preferably, the compressed composite sponge has a degree of adhesion to
the wound site of about 40 kPa to about 500 kPa. More preferably, the

compressed composite sponge has a degree of adhesion to the wound site of about

60 kPa to about 250 kPa. Most preferably, the compressed composite sponge has
a degree of adhesion to the wound site of about 100 kPa to about 200 kPa.

The compressed composite sponge is capable of forming an adhesive
material in combination with blood flowing from said wound at a wound dressing-

blood interface. Preferably, the adhesive material is a chitosan adhesive material.
Preferably, the chitosan adhesive material has a pH of not more than about 6.3
when the wound is sealed. More preferably, the chitosan adhesive material
preferably has a pH of not more than about 4.5 when the wound is sealed. Most
preferably, the chitosan adhesive material has a pH of not more than about 4.0
when the wound is sealed.

The adhesive material may comprise an acid selected from the group
consist‘ing of acetic acid, formic acid, lactic acid, ascorbic acid, hydrochloric acid
and citric acid. Preferably, the compressed composite sponge has a thickness that
is not less than about 3.0 mm and not more than about 8 mm. More preferably,

the compressed composite sponge has a thickness that is not less than about 3.5

PCT/US2004/043084
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mm and not more than about 7 mm. Most preferably, the compressed composite
sponge has a thickness that 1s not less than about 4.0 mm and not more than
about 6 mm. Preferably, the compressed composite sponge has an ultimate
tensile stress about 0.1 Mpa to about 10 MPa. More preferably, the compressed
composite sponge has an ultimate tensile stress of about 0.15 MPa to about 0.8

MPa. Most preferably, the compressed composite sponge has an ultimate tensile

stress of about 0.25 MPa to about 0.5 MPa.

Preferably, the compressed composite sponge has an ultimate elongation
of about 5 %. More preferably, the compressed composite sponge has an
ultimate elongation of about 10%. Most preferably, the compressed composite
sponge has an ultimate elongation of about 15%.

In another embodiment, a process for preparing a compressed sponge for

hemorrhage control comprising (a) freezing/freeze drying preparation of a low

density sponge; and (b) compressing the low density sponge at a preferred rate
of about10 mm per minute and at a preferred controlled temperature of 80 °C
thereby obtaining a 'Compfeésed sponge with a density of about 0.1 to about 0.2
g/cm’, is provided. |

In another embodiment a process for preparing a compressed sponge for
hemorrhage control comprising (a) preparation of a low density sponge by
methods other than freezing/freeze drying preparation of a low density sponge;
and (b) compressing the subsequent low density sponge at a rate of about 10 mm
per minute and at a preferred controlled temperature of about 80 °C thereby
obtaining a compressed sponge with a density of about 0.1 to about 0.2 g/cm’, is
provided. Preferably, the low density sponge has a density of about 0.01 g/cm’
to about 0.035 g/cm®. Preferably, the compressed sponge has a density of about
0.1 g/cm® to about 0.15 g/cmy’.

In another embodiment, a process for preparing a compressed composite
sponge for hemorrhage control comprising a) degassing chitosan biomaterial
solution by heating the chitosan biomaterial solution and applying a vacuum

thereto; b) freezing the chitosan biomaterial solution; ¢) removing water from
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within frozen chitosan biomaterial without damaging the structural integrity of
the frozen chitosan biomaterial so that the water in the chitosan biomaterial
passes from a solid phase into a gas phase; d) coinpressing the chitosan
biomaterial at a preferred rate of about 10 mm per minute thereby obtaining a
compressed sponge with a density of about 0.1 to about 0.2 g/cm’; and €) baking
the compressed chitosan sponge at 80°C for 30 minutes. Preferably, the
temperature 1s gradually lowered over a predetermined period of time during the
freezing of the chitosan biomaterial of Step (b).

