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(57) Abstract: The present invention provides devices and methods for treating wounds. The devices may include polymer particles
capable of absorbing fluid such as blood. When devices of the invention are exposed to fluid, the fluid may enter the device and
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containment structure and then into the wound cavity.
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STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

This invention was made with U. S Government support under contract number
W81XWH-05-C-0044, monitored by U.S. Army Institute of Surgrcal Research The :: H

Government has certain rights in the 1nvent1on

FIELD OF INVENTION

The present invention relates to devrces and methods for the treatment of i 1nJur1es

which produce bleeding, including hlgh volume hlgh pressure bleedlng in prox1mal

extremities.

BACI\GROUND OF THE IN VENTION &
It is known that up to 10% of battleﬁeld fatalities occur because soldlers bleed to

death due to wounds inflicted on their proxlmal extremities, where it is often not possrble
to apply standard first aid methods, such as a toumlquet For example often, the only
way to treat injuries to the femoral artery is to locate the artery and clamp 1t In ; : iy
battlefield conditions, performing such work is not always posmble nor is 1t stmple to do.
Soldiers often operate in environments where it is cold, wet, and dark, makmg the .
medic’s job that much more difficult. An: injury to a major artery must be treated qulckly
to prevent life-threatening hemorrhage. . ’ ‘. L
The average sized adult male’s blood volume is apprommately 6 hters The loss
of about 20% of this blood volume, w1thout fluid replemshment to ensure blood pressure
is maintained, is potentially fatal. With fluid replenishment it is possible for a person in
good health to lose up to 50% of the blood volume without a transfu51on and still "
survive, as long as the total circulation fluid volume remains around 6 liters. Howie\%eir,f

this type of intervention is often not possible in the field.

Many of these deaths could be prevented through the development of devices and
techniques suitable for application in the field as temporary measures for 1mmed1ate 3 i
treatment. This is a problem that has, and continues to, receive rnuch attentlon. o 3
Castaneda et al. (Castaneda, F., Swischuk; J : L., Smouse, H. B.,'@Brady, T.,?f‘G‘elatin :

L
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Sponge Closure Device Versus Manual Compressron After Penpheral Artenal
Catheterization Procedures,” J. Vasc. Interv Radiol., Vol. 14, No 12 December 2003)
evaluated the safety and efficacy of a porcine gelatin sponge 1ntended to be used as an
alternative to manual compression after a smgle interventional radrology ractlce Thelr
“QuickSeal” system delivers the extravascular sponge over a wire. Although thlS
system appeared to provide benefit, it is unhkely that such an approach would be of use
on the battlefield because it requires an operatmg theater envrronment and a small clean
wound. : P ] ' t
Another study into the effectlveness of Arterial Punctu.re Closmg Devrces : ;
(APCD’s) conducted by Koreny et al. (Koreny, M., Rredmuller, E. lefardjam M., |
Siostrzonek, P., Mullner, M, “Arterial Puncture Closing Devices Compared Wlth . .' i
Standard Manual Compression After Cardiac Catheterization,” JAM4 Vol 291 No 3
January 2004) showed that many of the dev1ces intended to accelerate the healmg process
after procedures such as coronary anglography and percutaneous vascular mterventlons
are not very effective, and in some cases have negative effects.” The study concluded that
the APCD’s analyzed showed only margmal evidence that they are effectrve and there 1s
reason for concern that they may actually 1ncrease the risk of hematoma and C ;
pseudoaneurysm. ' ] : ', AR |
U.S. Patent Publication No. 2004/001 3715 discloses an example of a: hemostatrc
device containing a swellable polymer. However, the device described by 1 the this patent
publication does not appear to be ideally surted to preventing the clotting and gellmg of
blood from inhibiting absorption of blood by the polymer and preventmg ma\nrnal .
swelling of the device. P o o ;- S
While these and other conventional hemostatlc materlals and methods for : N

controlling bleeding are potentially useful i in certain situations and under certaln

conditions, a need exists for improved hesztatlc devices and methods tor;thelr use. !

SUMMARY OF THE INVENTION | -

The present invention relates to hernoStatic devices for treatfng a 'wound RS
comprising at least one porous membrane. forrmng at least one enclosure havmg an ;- i
interior and an exterior; a plurality of absorbent polymer particles contamed in the’

interior of the enclosure, the polymer pamcles collectively formmg a polymerlc mass and

,
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being configured to swell in the presence of a fluid; and a plurallty of w1ck1ng elements

contained in enclosure, the wicking elements capable of transportlng ﬂu1d 1nto an 1nte 'or

region of the polymeric mass. L ‘ : i :
The present invention also relates to hemostatlc dev1ces for treatmg a wound; o

comprising, at least one porous membrane deﬁnmg at least one enclosure havmg an

interior and an exterior, and a plurality of hemostatlc units contamed in the 1ntenor of the

at least one enclosure, wherein each hemostatlc unit contains a plurallty of: polymer o

particles collectively forming a polymerlc mass configured to swell ‘in the presence of a
fluid. o P :
The present invention also prov1des methods for treatmg a wound, comprnsmg
forming a hemostatic device contammg a plurahty of polymer partlcles w1th1n at least
one enclosure formed by one or more porous membranes, the polymer partlcles : :
collectively forming a polymeric mass and configured to swell i m the presence of a flu1d
the hemostatic device further containing a plurality of wicking elements contamed in thezz
enclosure, the wicking elements capable of transporting fluid 1nto an 1ntenor region of, :
the polymeric mass; and inserting the hemostatrc device into a wound cavxty | ' L
The present invention also provides methods for treatlng a wound compnsmg 3

inserting any inventive device described herem into a wound cav1ty

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are schematlc and are not intended to be drawn- to

scale. In the figures, each identical, or substant1ally similar component that is 1llustrated
in various figures is typically represented by a single numeral ot notatlon F or purposes
of clar1ty not every component is labeled in'every figure, nor 1s every component of each
embodiment of the invention shown where illustration is not necessary to allow those of
ordinary skill in the art to understand the 1nvent10n In the drawings: L 2
FIG. 1 shows a hemostatlc device and a method of its assembly accordmg to one
embodiment of the invention; : b . SESR ERRIRE
FIG. 1A shows a cross-sectional v1ew of the hemostatlc dev1ce of FIG l "
FIG. 2 shows a hemostatic device and a method of its assembly, accordmg to j
another embodiment of the invention; - ’

FIG. 2A shows a cross-sectional view of the hemostatic device of FIG 2;
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FIG. 3 shows one embodiment of a hemosta‘uc device wh1ch swells upon P
absorption of a fluid; ' ' '

FIGS. 4A-B show hemostatic dev1ces containing a plurahty of swellable

hemostatic units, according to certain embodlments of the 1nvent10n i ; Ej .f‘ 5

FIG. § is a graph showing the free. swell absorption kmetlcs of a superabsorbent .
polymer in 0.9% salt water solution, accordmg to one embodlment of the mventlon : ]

FIG. 6 is a graph showing the absorptlon kinetics of a superabsorbent polymer 1n
0.9% salt water solution under a pressure equ1valent to 15 mm Hg, accordmg to one
embodiment of the invention; : A 5

FIG. 7 is a graph showing the absorpuon kinetics of a superabsorbent polymer m
0.9% salt water solution under a pressure equlvalent to 60 mm Hg, accordmg 10 one i f
embodiment of the invention; : ' '

FIG. 8 is a graph showing the Mean Arterial Pressure (l\/IAP) measured dunng the
test treatment method described in Example 2, S SRR

FIG. 9 is a graph showing the survival rates and time of death of ammals hav1ng
wounds treated with hemostatic devices of the invention for (a) ‘the hemostat group and
(b) the control group in Example 3. ' : SRR

FIG. 10 is a graph showing the avérage of the mean arterial preSSure for (a) the g
hemostat group and (b) the control group, ‘measured over the duratlon of the experrments
conducted in Example 3. | . . '

FIG. 11 is a graph describing the (i) pre-treatment and (il) post- treaément mass .
and time normalized blood loss for (a) the hemostat group and (b) the control group 1n
Example 3. P ,, : ‘

FIG. 12 is a graph describing the post -treatment blood loss for (a) the hemostat
group and (b) the control group in Example 3. ‘ b S

FIG. 13 is a graph showing the' average of the mean arterﬁal pressure for (a):‘ the
hemostat group and (b) the control group, measured over the duratlon of the e)\perlment.s
conducted in Example 4. o , , ; :.

