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FLOWABLE COLLAGEN-BASED 
HEMOSTAT AND METHODS OF USE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present application is a divisional of U.S. patent 
application Ser. No. 13/411,324, filed Mar. 2, 2012, which 
claims the benefit of the filing date of U.S. Provisional 
Application No. 61/449,292 filed Mar. 4, 2011, the disclo 
sures of which are hereby incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

Excessive bleeding or hemorrhaging has always been a 
significant issue with many medical or Surgical procedures. 
Because of this, the medical industry has continuously 
sought new and improved products to inhibit bleeding in a 
patient, and methods of establishing hemostasis. In general, 
these hemostatic products and processes assist in the rapid 
initiation of a hemostatic plug formed through platelet 
activation, aggregation, adhesion and gross clot formation at 
a tissue target site. 
A wide variety of hemostatic products are made from 

different base materials, such as collagen, gelatin, oxidized 
regenerated cellulose, fibers, gauze sponges and fibrin. 
These products are used in a wide variety of medical and 
Surgical procedures. For example, microfibrillar collagen is 
used extensively for wide-area parenchyma bleeding and for 
laparoscopic procedures. Hemostatic sponges are used in 
Surgical as well as dermatological applications where adher 
ence to the wound site and ease of removal are important 
considerations. 
A number of hemostatic collagen-containing devices have 

previously been described. For example, U.S. Pat. Nos. 
5,428,024; 5,352,715; and 5,204,382 generally relate to 
fibrillar and insoluble collagens that have been mechanically 
disrupted to alter their natural physical properties. Injectable 
collagen compositions are described in U.S. Pat. Nos. 4,803, 
075 and 5,516,532. International application WO 96/39159 
describes a collagen-based delivery matrix made of dry 
particles in the size range from 5 um to 850 um, where the 
particles are Suspended in water and have a particular 
Surface charge density. A bioactive agent is then incorpo 
rated in the matrix prior to administration to a patient. U.S. 
Pat. No. 5,196,185 describes a collagen preparation having 
a particle size from 1 um to 50 Lum useful as an aerosol spray 
to form a wound dressing. U.S. Pat. No. 7.320,962 describes 
a hemostatic composition having a population of crosslinked 
polymer (e.g. gelatin or collagen) integrated into a non 
crosslinked polymer (e.g. gelatin or collagen) population, 
Such that the non-crosslinked collagen dissolves at the 
wound site, releasing the crosslinked collagen to form a 
hemostatic hydrogel. U.S. Pat. Nos. 6,063,061; 6,066,325 
and 6,706,690 also describe hemostatic compositions that 
include soluble and/or non-fibrillar collagen, with plasticiz 
ers and hemostatic agents, such as thrombin, integrated 
within the composition. 

Collagen pads have also been used to improve wound 
healing or to stop bleeding, via platelet aggregation and 
activation, the formation of thrombin on the surface of 
activated platelets, and the formation of a hemostatic fibrin 
clot by the catalytic action of thrombin on fibrinogen. 
Hemostatic agents are typically added to the collagen pads. 
For example, in U.S. Pat. No. 4,600.574 a collagen based 
tissue adhesive combined with fibrinogen and factor XIII is 
described. The fibrinogen and factor XIII are combined with 
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2 
the collagen by impregnating the flat collagen material with 
a solution comprising fibrinogen and factor XIII, and 
lyophilizing the material. U.S. Pat. No. 5,614.587 describes 
bioadhesive compositions comprising crosslinked collagen 
using a synthetic hydrophilic polymer. 

However, because no single device or process can meet 
the dynamic applications of the medical industry, there 
continues to be a need to provide alternative systems and 
methods for achieving hemostasis, particularly composi 
tions that do not require the use of additional hemostatic 
agents, such as thrombin. Thus, there continues to be a need 
for flowable hemostatic compositions that can easily be 
delivered to tissue and establish hemostasis without delaying 
or inhibiting tissue repair. There is also a need for hemostatic 
compositions that promote wound healing; and hemostatic 
compositions that readily adhere to the tissue but not to 
Surgical materials. Such as gauze. The present invention 
satisfies this need. 