Preferably, the temperature of step (b) is a final freezing temperature of
not more than about ~25°C. More preferably, the process of step (b) involves a
final freezing temperature of not more than about -35°C. Most preferably, the
temperature of step (b) is a final freezing temperature of not more than about —
45°C. 'The water removal may be performed by freeze-drying the frozen
chitosan biomaterial. The process may further comprise a step of adding argon,
nitrogen and helium back into the degassed chitosan solution before the freezing.

The compressed sponge may be sterilized. Preferably, the compressed
sponge 18 -stteiIized by gamma irradiation.

In another embodiment, a method of preventing severe bleeding in a
subject comprising administering a compressed sponge or a compressed
composite sponge is provided. Preferably, the subject is a mammal. More

preferably, the mammal is human. Preferably, the subject is suffering from

‘severe bleeding such that about 30-40% total blood volume loss would result

- within 20 to 30 minutes if the bleeding was left uncontrolled. - Preferably, the

compressed sponge or compressed composite sponge is applied with about 60 to
80 kPa pressure directly over the bleeding injury and held in place for 3 to 5

minutes before releasing, packing and wrapping.

In another embodiment, a bandage kit for treating severe bleeding
comprising a compressed sponge or a composite compressed sponge, gauze rolls

for packing and an Ace bandage for wrapping a wound is provided.

10
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In another embodiment, a process for mechanical mating and meshing of

the compressed or composite compressed sponges comprising pressing tissue
contacting sides of the sponge against a macrotextured surface 1s provided. The
macrotextured surface may include surfaces prepared by chemical etching,
surfaces prepared by ion beam surface ablation, surfaces prepared by mechanical
cutting and surfaces prepared by laser ablation.

In another embodiment, a process for improving the mechanical traction
of the compressed or compressed composite éponges comprising pressing tissue
contacting sides of the sponge against a macrotextured surface is provided.
Preferably, the macrotextured surface is selected from the group consisting of
surfaces prepared by chemical etching, and surfaces prepared by particle
blasting techniques.

In another embodiment, a process for limiting or stopping the formation
of coarse crust on the surface of the composite or compressed composite Sponges
comprising covermg the surface of the sponge with a polymer film, a polymer
plate, an elevated plastic plate or a moisture impermeable, breathable membrane
film is provided.

In another embodiment, a low density sponge, wherein the sponge 1s
formed by compressing a sponge with an initial density of about less than 0.05
g/cm’ until the sponge reaches a density of about less than 0.08 g/cm’. The
sponge can be formed by a process other than freezing or freeze drying.
Preferably, the sponge is formed using a method selected from the group
consisting of a phase inversion process, sponges prepared by covalent binding of
active components to preformed matrices, and foaming techniques.

In another embodiment, the compressed sponge and compressed
composite sponge may further comprise at least one additional hydrophilic
:polymer. The additional hydrophilic polymer may include, but is not limited to,
alginate, chitosan, a hydrophilic polyamine, a chitosan derivative, polylysine,
polyethylene imine, xanthan, carrageenan, quaternary ammonium polymer,

chondroitin sulfate, a starch, a modified cellulosic polymer, a dextran,

11
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hyaluronan or combinations thereof. The starch may include, but is not limited

~ to, amylase, amylopectin and a combination of amylopectin and amylase.

Preferably, the hydrophilic polymer is chitosan.

/gn another embodiment provided for is, a compressed sponge for
hemorrhage control comprising a hydrophilic polymer, wherein the compressed
sponge has a compressed sponge density of about 0.6 to 0.15 g/cm? the
hydrophobic polymer may be a is polyacrylic acid. Preferably, the compressed
sponge may further con;nprise an active ingredient. The active ingredient may
include, but 1s not limited to, calcium, thrombin, factor VIIa, factor XIII,
thromboxane A2, prostaglandin-2a, epidermal growth factor, platelet derived
growth factor, Von Willebrand factor, tumor necrosis factor (TNF), TNF-alpha,
transforming gro‘wth factor (TGF), TGF-alpha, TGF-beta, insulin like growth
factor, fibroblast growth factor, keratinocyte growth factor, nerve growth factor,
penicillin, ampicillin, methicillin, amoxycillin, clavamox, clavulanic acid,
amoxicillin, aztreonam, imipenem, streptomycin, Kanamycin, Tobramycin,
gentamicin, vancomycin, clindamycin, erythromycin; polymyxin, bacitracin,
amphotericin, nystatin, rifampicin, tetracycline, doxycycline, chloramphzenicol
or combinations thereof.