FIG. 14 is a graph describing the (1) pre-treatment and (11) post—treatment mass :
and time normalized blood loss for (a) the hemostat group and (b) the control group 1n :
Example 5. , ' P ,i Ly

FIG. 15 is a graph describing the post-treatment blood,loss for (a) the hemost:at'
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group and (b) the control group in Example 4,

DETAILED DESCRIPTION OF THE INVENTION

Generally disclosed herein are hemostatrc devices and. methods for absorpt1on of '

fluids (e.g., blood) using the devices. In some cases, the hemostat1c devrces of the o
invention utilize superabsorbent polymers to absorb fluids, causmg the devrces to swell

The devices, when swollen, can be used to exert pressure on the walls of a cavrty to

substantially reduce or stop the flow of fluid into and from the cavrty In certam
embodiments, the present invention provrdes hemostatic devices that, When placed in or
on a wound, are capable of exerting sufﬁc1ent pressure on the interior surface of the ‘
wound cavity in order to stop, or substantlally reduce, the loss of blood. In some cases
the devices may also facilitate clotting of blood by, for example absorbmg ﬂuld .
The hemostatic devices and methods of certain embodlments may be partrcularly

advantageous for treatment of battle-lnflrcted and traumatic wounds in Whlch there 1s "

substantial damage and the wound cavity 1s substantlally 1rregu1ar in shape Devrces and
methods of certain embodiments of the 1nvent10n can provide: the opportunlty to treat
wounds in the proximal extremities and torso where a tournlquet cannot be used
Certain embodiments of the present 1nventlon may also be used:to serve as a cntrcal

emergency first aid device to extend the t1me available for treatment of a wound to L

enable enough time for transport of the v1ct1m to a suitable facrhty for treatment Certam
embodiments of the inventive devices are -able to conform to any wound shape and rnay,- :
be adjustable in size. ' ; : A | . f | :
In some embodiments, devices of the invention advantageously have the ablllty to
exert controlled pressure to and/or in a wound independently, i. e without manual .
compression, making embodiments of the invention useful in the treatment of certam
non-compressible wounds, such as non—compress1ble abdommal wounds Another
advantage of certain devices of the invention is the ability to enhance coagulatlon or |
clotting of blood. In some embodiments, devrces of the mventmn may’ also be useful m
the treatment of traumatic pelvic injuries. ‘In an illustrative embodrment al devrce of the
invention may be introduced through a retroperitoneal approach in the pelvrs via a '
suprapubic incision. It is possible that the hemostat may represent a better: altematlve

than laparotomy pads for effective packmg in such embodrments

'h
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One basic function of devices of certaln embodiments. of the present mventron 1s
to serve as a blood absorption and/or pressure exertion device, (e g4 plug) in wounds

that exhibit hlgh-pressure bleedmg, such as wounds that may | be mﬂlcted on the

......

wounds may be highly irregular and present treatment problems if they areg ffered m the

proximal extremities. For example, a partlcular area of interest for certam embodrments :

of this invention relates to groin injuries, wh1ch often cannot be treated W1th a touqu' t
and, as a result, cause a high percentage of deaths by exsangulnatlon Devrces and : f
methods of certain embodiments of the 1nventlon can enable the quick treatment of
severe bleeding by the application of pressure directly on the walls of the wound cavrty
and on damaged blood vessels by certain devrces of the mventlon The pressure apphed .
may be sufficient to balance that which drlves the blood flow in, condltlons of severe 3
bleeding. Whilst under pressure, devices of certain embodlments of the 1nvent10n can’ ;
form a seal within the wound cavity, 1mped1ng the flow of blood through the cav1ty and
effectively plugging the wound. In other embodrments agents that promote blood o
clotting, as well as any other medicinal agents may be mcluded Such dev1ces can have
the added advantage of exerting pressure only where needed w1thout cuttmg blood ﬂow
to the surrounding areas. : P ‘
In some embodiments, devices. of the invention compnse a plurahty of
superabsorbent polymer particles contained within an enclosure such as-a membrane for
example, which may be elastic or 1ne1astrc Fluid, in such embodlments can pass S
through the membrane and contact the polymer particles, whlch swell upon absorptlon of
the fluid, causing the device to undergo geometrlc changes and to increase m size. FIG
3 shows an illustrative embodiment, wherein the device, in the absence of ﬂu1d may be
substantially flat, and, in the presence of fluid, may adopt a swollen mﬂated shape upon

absorption of the fluid. As a result of this; :swelling, the hemostatlc dev1ce becomes ? ¥

[
:vfa‘,

swollen and thereby can be used to apply pressure to a wound cav1ty RS
One advantageous feature of certain embodiments of the present 1nvent10n relates
to the ability to achieve enhanced swelhng of superabsorbent polymer partlcles w1thm the
hemostatic device, enabling the device to rapidly produce an enhanced amount of '
pressure on or within a wound. In some cases devices wluch employ swellmg actlon of A

superabsorbent polymers to absorb, for e\ample blood, may experlence premature e ;

6
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gelling of the blood at the surface of the devrce due to the coagulatlon propertles of blood

around a foreign object. The swelling behavror of superabsorbent polymers may be .
dramatically different in, for example,: water than it is m blood due t0 the partlculate '
content and coagulation propertres of blood whlch can give rlse to dlfferent swelhng .
kinetics. For example, in water, regardless of the salinity whrch affects ultlmate swollen

volume, a polymeric mass comprlsmg a plurallty of superabsorbent polymer partlcles

contained in a bag may swell freely since’ the ﬂow paths do not become obstructed untll ‘
sufficient pressure is built up to compress the polymer partrcles onto each other In il
blood, however, the polymer particles have a tendency to swell qulckly on the outer
surface of the polymeric mass, but the coagulatlon and partrculate content of the bloocl
may agglomerate in the flow channels between particles and can cause the outer layer to
gel and block the further ingress of blood,. leavmg the interior of the polymerlc mass dry
and unswollen. That is, clotted or coagulated blood may form a layer on the outer
surface of the device and prevent further absorpt1on of blood, such that a portlon of the
superabsorbent polymer material located in interior portions of the dev1ce 1s prevented
from contacting the blood and, thus, does not swell. In some cases a sufﬁmently large
portion of the superabsorbent polymer matenal is prevented from swelhng such that the
ability of the device to exert adequate pressure on the wound is hampered ; W
Without being bound by any pamcular theory or mechamsm of actlon 1t 1s L
believed that certain embodiments of the hemostatic devices of the present 1nventlon
cause rapid absorption of aqueous component(s) of the blood during, swellmg resultlng :
in dehydration of the blood. This, in some embodrments can facilitate, accelerate or :
otherwise enhance clotting. The rate of thlS process may be modulated, for e\cample to
reduce or prevent premature clotting that may prevent optimal swellmg '; AR
Accordingly, some embodiments of the invention make use of wmkmg elements
to promote the transport of fluid (e.g., blood fluids) into interior portrons of a hemostatlc
device to achieve enhanced swelling of the devxce In some certain embodlments, . !
wicking elements are used to facilitate the exertion of pressure m/on a wound as well as
for enhancing the clotting of blood. A “wrckmg element,” as used herem 1s glven 1ts ‘
ordinary meaning in the art and refers to a hydroph1hc material havmg the ab111ty to | E:
transport fluid via capillary action. The wwkrng elements may :be in the form of ﬁbers

(or yarn/thread comprising multiple ﬁbers) beads, tubes, sheets, or the llke In one E 5

7
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embodiment, the wicking elements transport ﬂu:d from an outer surface of a polymen
mass formed of absorbent polymer partlcles ‘within the hemostat Wthh outer surface 135
in direct contact with the fluid, to an mner portlon not in direct contact or not 1mt1ally 1n
direct contact, with the fluid. Examples of suxtable hydrophlllc materlals for formmg the

wicking elements include, but are not llmlted to, polyester, nylon acryllc, cellulosrc ‘or’

other not naturally hydrophilic materials that have been, rendered hydrophlhc for :

example, via a surface coating. Inclusron of w10k1ng elements 1n hemostatlc dev1ces

described herein may increase the rate: and amount of fluid absorbed by dev1ces of the
invention and the degree of swelling by i mcreasmg the exposure .of superabsorbent
polymer particles to fluid. -

As described more fully below, hemostatic devices of the inyerftiolf may bé é

constructed and arranged in vanous conﬁguratrons In some embodunents one or more
hemostatic devices may be mserted into the wound cavity mdlvldually and/or grouped

together as a multi hemostatic unit device. For example, in certain embodlments a:

plurality of hemostatic units, each comprlsmg a small hemostatlc dev1ce may be '
enclosed in a containment structure such as a membrane, bag, or other enclosure to form

a larger hemostatic device. In other embodlments a plurality of hemostatlc umts :

comprising isolated polymeric masses of absorbent polymeric partrcles may ‘be enclosed
by one or more membranes such that they: comprlse separate compartments W1th1n a

multi- -compartment hemostatic device. Slmrlar to the use of wmkmg elements

partitioning the overall mass of absorbent polymer material in the hemostatlc devme 1nt0:
a plurality of discrete, smaller hemostatic umts can serve to reduce premature | ;
coagulation and blood solids from preventmg blood fluids from bemg able! to gam access
to all of the absorbent polymer material of the device. In certam embodlments, the use of

wicking elements may be combined with a multi-hemostatic umt constructlon of. th X : '

hemostatic device to even further enhance the degree of fluid uptake and swelllng
achieved by the device in use. 4 : ; 3
In certain embodiments, the present 1nvent10n provides a hemostatlc dev1ce for
treating a wound, wherein the device compnses an enclosure comprising a porous .
membrane having an interior and an e\terlor and at least one, and more typ1cally a ;' P
plurality, of polymer particles contained in the interior of the enclosure In certarn :

embodiments, the polymer particles and any optional wicking elements assomate together