SUMMARY OF THE INVENTION 

The present invention relates to a hemostatic composition. 
The composition includes crosslinked collagen, wherein the 
composition has a porosity controlled by the ratio of percent 
collagen Solids to percent crosslinker when crosslinking the 
collagen. In one embodiment, the hemostatic composition 
has a porosity greater than about 50% and a surface area of 
between about 0.5 to about 30 m/g. In another embodiment, 
the crosslinked collagen includes at least one material struc 
ture from the group consisting of fibers, ribbons, ropes and 
sheets. In another embodiment, the number of structures is 
controlled by the ratio of percent collagen solids to percent 
crosslinker when crosslinking the collagen. In another 
embodiment, the number of structures is controlled by the 
collagen concentration prior to freezing the collagen. In 
another embodiment, the number of structures is controlled 
by the temperature and rate of freezing when the collagen is 
lyophilized. In another embodiment, the collagen is micro 
fibrillar collagen. In another embodiment, the collagen is 
fibrillar collagen. In another embodiment, the hemostatic 
composition includes at least one biological agent. In 
another embodiment, the at least one biological agent com 
prises thrombin. In another embodiment, the crosslinked 
collagen is in a physiologically acceptable liquid vehicle. In 
another embodiment, the liquid vehicle is water, saline, 
calcium chloride or a combination thereof. In another 
embodiment, the composition is flowable, such that it can be 
easily dispensed from a syringe having at least a 1.6 mm 
opening. 
The present invention also includes a method of fabricat 

ing a flowable hemostatic composition. The method includes 
the steps of crosslinking about 0.1-10% collagen with a 
crosslinking agent at a ratio between about 7.5:1 to 500:1, 
lyophilizing the crosslinked collagen until dried, and recon 
stituting the crosslinked collagen at a concentration of about 
50-200 mg/mL. In one embodiment, the crosslinking agent 
is glutaraldehyde. In another embodiment, the collagen is 
microfibrillar collagen. In another embodiment, the collagen 
is fibrillar collagen. In another embodiment, the crosslinked 
collagen is reconstituted in a physiologically acceptable 
liquid vehicle. In another embodiment, the liquid vehicle is 
water, Saline, calcium chloride or a combination thereof. In 
another embodiment, the method further includes the step of 
adding at least one biological agent. In another embodiment, 
the at least one biological agent comprises thrombin. In 
another embodiment, the method further includes the step of 
controlling the porosity of the crosslinked collagen by 
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controlling the temperature and rate of freezing during 
lyophilization. In another embodiment, the method further 
includes the step of controlling the porosity by controlling 
the collagen concentration prior to freezing the collagen. In 
another embodiment, the method further includes the step of 
controlling the material structure of the crosslinked collagen 
by controlling the temperature and rate of freezing during 
lyophilization. In another embodiment, the material struc 
ture includes at least one from the group consisting of fibers, 
ribbons, ropes and sheets. 
The present invention also includes a hemostatic compo 

sition formed by the steps of crosslinking about 0.1-10% 
collagen with glutaraldehyde at a ratio between about 7.5:1 
to 500:1, lyophilizing the crosslinked collagen until dried, 
and reconstituting the crosslinked collagen at a concentra 
tion of about 50-200 mg/mL. 

The present invention also includes a wound healing 
composition. The composition includes crosslinked collagen 
at a concentration of between about 50-200 mg/mL, wherein 
the composition has a porosity controlled by the ratio of 
percent collagen Solids to percent crosslinker when cross 
linking the collagen. 
The present invention also includes a composition com 

prising crosslinked collagen, wherein the composition has a 
porosity controlled by the temperature and rate of freezing 
used to manufacture the composition. 