In another embodiment, a compressed composite sponge for hemorrhage
control comprising a hydrophilic polymer sponge and a wettable polymer matrix
or wettable polymer matrices inside the sponge and/or at the sponge surface;
wherein the hydrophobic polymer is polyacrylic acid is provided. The wettable
polymer matrices may include non-woven mats, woven mats, molded polymer
mesh and low density sponges. The wettable polymer matrix may include a
chitin, an alginate, a neutralized chitosan, a re-acetylated chitosan, a
poly(glycolic acid), a poly(lactic acid), a poly(e-caprolactone), a poly(B-
hydroxybutyric acid), a poly(B-hydroxyvaleric acid), a polydioxanone, a
poly(ethylene oxide), a poly(malic acid), a poljr(tartronic acid), a :

polyphosphazene, a polyethylene, a polypropylene, a metallocene polymer, a
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polyurethane, a polyvinylchloride polymer, a polyester, a polyamide or
combinations thereof.

The sponge may comprise a textile thread impregnated with a hydrophilic
polymer. Preferably, the textile thread is impregnated with a hydrophilic
polymer, wherein the hydrophobic polymer is polyacrylic acid. Preferably, the
wettable polymer matrice is a non-woven mesh.

Preferably, the sponge contains pores with pore diameters of about 15
microns to about 300 microns. More breferably, the sponge contains pores with
pore diameters of about 30 microns to about 250 microns. More preferably, the
sponge contains pores with pore diameters of about 100 microns to about 225
microns. More preferably, the sponge contains pores with: pore diameters of
about 125 microns to about 200 microns. Most preferably, the sponge contains
pores with pore diameters of about 150 microns to about 175 microns.

Preferably, the sponge has an available blood cohtacting surface area per base

surface of the sponge of about 100 cm® per cm® to 1000 cm? per cm®>. More

preferably, the sponge has an available blood contacting surface area per bése
surface of the sponge of about 200 cm® per cm? to 800 cm? per cm?  Most
preferably, the sponge has an available blood contacting surface area per base
surface of the sponge of about 300 cm® per cm?® to about 500 cm® per cm?.
The compressed composite sponge may further comprise a backing
support layer. Preferably, the backing support layer may be a layer of
polymeric material. Preferably, the polymeric material is a synthetic non-

bilodegradable material or a naturally occurring biodegradable polymer. The

- synthetic biodegradable materials may include, but is not limited to,

poly(glycolic acid), poly(lactic acid), poly(e-caprolactone), poly(f-
hydroxybutyric acid), poly(8-hydroxyvaleric acid), polydioxanone, poly(ethylene
oxide), poly(malic acid), poly(tartronic acid), polyphosphazene, copolymers of
polyethylene, copolymers of polypropylene, the copolymers of the monomers
used to synthesize said polymers or combinations thereof. The naturally

occurring polymers may include, but are not limited to, chitin, algin, a starch,
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dextran, collagen, albumen, or combinations thereof. The synthetic polymers

“may include, but are not limited to, polyethylene, polypropylene, a metallocene

polymer, a polyurethane, a polyvinylchloride polymer, a polyester, a polyamide
or combinations thereof.

- Preferably, the compressed composite sponge has a degree of adhesion to
the wound site of at about 40 kPa to 500 kPa. More preferably, the compressed
composite sponge has a degree of adhesion to the wound site of about 60 kPa to
250 kPa. Most preferably, the compressed composite sponge has a degree of |

adhesion to the wound site of about 100 kPa to 200 kPa.