8
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to collectively form a polymeric mass and are conﬁgured to swell in the presence of a: &

fluid, such as blood. The hemostatic devrce may further compnse a plurahty of wwkmg

elements (e.g,. wicking fibers, w1ck1ng beads etc.) contamed in; ‘the mtenor of the s
membrane enclosure, wherein the w1ck1ng elements are capable of transportmg ﬂuld 1nto
an interior region of the polymeric mass. In one embodiment, the dev1ce 1s constructed

by blending and optionally bonding (e g. wnh a polymer such as propylene glycol as EE

described in more detail below) a plurahty of polymer particles (e g superabsorbent ‘
polymer particles) with a plurality of w10k1ng fibers and’ 1nsertmg the materlal mto a: :;
porous membrane enclosure, such as a porous bag constructed from for example a
honeycomb Lycra knit. The device may be de31gned to absorb blood fromi hlgh volume :
high pressure bleeding wounds and to swell and exert pressure dlrectly on the bleedmg '

site. The device may also form a mechamcal seal at the site, for e‘cample 1f the swollen

polymer particles fill in any empty space between the partlcles to effectlvely seal the
flow of blood. ' A
In some cases, the hemostatic dev1ce is specifically de51gned for large traumatlc
wounds. In some cases, the device is desxgned to address other types of bleedmg
wounds. In some embodiments, the device may be inserted d1rectly mto a wound cav1ty.;
In other embodiments, the device may be arranged within in a bandage placed onto or
over a wound. ; o
FIGS. 1 and 1A show an ‘illustrati\ie embodiment of a hemostatic device
Hemostatic device 10 comprises a first membrane 12, a second membrane 14 and R
absorbent material 16 contained between the membranes 12 and 14, Matenal 16 may
comprise a blend of superabsorbent polymer particles 11 and wwkmg elements such as
wicking fibers 13, and may further include other fibrous fillers. As descrlbed herem theé
wicking material may reduce coagulation of blood on the outersurface 15 of the devxce
which can reduce premature gelling and promote transport of ﬂuld (e. 8. blood ﬂulds) :
past the outer surface 15 of hemostatic dev1ce 10 and into absorbent matenal 16 :
Membranes 12 and 14 may be joined along their outer edges to form a seal 18 by glumg,g
sewing, heat sealing, or any other su1table=sea11ng method known to those sk;lled in the;
FIGS. 2 and 2A illustrate another embodlment of the 1nvent10n wherem

hemostatic device 20 is shaped like a disc and comprises a ﬁrst membrane 72 and a :

o .
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second membrane 24 joined along their outer edges whrle encapsulatlng a: matenal 26
between membranes 22 and 24. Materlal 26 may comprise a blend of superabsorbent
polymer particles and wicking fibers, as descrrbed above. Membranes 22 and 24, can be

joined as described above to form seal. 28 It should be understood that devrces of the

invention can be made in a variety of shapes srzes. and conﬁguratrons surtable for a

particular application. In some cases, the devrce may have drmensrons (e g length ‘
width) in the range of about 5 mm to about 200 mm, with a typ1cal range of about 20 mm
to 100 mm. The device thickness may. range frorm about 1 mm to about 50: mm, w1th a :
typical range being 5 mm to about 20 mm, . B

A single hemostatic device or multrple hemostatic devrces may be ut1lrzed for ‘;

absorption of fluid in the treatment of a wound In some embod1ments the use of

multiple hemostatic devices may be advantageous in that the devrces may be readlly :
adjusted to any size, shape, or conﬁguratmn of 2 wound by srmply addmg or removmg
individual hemostatic devices. Addmonally, a higher degree of shape conformabrhty
may be obtained using, for example, multlple small devices than with : a smg]e larger
device. A plurality of hemostatic devices may be carried in a small d1spenser and could
be extracted, as needed, and inserted into the wound. Altematrvely, the dev1ces may be
packaged in a tightly rolled conﬁguratlon, thus providing 1n1t1ally very thm swellmg e
devices that could be inserted in the rolled -up configuration even into tlght wound
entries, such as bullet wounds, for example L L E B

In some embodiments, devices of the invention rmay achreve enhanced swellmg
of the superabsorbent polymer particles by the inclusion of a plurahty of hemostatlc un1ts
in a single hemostatic device to mcrease the total surface area of superabsorbent polymer
particles exposed to fluid relative to a hemostat1c device havmg the same quantrty of
absorbent material but'in a single hemostatrc unit. This “compartmentahzatlon” 'of .
multiple hemostatic units within a single devnce can allow for. more efﬁcrent absorpt1on
of fluid. For example, such a device may compnse at least one porous membrane formed
into an enclosure having an interior and an exterior, and a plurahty of hemostat1c umts
contained in the interior of the enclosure, ivherein each hemostatic unit contams a:
plurality of polymer particles collectively forrmng a polymeric mass that are conﬁgured
to swell in the presence of a fluid. Some or all of the hemostatlc units may optlonally

comprise wicking elements capable of transporting fluid into an 1ntenor regron of the t

10
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polymeric mass of the unit. SR Do

In one embodiment, a hemostatic devrce can comprise. a; ﬁrst porous membrane :
and a second porous membrane sealed: together at selected locatlons to ‘form a; plurallty of
compartments, wherein each compartment compnses a hemostatlc umt as shown in FIG
4A. Hemostatic device 40 contains a plurallty of individual hemostatlc umts 42, each
formed by sealing a portion of membrane 44 to a portion of membrane ‘46 to form sealmg
borders 48 defining the compartments Each hemostatrc unit 42 may comprrse a plurallty
of superabsorbent polymer particles, as descnbed above: The hemostatlc devrce 40 can 5}
be folded as required to have a S1mllar effect as, for example, the msertlon of multlple
smaller hemostatic devices, or can srmply be laid over a wound opemng and then pushed
in to ensure contact all around the wound surface with excess dev1ce matenal srmply e ;

protruding from the wound. In some embodlments the sealing | borders between

individual hemostatic units may comprise perforatrons to act as a tear-off devrce
allowing the device size to be tailored as needed P A ' .
In another embodiment, 1llustrated inFIG. 4B, a hemostatlc devrce 50 may ‘
comprise a plurality of hemostatic units 52 wherem each hemostatic unit compnses at ’
least one porous membrane forming an enclosure that has an interior contarmng
absorbent polymer particles. The hemostatlc units may be, in tum contamed w1th1n the
interior of an enclosure formed by another membrane or other porous matenal or net—hke
structure. Hemostatic device 50 compnses a plurality of hemostatlc units 52 contamed 1n
a membrane enclosure 54. Upon contact wrth a fluid (e.g., blood) hemostattc devrce 50
adopts a swollen configuration 60. : ' ‘ 4
In some cases, the hemostatic units may achieve acceptable swellmg propertles
without addition of wicking elements, smce 1ncreasmg the total surface area of polymer
particles exposed to blood (e.g., via “compartmentahzmg”) can Teduce the depth of ﬂuld
penetration required to wet the polymeric mass throughout. Also faster absorptlon of
fluid may be achieved by compartmentalization. In some cases, the. swellmg and : A
consequent exertion of pressure may be obtamed through a largely melastlc geometry »
change of a number of smaller hernostatrc umts which, when actlng together produce a
single device capable of swelling to between 30 and 50 times its onglnal volume L |
It should be understood that, in some cases, it may be preferred that the 1nd1v1dual

hemostatic units further comprise wrckmg ﬁbers as described herein, to combme the . j' :
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effects of both the capillary action of the wnckmg fibers with the mcrease m exposed

surface area provided by the compartmentahzatron techmques descnbed above R
Without being bound by any part1cular theory or mechamsm of actlon it 1s ;

believed that, the physical swelling functron W1th this ¢ compartmentahzed” desrgn may

occurs at three levels. At the most basrc level the swelling is belreved to drlven by the

absorption of fluid through outer membrane 54 of the device and into the md1v1dual :
hemostat elements 52 contained within the devrce In such embod1ments w1clung ﬁbersé
may not be required since the polymer volume in each hemostatlc umt may be small ;
enough to be able to absorb and swell fully before gelhng/coagulatlon of ﬂu1d on the %
surface of membrane 54 and/or the hemostatlc unit occurs. At the next level each oy
hemostatic unit may swell to a maximum- bloat driven by the polymer wrthm and reach a
maximum swollen size, thereby acting as an independent swelling element of the overall;
hemostatic device. At the uppermost level a number of these mdependent hemostatrc

units interact with each other within a conﬁned space, defined by the enclosure formed

by the outer membrane of the overall hemostatic device. Imtla]ly, each hemostatlc umt' '

may be free to expand, but as they gain volume they begin to. e\ert pressure on each
other. At this level the device begins to act asa single unit, capable of exertmg and
transferring pressure throughout its external: geometry. This approach presents a .
potentially significant advantage for enhancmg swelling speed. By d1vrdmg the polymer}
mass into discrete hemostatic units, the polymer i is distributed more evenly through the '
wound than it would be if it was contamed ina smgle mass without: w1ckmg ﬁller Thls
can result in a much larger surface area of exposed polymer, which can sngmﬁcantly
increase swelling speed. With this approach the swelling speed ito max1mum bloat of the’;-
individual hemostatic units has been measured to be less than 30 seconds for certam e
geometries. Since this swelling happens throughout the overall hemostatlc dev1ce the
overall hemostatic device itself can bloat, for example to its maxrmum bloat 'in less than%
30 seconds, potentially giving it the capablhty to grow at a rate. of between 600% and .
1000% per minute. Furthermore, the addltron of wicking elements such as chkmg
fibers, in the hemostatic units may also result in a further increase in swellmg Speed

As described herein, the plurality of hemostatic units may be contamed ina
porous container or enclosure. In some cases the enclosure may be formed of a: .' |
membrane that may be a highly stretchable membrane or net-like structure whrch would%

l
LI
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not substantially limit the expansmn of the devrce as a whole, but Wthh would contam :

the hemostatic units in a single devnce Such a membrane or net may be made of any

suitable material; in certain embodlments 1t ;may be formed of a a blocompatnble and & R
highly elastic polymer. Such suitable polymers are well known to those skllled 1n the art3
and are commercially available. ‘In other cases the membrane i may be formed of i
substantially non-stretchable membrane, but imay be sized to prov1de an enclosure w1th |

enough excess volume, so that it does not substantlally limit the expansnon of the :

hemostatic device as a whole. ' Py . AR
The hemostatic units can be made in any suitable size such that they may be
contained with an enclosure or contamer of a desired size. For; e\ample for larger s
wounds, the size of the individual hemostattc units may be at least 20 mm m diameter’
before swelling, and the membrane enclosure containing the pluralrty of these elements :
may, for example, be an essentially square enclosure at least 20 mm X 20 mm in 51ze Of
course, the size of the membrane enclosure may be selected and vaned as would be
apparent to those skilled in the art, to prov1de sufficient volurne ito accommodate a
desired number of hemostatic units of a partxcular size, accountmg for the degree of
swelling of the hemostatic units and glven the maximum degree of stretch of the, © ! /i
membrane material. Similarly, membrane enclosures of vanous shapes may ‘be provrded
depending on the type of wound to be treated, étc., as would be apparent to those skllled
in the art. For example, for smaller wounds; the individual hemostatic umts may be 5
mm in diameter and the membrane contammg the plurality of these elements may be at
least 5 mm x 5 mm, depending on the factors noted above, It should be understood that
the device may have any size or shape requrred to suit a partrcular apphcanon ‘
Another advantageous feature of certam devices and methods of the mventlon 1s
the ability to provide for the three—dlmensmnal absorptlon of fluld ‘While many known |
absorbing devices are limited to a two dinmiensional geometry,- resultmg in planar A
transport, certain devices and methods disclosed herein can provrde three- dlmensmnal

flow of fluid through the device, resulting i in more efficient absorptlon of ﬂuld and

therefore, more efficient exertion of pressure on'a wound and/or sealmg of the wound ;
Absorption rates of certain hemostatrc devices descrxbed herem may be at least 20

to 21 grams, or more, of blood per gram of polymer within 5 minutes (or, m some cases

more than 5 minutes) in free-swelling conditions. This represents an average swelhng |

[
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rate of at least 400% per minute in blood in free swellmg condrtrons Typlcal absorptron
rates of certain devices, when swollen in de1omzed water in free swelhng condmons Can%,
achieve swelling ratios of as high as 140 grams of water per gram of polymer in 3 ' .
minutes, representing an average swell ratio, of 4500% per mmute Thrs comparrson
demonstrates the preference to conduct testmg of hemostatic devrces 1n blood rather than
water. Experimental data indicate that the swell behavior appears to be essentlally- .
exponential, and the majority of swellmg takes place soon after unmersron of the devrce
in the fluid. It has also been observed that external pressure tendsto have a srgmﬁcant :
effect on the swelling ratio, as swelling can depend strongly on the, balance between
internal pressure within the device and e\temal pressure. Typlcal polymer swelhng _
curves in 0.9% salt water, which mimics the salinity of human blood are shown in FIGS? '
5-7 for blends of sodium polyacrylate polymers comprising hrgh surface area partlcles
and poly-anionic beads in a 1:1 ratio. FIG. 5 is a-graph of the swellmg curve for the ‘
sodium polyacrylate polymer blend in 0. 9% salt water at 0 mm Hg pressure FIG.6is’ a
graph of the swelling curve for the sodium polyacrylate polymer blend in 0 9% salt water
at 15 mm Hg pressure. FIG. 7 is a graph of the swelling curve for the sodlum . | '
polyacrylate polymer blend in 0.9% salt water at 60 mm Hg pressure Drfferent results
can be achieved by varying the ratio of the polymer blend components : ’ .
Another aspect of the present invehtion provides methods for treatmg wounds B ?
using one or more hemostatic dev1ces, as described herein. Such methods may mvolve
inserting one or more hemostatic devices 1nto near, or onto the surface of a a wound : |
Superabsorbent polymers and polymer particles that may be uséd i m  the present |
invention to form hemostatic devices may: ‘be selected and/or desrgned to ewcert substantral
pressure to/within a wound upon swellmg and/or form a tight seal pressure effectrve ', ;|
enough, for example, to stop high pressure bleeding from transected prmcrpal artenes
The polymer may be used as an actuating : and sealing element, and in some cases may. '
preferably be a superabsorbent hydrogel. These polymers for example polymers based
on sodium polyacrylate, are known to be able to absorb hundreds of times therr werght- m‘
fluid. . : | .
A short description of the propertres and behavior of certam hydrogels is provrded
below, which hydrogels may be suitable for use in certain embodrments of the hemostat1c

device discussed herein. It should be noted that the list is not e\haustrve and those of
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ordinary skill in the art may readlly select of form other sultable absorbent matenals
using available information regarding the absorbency and swellmg propemes of vanous
materials and no more than routine expenmentatron and screenmg tests '

Polymer gels are typically characterlzed by long chain polymer molecules that are
crosslinked to form a network. This network can trap and hold’ flurd ’Wthh can gwe gels
properties somewhere between those of sollds and liquids.: Dependmg on the level of
crosslinking, various properties of a partlcular gel can be tallored F or example a h1ghly
crosslinked gel generally is structurally strong and tends to resrst releasmg ﬂuld under
pressure, but may exhibit slow transition tlmes A lightly crosshnked gel may be weaker
structurally, but may react more quickly dunng its phase transition. In'the de51gn of gels
for a particular application, the degree of crosslmkmg may be adjusted to aclueve the s
desired compromise between speed of, absorptlon and level of structural mtegrlty Those
of ordinary skill in the art would be able to 1dent1fy methods for modulatmg the degree of
crosslinking in such gels. ’ ‘ L ,' I I '

A property of gels in powder form that may be partlcularly useful m the present
invention is their ability to block flow: of ﬂuld and/or gas. Gels'in powder form when f
dry, can allow the passage of air and water in spaces that exist between the! packed :
particles, provided the particles are of sufﬂclent size to produce sufﬁmently large spaces

However, when this powder mass is brought into contact with a fluid med1um such as :
water, the particles at the surface of the mass begin to absorb fluld swell, and soften' If
the motion of the gels is somewhat restralned by restricting ar overall change in volume
the swelling particles can fill in the empty spaces between the part1c1es effectlvely |
sealing off the flow path. , R ‘ :

As long as fluid medium is present the gel tends to swell to’ regam a condltron of
equilibrium, which can ensure that the sedl is maintained. ‘In certam embodrments of the
present invention, fast swelling superabsorbent polymers are used in the creatlon of a
hemostatic device that is activated by the presence of water, erther fresh water or water
with a sodium ion concentration ranginhg from about 0 to 10%. Such propertles enable
the polymer to swell in the presence of blood by absorbing the water content of the blood"
while tolerating the presence of a sxgnrﬁcant concentration of other ,specres; 1n: bloo_d,f such
as sodium ions, for example. : | o

The nature of the fluid, more specit‘rc@ally the concentratiori of sodiuﬁm‘" ions, in :

1

'h



10

15

25

30

WO 2008/021212 PCT/US2007/017753

part, determines the degree of absorption and swelllng ratlo For example the polymeri |
may absorb 400 to 500 times its welght in dlstllled or delomzed water, but th1s may dropz
to 100 times if the water is ordinary tap water or.50 times or less if the water has a f
significant content of sodium ions. ThlS is because the water absorptlon is} drlven by a
property called osmotic pressure, whlch the polymer strives to malntam balanced at zero

differential with respect to the surrounding envrronment Osmotrc pressure at

equilibrium has been shown to be related to a combmatlon of the rubber elastrclty of the
polymer network, the polymer-polymer and polymer-solvent afﬁmty, and the 1omzat10n
of the polymer network. The rubber elast1c1ty of the network can provide a a mechamcal
restoring force to changes in volume. The affinity of the polymer for 1tself and the s ;
solvent can determine whether this component of osmotic pressure drrves 1t to absorb
fluid or not. Finally, the ionization of the network can determme the drlvmg force that
attempts to balance the ionization level of the polymer with that of the solvent in the e
surroundings. The ionization of the polymer network can provrde the opportumty to ' '
tailor the polymer’s behavior. By modlfymg the ionization of the polymer it 1s poss1ble
to affect the types of fluids that can be absorbed and the degree t to wh1ch they are P E
absorbed. For a given ionization, if the ﬂuld contains a higher i 1omc concentratron‘than |
the polymer, this component would not tend to drive absorptmn On the: other hand 1f
the fluid is deionized water, the driving force for absorption would be greater and the
swelling ratio correspondingly large. ' - : - ,
In some embodiments, the polymer partrcles comprise polyacrylates For K :
example, sodium polyacrylate-based superabsorbent polymers can be modrﬁed to provrde
polymer particles having a greater afﬁmty for sodium ions than the sodlum ions have forjg
water. In an illustrative embodiment, a polyacrylate—based superabsorbent polymer wnh
convoluted surface topology is used. This polymer is commercmlly avallable in varlous
suitable forms. In some cases, the polymier- may be a blend of ; a commerc1ally avarlable
sodium polyacrylate polymer with poly—amomc beads (PAB), as supplled by Champlon