The compressed composite sponge may be capable of forming an adhesive
material in combination with blood flowing from said wound at a wound dressing-

blood interface. Preferably, the adhesive material preferably has a pH of not less
than about 5.5 when the wound is sealed. More preferably, the adhesive
material preferably has a pH of not more than about 6.5 when the wound 1s
sealed. Most preferably, the adhesive material preferably has a pH of not more
than about 7.5 when the wound is sealed. Preferably, the adhesive material
comprises an acid selected from the group consisting of acetic acid, formic acid,
lactic acid, ascorbic acid, hydrochloric acid , and citric acid.
Preferably, the compressed composite sponge has a thickness that is not less than
about 3.0 mm and not more than about 8 mm. More preferably, the compressed
composite sponge has a thickness that is not less than about 3.5 mm and not
more than about 7 mm. Most preferably, the compressed composite sponge has
a thickness that is not less than about 4.0 mm and not more than about 6 mm.
Preferably, the compressed composite sponge has an ultimate tensile stress about
0.1 MPa to about 10 MPa. More preferably, the compressed composite sponge
has an ultimate tensile stress of about 0.15 MPa to about 0.8 MPa. Most
preferably, the compressed composite sponge has an ultimate tensile stress of
about 0.25 MPa to about 0.5 MPa.

Preferably, the compressed composite sponge has an ultimat&e elongation

of about 5%. More preferably, the compressed composite sponge has an
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ultimate elongation of about 10%. Most preferably, the compressed composite
sponge has an ultimate elongation of about 15%.

In another embodiment, a process for preparing a compressed sponge of
claim 1 for hemorrhage control comprising the steps of (a) freezing/freeze
drying preparation of a low density sponge; and (b) compressing the low density
sponge at a preferred rate of 10 mm per minute and at a preferred controlled
temperature of 80°C thereby obtaining a compressed sponge with a density of
about 0.1 to about 0.2 g/cm’ is providéd. |

In another embodiment, a process for preparing a compressed sponge for
hemorrhage control comprising the steps of (a) preparing a low density sponge
by methods other than freezing/freeze drying preparation of a low density
sponge; and (b) compressing the subsequent low density sponge at a rate of 10
mm per minute and at a preferred controlled temperature of 80°C thereby
obtaining a compressed sponge with a density of about 0.1 to about 0.2 g/cm’ is
provided. Preferaﬁly, the low density sponge has a density of about 0.01 gleny
to about 0.035 g/cm’. Preferably, the compressed sponge has a density of about
0.1 g/cm’ to about 0.15 g/cm’.

In another embodiment, a process for preparing a compressed composite
sponge for hemorrhage control comprising a) degassing biomaterial solution by
heating the biomaterial solution and applying a vacuum thereto; b) freezing the
biomaterial solution; ¢) removing water from within frozen biomaterial without
damaging the structural integrity of the frozen biomaterial so that the water in
the biomaterial passes from a solid phase into a gas phase; d) compressing the
biomaterial at a preferred rate of about 10 mm per minute thereby obtaining a
compressed sponge with a density of about 0.1 to about 0.2 g/cm’; and e) baking
a compressed sponge at 80°C for 30 minutes 1s provided. Preferably, the
temperature is gradually lowered over a predetermined period of time during the
freezing of the biomaterial of step (b). Preferably, the temperature of step (b) is
a final freezing temperature of not more than about - 5°C. More preferably, the

temperature of step (b) is a final freezing temperature of not more than about -
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35°C. Most preferably, the temperature of step (b) is a final freezing
temperature of not more than about -25°C. Preferably, the water removal is
performed by freeze-drying the frozen biomaterial. The process may further

comprise a step of adding argon, nitrogen and helium back into the degassed

chitosan solution before the freezing. The sponge may be compressed sponge is
sterilized. Preferably, the compressed sponge is sterilized by gamma
irradiation.