Enterprises, Ft. Wayne, IN, that have an afﬁmty for sodium i 1ons and a surfactant

humectant, or other agent that assists in the absorption of water. Since the blend can be
tailored to suit the application, and each component is useful dependlng on; ‘the : :
application, the range of blend ratios can be between about 0% and 100% of sodrum f 2

polyacrylate and PAB, for example 0:100, 1 99, 2:98, 3:97, and 50 on Accordmg to the
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present invention, one suitable ratio is’ '50: 50 ie. approx1mately‘ equal parts of sodlum
polyacrylate polymer and PAB. Such'a polymer blend can exh1b1t sultable speed and P
swelling ratio requirements for functromng in blood. In. some cases certam blends of the
sodium polyacrylate polymer and PABs can ‘tolerate very hxgh sodlum 1on concentratlons
e.g. up to about 10% sodium ions, mcludlng levels found typlcally in blood Such .

polymers may be provided in powder form wrth average partlcle sizes rangmg, for ¥

example, between 1 micron and 1000 mlcrons orT, in some cases, between 200 mlcrons é

and 400 microns. The average particlé size may be determined by fractxonatmg the
polymer using sieves that encompass the minimum and maxlmum srzes of the des1red
size range in order to exclude particles out51de the desired size range In some cases the
polymer particle size is selected such that; when contained in hemostatlc dev1ces of the :
invention, the polymer particles may expand freely and completely, but may be prevented
from escaping into the blood stream through the walls of an enclosure contammg them
as described more fully below. Typical swellmg kinetics curves for the polymers used 1n
this invention, in 0.9% salt water, are shown in FIGS. 5-6. f’? -‘ RS
As used herein, “particle size” refersgto the largest characteristic dimension (i;é.
of a line passing through the geometric center of the particle e.g:, diarneterj that can he
measured along any orientation of a partlcle (e.g., a polymer partlcle) Pamcle 51ze as
used herein may be measured or estimated, for example, using a sreVe analys1s wherem
particles are passed through openings of a standard size in‘a screen The partlcle s1ze :
distribution may be reported as the welght percentage of partlcles retained on each: of a
series of standard sieves of decreasing size, and the percentage of particles passed of the
finest size. That is, the average particle size:may correspond to the 50% pomt in. the i
weight distribution of particles. ' ‘ o L S
It will be apparent to those skllled ‘in the art that a w1de range of swellable P
polymers can be used in devices-and methods of the present mventlon dependmg on the
desired performance and intended use. For e\ample polysacchandes,
isopropylacrylamides, and/or butylacrylam1des may also be used within the context of the
invention. Sodium polyacrylate polymers have been used in dlapers and other absorbentE
devices for many years because they have'a hlgh swelling capablhty, can swell in a |
matter of seconds, retain the fluid effectwely under pressure, and generally show no

adverse reaction on the human body.
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Wicking elements that may be sultable for use in the present mventron mclude 3
but are not limited to, fibers such as Nylon ﬁbers, highly convoluted w1ck1ng PET ﬁbers
polypropylene fibrous filler material, other hydrophrhc matenals capable of transportmg
fluids via caprllary action, and the hke Wrckmg elements may be hydrophlhc or coated
ordinary skill in the art would be able to select appropnate matertals to provrde wrcklng
elements for use in the present mventron based on the teachmg and dlrectlon provrded
herein. A screemng test for suitable wrckmg materials may 1nvolve unmersmg an: i
enclosed structure (e.g,a mernbrane(s) formrng an enclosure(s)) contarmng a hydrophrhc
material wicking element candidate and swellable polymer materral ina ﬂu1d and P :
examining the swollen material to determme whether or not the: hydrophthc matertal '
successfully transported fluid to the 1nter10r portions of the structure Tlus may be a
accomplished by, for example, cutting the swollen structure in half to e\camme the -
difference between the portions close to the surface of the structure and the portlons in !
the interior of the structure. . | :

As described herein, wicking ﬁbers and polymer pamcles may be combmed

together to produce the hemostat devices.: In some cases, a device comprrses a plurahty
of wicking fibers and a plurality of polymer particles which mteract to form a polymenc
mass, which is in the form of a ﬁbrous structure The mteractron may mvolve covalent
bonding, ionic bonding, hydrogen bonding, datlve bonding, electrostatrc mteract10ns van
der Waals interactions, other types of bondlng or interactions, and/or the lrke iIn some
cases, at least a portion of the plurality of. absorbent polymer pamcles are bonded to at. |
least a portion of the plurality of wicking elements. Such bondmg may produce a ﬁbrous
structure comprising intertwined fibers with.polymier particles bonded to the fibers., The
bonding between wicking fibers and polymer particles can also provide sufﬁment spacmg
between polymer particles to facilitate’ and/or maximize fluid absorptlon throughout the
device. | A ] i : :' :
The wicking fibers and polymer particles may be combined alone émi the D
presence of additional materials, such as bonding agents (e.g., propylene glycol : :
adhesives, etc.), solvents, and the like. Those of ordinary skill i in the art would be able to

identify materials and methods suitable for use in the formation: of structures compnsmg

wicking fibers and polymer particles, as described herein. For e‘cample the wrckmg ‘
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fibers, polymer particles, and at least one bondlng agent may be combmed such that a
cohesive structure is formed and/or sufﬁcrent bonding between wrckmg ﬁbers and :
polymer particles occurs, without reducmg or-diminishing the absorptlon propertles of
the structure (e.g., by encapsulating the polymer) ' D ' : .
In some embodiments, w10k1ng ﬁbers are used, whereln the dlameter of the j
wicking fibers may preferably be in the range of approx1mately 10-1 50 mlcrons The 5
blending of wicking fibers and polymer partrcles ‘may be performed by’ m1x1ng them j
together in the presence of a bonding agent such as propylene glycol for e\cample m a
mass ratio of approximately 1:10 (fiber:polymer) with the polymer partlcles Th15 may?
be achieved by dissolving the propylene glycol in a sufficient quantlty of alcohol mmmg
with the polymer particles, and allowing the -alcohol to evaporate The polymer partlcles
become coated with a small amount of propylene glycol, and are thén added to the, o .
wicking fibers and shaken in a closed contamer resulting in an- evenly drstrrbuted cloud
of polymer particles within a fibrous structure As described here the ﬁbrous structure
may maintain spacing between the polymer pamcles which, when combmed w1th the 5- .j
capillary action of the wicking fibers, mcreases the area for ﬂUId flow to- ensure complete
absorption and swelling. Those of ordmary skrll in the art-would be able to select '

additional methods and materials for bondmg of polymer partrcles to ﬁbers "

The mass ratio of polymer particles to ‘'wicking elements may be such that the iy

wicking paths are maintained for a sufﬁcrently long enough time to enable the entxre ; |
polymeric mass in the hemostatic device to swell. In some embodlments the preferred
blend ratio of wicking element mass to polymer particle mass ranges from approxrmately
1:10 to 1:2, with a ratio of 3 grams of w1ckmg element to 10 grams of polymer partlcles
being one example. In one embodiment, the mass ratio of wicking elements to polymer
particles is 1:3.3. Devices of the invention may advantageously: mamtam a hrgh ratro of '
absorbing material mass (e.g., superabsorbent polymer particlefmass) to wi‘ffcklng element
Membranes used for containing syyelling materials and, optionally, ?wicki,ng ﬁbers
as described herein, or for containing multiple hemostatic units ln'a‘-multi-llnit‘ d'e'vice 'f i
may be selected to suit a particular applrcatlon The membranes may comprrse an elast1c
material or a sufficiently sized non-elastic material, such that the membrane may enable

swelling of the polymer particles, and the’ dev1ce may undergo a change in srze and/or
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shape upon absorption of a fluid (e.g., blood), but may also be resrstant to tearmg and/or ’
puncturing. For example, in some cases, the membrane may be an elastrc materral that
may stretch in accordance with the swellmg polymer particles enclosed wrthln the

membrane. Examples of such elastic matenals include, for example polylsoprene

polybutadiene, polydimethyl siloxane, latex rubber and copolymer materlals such as

copolymers of polyurethane and polyethlyene glycol (Lycra), and the hke In some ca$s:
the membranes are made from a non-stretch or substantrally non—elastlc matenal In such
cases, the membranes may then be confi gured and sized such that the devrce imay stlll
undergo a change in size and/or shape. For example, the devrce .may be provrded such
that there is excess non-elastic material wh1ch can be folded or- rolled and,: upon :
absorption of fluid, the device may swell and Increase in size. Examples of su1table non—
elastic membrane materials include nylon, polypropylene polyethylene pol)ethylene : '
terephthalate (PET), polycarbonate, acrylrc polymers polystyrene cellulose or cellulose
esters, polysulfone, or the like. In certain embodlments the membrane may be in the : f
form of a continuous sheet that comprrses a plurality of pores therethrough In other
embodiments, the membrane may comprlse a plurality of fibers; conﬁgured for example
in the form of a non-woven felt or matt or, alternatwely, in the form ofa kmtted or
woven fabric or in the form of a screen. ‘ | L
Membranes suitable for use in the’ present invention may also contarn pores or: ‘
other openings through the membrane to facﬂltate more rapid passage of ﬂuld through
the membrane. A wide variety of suitable membrane materials havmg a; w1de varrety of
average pore size and pore size drstrlbutxon are readily commercrally avallable from! a
number of suppliers. In some cases, the pores of the membrane ‘may be sufﬁcrently small
to contain the polymer, or polymer and wrcklng fiber mixture; w1thout leakage whlle
sufficiently large to enable free fluid ﬂow In some cases, the membrane may possess
pores large enough to enable the uninhibited flow of blood. In s some embodrments the
pore size may be larger than the size of the polymer particles, for e\ample 1f the’ polymer
particles are blended with materials (e.g., wwkmg fibers) such that the blend is bonded
together and thereby able to be contained.: : Also, while the use of larger pore sizes may
result in the loss of a small number of particles through the membrane, the blood
pressure gradient within the wound cavity may ensure that any partlcles that are lost from

the device will remain in or near the wound cavrty Moreover even in the absence of
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such pressure, blood vessels will normally collapse thereby effectrvely preventmg the

entrance of loose particles into the crrculatory system even if they did leak from the

membrane. In some cases, the membrane:i 1s a mlcroporous membrane In some cases . :
the membrane may contain pores having an effectrve average drameter of about O 15 mm

to 1.0 mm, more preferably 0.2 mm - 0.5 mm. Pore sizes of the membranes may be

measured by, for example, a microscope, vra a porometer devrce via partrcle retentron
tests, or otherwise, as would be apparent to those skilled in the art Nomlnal pore 81ze for

a particular membrane material is typrcally spe01fied by the manufacturer and suppher of

the commercially available membrane materials. ' . :

The membrane may be formed from a single contmuous plece ora pluralrty of o
joined pieces. For example, at léast two membranes can be Jorned along thelr outer . .
edges, with the swelling materials contamed inside. Altematrvely, a smgle membrane

can be folded or otherwise formed into an, enclosure for contammg polymer partrcles 1' o

its interior. . : ' . )
Other characteristics that may be desrrable for materials used as membranes in the

present invention include hydrophilicity, biocompatibility, sufﬁcrent elastlcrty wrthout

excessive stiffness, and the ability to seal the membrane to 1tself or other membranes X

using conventional industrial methods:

In an illustrative embodiment, a comrnercially available,g hloneycom';b :k:'nit: Lycr E‘
fabric may be selected as the membrane. For example, SL-485. MlCl‘() Mesh Lycra T
available from various suppliers, which is; .a blend of 80% Polyester and ’70% Lycra wrth
a stretch of 25% in width and 50% in length may be selected as the membrane It should
be understood that other commercially avallable or custom made membranes may also be

used.

A number of alternative designs for achieving constructibns:that :en:able wrckmg
and/or absorption of blood into a hemostatrc device are possrble In some embodlments
a single layer or multiple layers of superabsorbent polymer may: be bonded toa stnp of
material (e.g., a hydrophilic fabric strrp) located in the interior of the devrce wrth a :
surfactant or water-soluble adhesive. Srrmlarly, in another embodrment the polymers
may be bonded to an interior surface of a $urrounding membrane of the devrce wrth ali
surfactant or water soluble adhesive. Such approaches may provrde as e*ctensrve a.

I

polymer surface as possible inside the dev1ce such that the maxrmum amount of polymer
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may contact the fluid, while reducing the length of the path the ﬂu1d has to travel 1n order

to make contact with the polymer. Also, bondrng the polymer to a surface wrthm the 3
device may prevent it from agglomeratmg ThlS may enable a more effectrve mﬁltratron
of fluid into the polymeric mass. ’ ' ) _ "

These above descriptions of appllcatrons for the 1nvent1ve devrces are not ;' ’
intended to be exhaustive, and merely 1llustrate some of the possrble embodlments and
uses of this invention. It will be apparent to ‘those skrlled in the art that certam , s
embodiments of this invention may be well suited for the temporary emergency pluggmg
of any leak within the pressure range of the devrce in which water, seawater or other
solvent able to swell the absorbent matenal forms at least part of the leakmg ﬂu1d It
will also be apparent to those skilled i 1n the art that by utilizing polymers that swell m the
presence of organic compounds, the device may be employed. i m mstances where the i |
leaking fluid is gasoline or oil, for example. ‘ . '

The function and advantage of these and other embodlments of the present
invention may be more fully understood from the examples below. The followmg a
examples, while illustrative of certain embodlments of the mventlon do not exemplrfy

the full scope of the invention,

EXAMPLES

Example 1: Manufacture of hemostatic deyice

A hemostatic device was tested on an animal using a Fatal Grom lnjury Model as
described below. During this test four hemostats were used, although any su1table
number may be used. The hemostats used comprised a 4" 4" SL—485 MICI'O Mesh
Lycra bag containing 10 grams of a 50-50 Jblend of sodium polyacrylate superabsorbent
polymers in two forms. One form is a hlgh surface area particle of arbltrary shape, whlch
provides speed and initial volume swell, and the other form is a poly—amomc bead form
which provides structural integrity and pressure (supplied by Champron Enterprlses Ft
Wayne, IN). The blend was then treated wrth 1 gram of" propylene glycol and 3.3 grams
of polypropylene fluff filler. The hemosta‘uc devices weighed 15 grams each ' . '

The hemostatic devices were manufactured by enclosing a blend of polymer and
fiber, as described herein, in a bag formed by bonding two 10 cm by 10 cm sheets of -
Lycra knit fabric. It should be clear that this size and weight were selected for the

22



10

15

20

25

30

WO 2008/021212 PCT/US2007/017753

5 !
'

purposes of testing and that the sizes, contents and ratios can be scaled up or down to su1t
any alternative application, test or wound type The typical constructmn and constructlon
process used in prototyping the preferred embodlment of this devnce lnvolves formmg a

blend of the propylene fibers with sodium: polyacrylate superabsorbent polymer partlclesé
attached to fibers using the propylene glycol The polymer and fiber- composrte is then t
inserted into the Lycra bag, which was then elther sealed with a. latex-based adheswe to
form the final hemostatic device. Altematwely, the bag may be heat-sealed whereln
fabric stretch and other performance characteristics may be substantlally retamed smce
the heat seal takes place fiber on fiber. ° - ' i ' .

Example 2: Live testing of the hemostatlc devrc , i ,

A pig (46.3 kg) was anesthetlzed and instrumented at the neck to read all relevant
vital signs. Ports were inserted for the 1ntroductxon of fluids. A complex grom mJury
was inflicted to produce uncontrolled hemorrhage. This injury mcluded transactlon of :
the proximal thigh soft tissues (skin, quadnceps and adductor muscles) and complete
division of the femoral artery and vein Just below the inguinal hgament ThlS was' : -.
achieved by incising these structures withia sharp scalpel (as descrrbed in, Alarn, H. B :
et al., “Application of a Zeolite Hemostatlc Agent Achieves 100% Survrval m a Lethal
Model of Complex Groin Injury in Swine;” J Trauma, Vol. 56, No 5, May 2004 i
incorporated herein by reference). ' ' | ‘