In another 'embodiment, a method of preventing severe bleeding in a
subject comprising administering a compressed sponge or a compressed
composite sponge is provided. Preferably, the subject is a mammal. More
preferably, the mammal is human. Preferably, the subject is suffering from
severe bleeding such that about 30-40% total blood volume loss would result
within 20 to 30 minutes if the bleeding were left uncontrolled. Preferably, the
compressed sponge or compressed composite sponge is applied with about 60 to
80 kPa pressure directly over the bleeding injury and held in place for 3 to 5
minutes before releasing, packing and wrapping the wound.

In another embodiment, a method is provided for preventing severe
bleeding 1n a subject comprising administering a compressed sponge or a
compressed composite sponge. Preferably, the subject is a mammal. More
preferably, the mammal is human. Preferably, the subject is suffering from
severe bleeding such thai about 30-40% total blood volume loss would result
within 20 to 30 minutes if the bleeding were left uncontrolled. Preferably, the
compressed sponge or compressed composite sponge is applied with about 60 to
80 kPa pressure directly over the bleeding injury and held in place for 3 to 5
minutes before releasing, packing and wrapping the wound.

In another embodiment, a bandage kit for treating severe bleeding
comprising a compressed sponge or a composite compressed sponge, gauze rolls
for packing and an Ace bandage for wrapping a wound is provided. |

In another embodiment, a process for mechanical mating and meshing of

the compressed or composite compressed sponges comprising pressing tissue
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contacting sides of the sponge against a macrotextured surface is provided. The
macrotextured surface may include surfaces prepared by chemical etching,
surfaces prepared by ion beam surface ablation, surfaces prepared by mechanical
cutting, and surfaces prepared by laser ablation.

In another embodiment, a process for improving the mechanical traction

of the compressed or compressed composite sponges comprising pressing tissue

- contacting sides of the sponge against a macrotextured surface 1s provided.

Preferably, the macrotextured surface 1s selected from the group consisting of
surfaces prepared by chemical etching, and surfaces prepared by particle
blasting techniques.

In another embodiment, a process for limiting or stopping the formation
of coarse crust on the surface of the composite or compressed composite sponges
comprising covering the surface of the sponge with a polymer film, a polymer
plate, an elevated plastic plate or a moisture impermeable, breathable membrane
film is provided.

In another embodiment, a low’densify sponge, wherein the sponge is
formed by compressing a sponge with a density of about less than 0.05 g/cm’
until is reaches a density of about less than 0.08 g/cm®, and wherein the sponge
is formed by a process other than freezing or freeze drying is provided.
Preferably, the sponge is formed using a method selected from the group
consisting of a phase inversion process, sponges prepared by covalent binding of
active components to preformed matrices and foaming techniques.

In another embodiment, a compressed sponge and compressed composite
sponge, wherein the sponges further comprise a hydrophilic polymer in
combination with the polyacrylic acid is provided. The hydrophilic polymer
may include, but is not limited to, alginate, chitosan, a hydrophilic polyamine, a
chitosan derivative, polylysine, polyethylene imine, xanthan, carrageenan,
quaternary ammonium polymer, chondroitin sulfate, a starch, a modiﬁed

cellulosic polymer, a dextran, hyaluronan or combinations thereof. The starch
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may include amylase, amylopectin and a combination of amylopectin and

amylase. Preferably, the hydrophilic polymer 1s chitosan.

DESCRIPTION OF THE DRAWINGS

Figure 1 shows a photo-digital image of transverse cross section through
early uncompressed wound dressing.

Figure 2 shows a photo-digital image of transverse cross section through
oriented lamella structures in uncompressed wound dressing.

Figure 3 shows a light photomicrograph of interconnected pOrous
chitosan wound dressing structure sectioned normal to base.

Figure 4 shows a Photograph of chitosan biomaterial wound dressing
after heating and compression.

Figure 5 shows a scanning electron photomicrograph of a typical base
surface of compressed chitosan wound dressing. Higher magnification inset (bar
= 100 micron). .

Figure 6 Sﬁows a histological stained section through chitosan/spleen
injury site and adjacent splenic surface. Agglutinated clot response (A) with a
mixture of fibrin/platelet rich blood clot (B) between patch and spleen. The
figures demonstrates very good adhesion between spleen and chitosan.