The wound was produced and bleedmg was allowed to occur freely After. 3
minutes of uncontrolled bleeding, the four test hemostatic dev1ces constructed as :
described in Example 1 were inserted into the wound. Once the hemostats jwere in place,:
a standard gauze dressing (67 grams) was used to pack the wound Subsequently, : ;’
manual compression was applied for 5 mmutes after which pressure was removed. and
the wound was observed. Fluid resuscitation began 15 minutes after the’ 1mt1al creatlon
of the injury, and the pig received 2 liters of staridard 0.9% saline solutlon admlmstered
intravenously, over a period of 30 minutes. The pig was monitored fora total of* 120 ‘
minutes after the time of injury. Midway through the experiment, the swellmg of the
hemostatic devices was apparent. At the end of the experiment | the plg was euthamzed :
At the completion of the test, the swelling had forced the gauze bandage out of the

wound site. The top of the bandages remained dry even as blood pressure 1ncreased
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during resusc1tat10n After removal of the gauze bandages at the end of the test the ;

hemostats were removed and studied. Bleedlng vessels had to be clamped off as the

hemostatic devices were removed to prevent further bleeding.. - _
The devices, which had been removed from the wound s1te were observed to‘
absorb blood throughout the device, as observed by exammatron of the swollen ‘
polymeric material. ‘ S
Blood loss during the initial 3 mmutes was measured contlnuously by suctlomng
the blood into a collection container. Blood loss during the remamder of the test (3 120
minutes) was measured by weighing all the dressings before and after the experlment and
adding the difference to the total blood loss t The blood loss is shown in Table L
Blood pressure was monitored throughout the duration of the test. The mean 2

arterial pressure (MAP) was calculated usmg the formula (2*D+S)/3 where Dri is: the '

diastolic pressure and S is the systolic' pressure FIG. 8 shows a graph of the MAP L
measured during the test treatment method described in this example I x
The hemostats showed an exeellent ab111ty to control and stop the bleedmg even
after increasing the blood pressure with the resuscitation fluids. Throughout the test '
there was clear visual evidence of the devices- swelling inside the cavrty and applymg :
pressure. Upon removal of the devices at the end of the test, several vessels 1n51de the
wound began bleeding heavily agam 1ndlcatmg that the hemostats were suecessfully :
sealing the bleeding sites the test. The p1g survwed the entire 120 minute duratxon of the?
experiment. o '

Table 1: Summary of blood loss and blood absorptlon by hemostats

Initial Final ‘Net blood Blood loss (ml) . Normahzed blood I

weight (g)  weight (g) absorbed (g) (1 g=0.95 mil) loss (ml/kg bod) wt), :
Initial blood loss - - - 812 X 17.5 ‘
Standard gauze 67 110 © 43 41 T B
Hemostat #1 15 83 . 68 . 65 S
Hemostat #2 15 76 61 . 58 S el ,
Hemostat #3 15 134 119’ 113 R R
Hemostat #4 15 69 547 , 51 B SN ‘

Total absorption - - : - 328 I AT

Example 3: Clinical testing of the hemostatic device — complete vessel tranj'sectioni s

A hemostatic device, as described in‘Example 1, was tested 1n 20 pigs using a
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model of fatal groin injury developed by Alam (as described in, Alam H B ‘etal.;
“Application of a Zeolite Hemostatic Agent Achreves 100% Survrval ina Lethal Model ‘
of Complex Groin Injury in Swine,” J Trauma, Vol. 56, No. 5, May 2004, rncorporated

herein by reference), inflicted under anaesthetlc, to produce uncontrolled hemorrhag:i.., ] 4

The injury included transection of the proxrmal thigh soft tlssues (skm quadr1ceps and

adductor muscles) and complete division of the femoral artery and vein Just below th |
inguinal ligament. After injury, the ammal was randomized 1nto one of two groups (a) a
hemostat group and (b) a control group. The control group was: treated usmg a standard
gauze dressing and the hemostat group was treated using the hemostat w1th the standard
gauze dressing. Three minutes of uncontrolled bleeding were allowed and then the ;
wound was packed with either standard gauze dressing for the control group, or, ‘
hemostats and the standard gauze dressmg for the hemostat group. Subsequently, manual
compression was applied to the wound for 5 minutes, after which pressure was removed
and the wound was observed. Fluid resustitation was applied 15 mlnutes after the 1n1t1a1
creation of the injury, and each pig received. apprommately 2 hters ad_]usted for body
weight, of standard 0.9% saline solution admrmstered mtravenously over a perrod of 30
minutes. Each pig was momtored for a total of 120 minutes after the-time of m_]ury
During the resuscitation and observation period, any reasonable; procedure that could be
applied in the field to ensure survival was: apphed as required. ThlS was’ done o 51mulate
field conditions as closely as possible. During the experiment & number of physrologlcal
indicators such as blood pressure, blood gas, and pulse were momtored and recorded for
later interpretation. At the end of each expenment each pig was euthamzed

The data measured during the éxpériments was studied to hrghlrght trends m
device efficacy. The key indicator of device efficacy was the survrval rate measured for .
both the control group and the hemostat group FIG. 9 shows'a graph of the survrval
rates and time of death of animals of (a) the hemostat group and (b)the control group
The control group, which counted n=9 ammals achieved a survrval rate of’ 44% usmg the
standard gauze dressing and standard resuscltatron procedures. The hemostat group,
which counted n=9 animals, achieved a survival rate of 100% by using the hemostat » :
device, a standard dressing and standard resuscnatlon procedures FIG 10 shows a graph
of the average of the mean arterial pressure for (a) the hemostat’ group and (b) the control

group, measured over the duration of each experiment. The data for the control group
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showed the average only for the surviving ammals meaning that the calculat1on of the
average at any point in time was- done only for animals that survnved at’ that tlme For the
surviving animals, the hemostat group showed a 51gn1ﬁcantly h1gher average MAP ;
particularly in the early stages of resuscltatlon This was a result of. reduced post- C
treatment bleeding in the hemostat group and illustrated the efﬁcacy of the’ hemostatrc

devices in stopping bleeding and holdmg pressure, which contnbuted to the overall hrgh

i

survival figures achieved in the hemostat ¢ group L ‘ § : f

The normalized blood loss (mass and tlme) measured before and after .
application of the wound dressings is summarlzed by the graphs in FIGS 1 1-12. The
pre-treatment blood loss (0-3 min) was obtamed by dividing the. total mass; of blood g
collected before treatment by the mass of the animal and by the pre—treatment tlme The
post-treatment blood loss (3-120 min) was obtained by dlvrdmg the total mass of blood
collected after start of treatment by the ammal mass and the time to death after removmg
the initial 3-minute period. This calculation accounted for the ammals that died before
the end of the experiment and, consequently, stopped bleeding (Ahuja et al “Testrng of
Modified Zeolite Hemostatic Dressings in a Large Animal Model of Lethal Grom : '.
Injury,” Journal of Trauma, Injury, Infectzon and Critical Care December 2006) The

difference in post-treatment blood loss showed that the hemostat made a s1gmﬁcant

difference in its reduction. , . b SN

FIG. 11 shows a graph describing t the (i) pre-treatment and (ii) postitreatment i
mass and time normalized blood loss for (a) the hemostat group'and (b) the control
group. FIG. 12 shows a graph describing the post-treatment blood loss for (a) the
hemostat group and (b) the control group.: ' The post-treatment blood loss was sealed 1n
FIG. 12 so that the relative difference between the hemostat and control groups could be
more easily observed. The hemostat group, on average, bled one fi fth of the amount
measured in the control group after the applrcatlon of treatment and resuscrtatlon clearly
demonstrating the efficacy of the device. : : ‘ .

The above results demonstrated that the swelling hemostat devices descrlbed
herein work well in this swine model of lethal groin injury w1th complete transectron of
the femoral vessels. This was demonstrated by the difference in survival numbers (100%
for the hemostat versus 44% for the control group), by the dlfference in post-treatment
blood loss (0.06 ml/kg/min for the hemostat versus 0.34 ml/kg/mm for the control .

26



10

15

20

25

30

WO 2008/021212 PCT/US2007/017753

group), and by the significantly h1gher MAP achieved during resuscrtatlon by the : :
hemostat group. No secondary side effects such as exothermrc heatrng, were observed
Additionally, there was no need for drymg, wettmg, cleaning, or other treatment of the
wound site i

ot

Example 4: Clinical testing of the hemostatlc device during partral vessel transectlon

In this example, the hemostat devrces, as descnbed in Example 3, were tested

using a modified model of fatal groin mjury in p1gs The model requlres partlal

transection of the femoral arteries in order to prevent vasoconstnctron and coIlapse

~v2

ensuring continued severe bleeding. In addmon the time perlod of free bleedrng and the%

period of application of external pressure were reduced resultmg in hlgher pressure :
bleeding at the time of treatment. Thus the devrce needed to provrde suffictent pressure
to remain in contact with the bleeding site. The test protocol/procedure was 1dentlcal to

that described in the Example 3, except for the wound, which entalled a partral

transection of the femoral vessels.

FIG. 13 shows a graph of the average of the Mean Artenal Pressure for (a) the
hemostat group and (b) the control group, measured over the duratlon of each
experiment. The hemostat group showed a si ignificantly higher average MAP
particularly in the early recovery stage before resuscitation and’ the later stages of :
resuscitation. This illustrates the efficacy iof the swelling hemostatlc devrce in’ stoppmg
bleeding and holding pressure, which contributed to the overall high survrval achleved 1n
testing. i g : o
FIG. 14 shows a graph descnbmg the (1) pre-treatment (0-1 min) and (i1) post— :
treatment (1-120 min) mass and time normahzed blood loss for (a) the hemostat group
and (b) the control group. FIG. 15 shows a graph describing the post-treatment blood
loss for (a) the hemostat group and (b) the control group scaled to better show the L
differences. The pre-treatment rate of blood loss correlated weil with the pre treatment
rate of blood loss in Example 3. In addition; the relative reductlon in post—treatment
blood loss also correlated well with the post—treatment blood loss in Example 3, even -
though the absolute rate of post treatment blood loss was lower.: These results 1ndlcate =
that the swelling hemostatic device was able to effectively control hemorrhage in the a

partial transection model with reduced apphcatlon of external pressure.
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'

While several embodiments of the 1nvent10n have been descnbed and 1llustrated
herein, those of ordinary skill in the art W111 readlly envision a varrety of other means and
structures for performing the functlons and/or obtammg the results or advantages
described herein, and each of such vanatxons, modifications and 1mprovements 1s ‘ is
deemed to be within the scope of the present invention. More generally, those skllled m

the art would readily appreciate that all parameters dlmensmns materlals and

configurations described herein are meant to be exemplary and that actual parameters
dimensions, materials, and conﬁguratlons w111 depend upon speclﬁc apphcatrons for
which the teachings of the present mvent10n are used. Those sk111ed in the; art W111
recognize, or be able to ascertain usmg no more than routine e)\penmentatlon many‘
equivalents to the specific embodlments of the invention descrlbed herem It 1s ‘.
therefore, to be understood that the foregoing embodiments are presented by way of
example only and that, within the scope of the appended clalms and eqmvalents thereto
the invention may be practiced otherwise than as specifically descrlbed The present
invention is directed to each individual feature system, material and/or method descnbed
herein. In addition, any combination of two'or more such features, systems matenals
and/or methods, provided that such features systems, materials and/or methods are not
mutually inconsistent, is included within the scope of the present 1nvent10n L e
In the claims (as well as in the spe01ﬁcat10n above), all transmonal phrases or
phrases of inclusion, such as “comprising,” “1nclud1ng,” «“ arrymg,” “havmg,
“containing,” “composed of,” “made of,” “formed of,” “ mvolvmg” and the like shall be
interpreted to be open-ended, i.e., to mean “mcludmg but not hmlted 16" and therefore, :
encompassing the items listed thereafter and equivalents thereof as well as addmonal ‘
items. Only the transitional phrases or phrases of inclusion con31st1ng of’ and el
“consisting essentially of” are to be 1nterpreted as closed or seml-closed phrases
respectively. The indefinite articles “ and > as used herem in the speclﬁcatlon and
in the claims, unless clearly indicated to the contrary, should be understood to mean at
least one.” . P ' =
All references cited herein, 1nclud1ng patents and pubhshed apphcatlons, are!
incorporated herein by reference. In cases where the present specrﬁcatlon and a
document incorporated by reference and/or referred to herein include conﬂlctmg

disclosure, and/or inconsistent use of termmology, and/or the meorporated/'.referenoed.;‘
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1. A hemostatic device for treatmg a wound comprlsmg

at least one porous membrane formmg at least one enclosure havmg an 1nter1or

and an exterior;

a plurality of absorbent polymer partlcles contained in- the mtenor of the
enclosure, the polymer particles collectlvely forming apolymerlc mass and bemg

configured to swell in the presence of a ﬂuld and

a plurality of wicking elements contalned in enclosure, the w1ck1ng elements P

capable of transporting fluid into an interior region of the polymenc mass.| 1 i

2. The device of claim 1, wherein the at least one porous membrane compnses a
first membrane and a second membrane, the first membrane and the second membrane

sealed together to form the enclosure.

3. The device of claim 1, wherein the pcrous membrane is a micropor%)ns
membrane. ' -

4. The device of claim 1, wherein the pclymer particles comprise pdl)/facfylates.g

5. The device of claim 1, wherein the polymer particles cqfnprise sodiiurn
polyacrylate. ; : X

6. The device of claim 1, wherein the polymer particles comprise polyi-anjonié :
beads. [ AN

7. The device of claim 1, wherein the wicking elements comprise wicljcing fibers.
8. The device of claim 7, wherein the wicking fibers each Have a diameter in the e

range of 10-150 microns.
9. The device of claim 1, wherein the wicking elements cdmprise a hy.fdrophilicj‘ L

material.
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10. The device of claim 1, whereln the porous membrane is formed of an elastlc
material. ' : '
11. The device of claim 1, wherem the porous membrane is formed of nylon Lycr

polyethylene terephthalate, and/or polypropylene ‘ -I .E '

12. The device of claim 1, wherein the porous membrane compnse pores havmg an -

average pore size of 0.15 mmto 1.0 mm

13. The device of claim 1, wherein the porous membrane comprlse pores havmg an f

average pore size of 0.2 mm to 0.5 mm.

14. The device of claim 1, wherein the polymer particles are bonded to an 1nter10r

surface of the porous membrane.

15. The device of claim 14, wherem the polymer pamcles are bonded to the mtenor’

surface of the porous membrane using a surfactant and/or water-soluble adheswe

16. The device of claim 1, wherein the polymer particles are. bonded to a str1p of Y

material located in the enclosure.

17. The device of claim 16, wherein the polymer partlcles are bonded to a stnp of

material located in the enclosure using a surfactant and/or water—soluble adheswe

18. The device of claim 1, wherein the devrce is configured : and 51zed to be 1nserted‘i

directly into a wound cavity.
19. The device of ¢laim 1, wherein thef fluid comprises blood.

20. A hemostatic device for treating a wound, comprising: " .
at least one porous membrane defining at least one enclosure havmg an mterlor B

and an exterior, and
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a plurality of hemostatic units contained in the interior of the at.least ohe _ .

enclosure,

wherein each hemostatic umt contams a plurality of polymer part1cles collectlvely

forming a polymeric mass conﬁgured to swell in the presence of a ﬂmd

21. The device of claim 20, wherem each hemostatic unit further comprlses w1ck1ng

elements capable of transporting fluid 1nto an interior reg1on of the polymerlc mass

22. The device of claim 20, cbmprisiné a first porous memBrane and-a seEOnd ;')orotlsi
membrane, the first porous membrane and the second porous membrane sealed together
to form a plurality of compartments, wherem each compartment compnses a. hemostatlc
unit. ‘ - o .' Pl
23. The device of claim 20, wherein each hemostatic unit firther compnses at least

one porous membrane defining a second enclosure containing polymer partlcles

24.  The device of claim 20, wherein the at least one porous membrane is a’

microporous membrane.

25.  The device of claim 20, wherein tlle polymer particles comprise polyeerylates. e
26. The device of claim 20, wherein the polymer particlescompri’se socliftlm e
polyacrylate. b ' Lo

27. The device of claim 20, wherein the polymer particles comprise poly-:anion'iel
beads. s ;

28. The device of claim 21, wherein the wicking elements comprise Wi&;’;l{ing ﬁbers
29. The device of claim 28, wherein tlle wicking fibers each:have a d‘iar:heter in the;

range of 10-150 microns.

32



10

15

20

25

30

WO 2008/021212 PCT/US2007/017753

30. The device of claim 21, wherein the wicking element is;formed of a hydroéhlllc?

material.

31. The device of claim 20, wherein the porous membrane 1s forrne:cléoff anelastrc
material. - Lo
32. The device of claim 20, wherem the porous membrane is forrned of nylon Lycra

polyethylene terephthalate, and/or polypropylene

33. The device of claim 20, wherem the porous membrane comprlse pores havmg an

average pore size of 0.15 mm to 1.0 mm

34. The device of claim 20, wherein the Eporous membrane comprises p%ores havihg.ah

average pore size of 0.2 mm to 0.5 mm.

35.  The device of claim 20, wherein the polymer particles are bonded to an inner E

surface of the membrane.

¢

36. The device of claim 35, wherein the polymer particles are bonded to the 1nterlor

surface of the membrane using a surfactant and/or water-soluble adhesrve

37. The device of claim 20, wherein the polymer particles are bonded to a strip of : ¥

material located in the enclosure.

38. The device of claim 37, wherein the polymer partlcles are bonded to the stnp of

material using a surfactant and/or water-soluble adhesive.

39. The device of claim 20, wherein the device is sized and.conﬁgured ;to be in'serteglf

directly into a wound cavity.

40. The device of claim 20, wherein the fluid comprises blood.
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41. A method of treating a wound,’ compnsmg _ b HEERS

forming a hemostatic device contammg a pluralrty of polymer partwles w1th1n at
least one enclosure formed by one or more porous membranes, the polymer partlcles
collectively forming a polymeric mass conﬁgured to swell in the presence of a ﬂuld the
hemostatic device further containing a plurahty of w1ckmg elements contamed in the . ;
enclosure, the wicking elements capable of transportmg fluid 1nto an mtenor reglon of

the polymeric mass; and

inserting the hemostatic device into a wound cayity.

42.  The method of claim 41, wherein the device is inserted directly intoﬁ a woundé. e

cavity.

43.  The method of claim 41, wherem the devrce is mserted mto a wound cav1ty 3

together with additional devices.

44. The method of claim 41, wherein the fluid compris‘es blood. -

45. The device of claim 1, wherein at ledst a portion of the plurahty of absorbent ?‘

polymer particles are bonded to at least a portion of the pluralxty of W1ck1ng elements

46. The device of claim 21, wherem at ]east a portion of the plurahty of polymer . ;

particles are bonded to the wicking elements

47. The method of claim 41, wherein at least a portion of the plurahty of polymer

particles are bonded to at least a portion of the wicking elements.
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