Figure 7 shows a photograph of thoracic aorta injury sealed with chitosan

patch.

Figure 8 shows a fixed thoracic aorta demonstrating perforation injury.

Figure 9 shows a stained histological section through thoracic aorta
injury.

Figure 10 shows a photograph of in vitro burst pressure failure in a
strongly adherent dressing.

Figure 11 shows a histogram of water and blood adsorption results for
gamma irradiated and un-irradiated (i.e., unsterilized) samples.

Figure 12 shows a detailed drawing of typical chitosan sponge

appeararnce.
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Figure 13 shows the effect of compression on sponge internal structure as
observed in sectioned typical 2% solution sponge compressed from 17mm to 5

mm thick.

Figure 14 shows a detailed drawing of single lamella showing surface
crenulations.

Figure 15 shows a detailed drawing of a lamella surface.

Figure 16 shows scanning electron microscopy (SEM) images of the
crenulated structuré protruding to the top surface of the lamella. Figures 16(a)-
16(g) shows the crenulations at various magnifications.

Figure 17 shows a light microscope image with side highting of single
lamella removed from near the base of a chitosan sponge using micro-tweezers.
Fine crenulated structure can be seen protruding normal to the top surface of the

lamella.

- DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
A. Compressed Sponges and Compressed Composite Sponges

The invention is directed to a first-aid/primary intervention wound
dressing for control of sevére, life-threatening bleeding. Such bleeding can be
fatal in ballistic injuries and severe arterial lacerations. There is an urgent need
for this type of dressing especially in the battlefield, where typically 50% of all
deaths are associated with an inability to immediately-control severe bleeding.

An advanced wound dressing for control of severe, life-threatening bleeding
should preferably have the following properties:

i) easily and quickly applied in one step after removal from package;

11) rapid and strong blood clotting:

111)  rapid and strong tissue adhesion:

iv) strong internal cohesive properties;

V) rapid and strong wound sealing:
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vi)  resistant to dissolution under strong blood flow:

vii))  good compliance with the injury;

viil)  initial good mechanical seating of bandage on tissue to stop slipping by
controlled tissue contacting surface texture; and

1X) ability to be treated roughly without compromising efficacy.

To this end, the invention is directed to advanced hemorrhage control
wound dréssings, and methods of using and producing such wound dressings.
The kind of severe, life-threatening bleeding contemplated by this invention is
typically of the type not capable of being stanched when a conventional gauze
wound dressing 1s applied with conventional pressure to the subject wound.
Alternatively, the nature of the severe, life-threatening bleeding is such that it is
not stanched when a conventional gauze wound dressing is applied with
conventional pressure to the wound and, if not controlied by other means, would
result in the person lapsing into a state of hypotension. Stated another way, the
severe, life-thréétening bleeding is generally not capable of being stanched when
a conventional gauze wound dressing 1s applied with conventional pressure to the
wound and would result in the systolic blood pressure of the person dropping to
a level of less than about 90 mm Hg.

The severe, life-threatening bleeding can also be described as a steady
high flow of blood of more than about 90 mL of blood loss per minute, such that
in about 20 minutes of bleeding a volume of more than about 40% of total blood
from a 70 kg human male would be lost, and the blood volume loss would
substantially reduce the likelihood of survival of the person. If this type of
bleeding was not stopped within 5-10 minutes, an injured person may lapse into
a hypotehsive condition, such that arterial blood pressure drops to less than 60
mm Hg. In many cases, the severe bleeding is caused by a ballistic projectile
injury or a sharp perforation injury or a blunt traumatic injury. In other cases,
the severe bleeding 1s caused by coagulopathy or internal trauma or surgical

trauma, motor vehicle trauma, farming accidents, and the like.
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The wound dressing of the invention is capable of stanching said severe
bleeding which is caused by a substantial arterial wound or a substantial venous
wound having a blood flow rate of at least about 90 mL/minute, a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>