The present invention also includes a composition com 
prising crosslinked collagen, wherein the composition is 
flowable such that it can be easily dispensed from a syringe 
and where the flowability is controlled by the presence of at 
least one material structure from the group consisting of 
fibers, ribbons, ropes and sheets. 
The present invention also includes a method of promot 

ing hemostasis at a bleeding site comprising applying a 
hemostatic composition to the bleeding site, wherein the 
hemostatic composition includes crosslinked collagen hav 
ing a porosity controlled by the ratio of percent collagen 
Solids to percent crosslinker when crosslinking the collagen. 
The present invention also includes a method of promot 

ing wound healing at an injury site includes applying to the 
injury site a composition of about 1-5% crosslinked collagen 
that has been lyophilized and reconstituted at a concentra 
tion of about 50-200 mg/mL. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For the purpose of illustrating the invention, there are 
depicted in the drawings certain embodiments of the inven 
tion. However, the invention is not limited to the precise 
arrangements and instrumentalities of the embodiments 
depicted in the drawings. 

FIG. 1 is an illustration of the formation of insoluble 
fibrillar collagen structures from tropocollagen. Triple heli 
cal tropocollagen, which is soluble at a low pH, forms a 
staggered fibrillar structure which is substantially insoluble 
in water as pH is increased. 

FIGS. 2A-2C are a set of flowcharts for exemplary 
methods of fabricating a hemostatic composition of the 
present invention. FIG. 2A is a general method for fabricat 
ing a hemostatic composition; FIG. 2B is an exemplary 
method of fabricating a hemostatic composition using glu 
taraldehyde as a crosslinker; FIG. 2C is an exemplary 
method of fabricating a hemostatic composition using EDC/ 
NHS as a crosslinker. 

FIGS. 3A-3D are SEM images at a magnification of 500x 
of 1% collagen samples. FIG. 3A is a non-crosslinked 
control, and FIGS. 3B-3D are samples crosslinked with 
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4 
glutaraldehyde (GTA) for 4 hours at 500:1 (FIG. 3B), 250:1 
(FIG. 3C) and 100:1 (FIG. 3D), frozen at -28° C. and 
lyophilized until dry. 

FIGS. 4A-4C are SEM images at a magnification of 250x 
of 1% collagen crosslinked at a ratio of 100:1. Collagen 
pellets of 1% collagen crosslinked at 100:1 were frozen at 
-28°C. (FIG. 4A), at -80°C. (FIG. 4B) or in liquid nitrogen 
(FIG. 4C) and lyophilized until dry. 

FIGS. 5A-5C are SEM images at a magnification of 500x 
of 1% collagen crosslinked at a ratio of 100:1. Collagen 
pellets of 1% collagen crosslinked at 100:1 were frozen at 
-28°C. (FIG. 5A), at -80° C. (FIG. 5B) or in liquid nitrogen 
(FIG. 5C) and lyophilized until dry. 

FIGS. 6A-6C are SEM images at a magnification of 
1000x of 1% collagen crosslinked at a ratio of 100:1. 
Collagen pellets of 1% collagen crosslinked at 100:1 were 
frozen at -28°C. (FIG. 6A), at -80°C. (FIG. 6B) or in liquid 
nitrogen (FIG. 6C) and lyophilized until dry. 

FIGS. 7A-7C are SEM images at a magnification of 50x 
of 1% collagen crosslinked at 100:1, which were ground 
using 3x3 sec pulses, and reconstituted at 150 mg/mL. 
Samples were frozen at -28°C. (FIG. 7A), at -80° C. (FIG. 
7B) or in liquid nitrogen (FIG. 7C) prior to lyophilizing 
(until dry), grinding and reconstitution. 

FIGS. 8A-8C are SEM images at a magnification of 250x 
of 1% collagen crosslinked at 100:1, which were ground 
using 3x3 sec pulses, and reconstituted at 150 mg/mL. 
Samples were frozen at -28°C. (FIG. 8A), -80° C. (FIG. 
8B) or in liquid nitrogen (FIG. 8C) prior to lyophilizing 
(until dry), grinding and reconstitution. 
FIGS. 9A-9C are SEM images at a magnification of 

1000x of 1% collagen crosslinked at 100:1, which were 
ground using 3x3 sec pulses, and reconstituted at 150 
mg/mL. Samples were frozen at -28°C. (FIG. 9A), at -80° 
C. (FIG. 9B) or in liquid nitrogen (FIG. 9C) prior to 
lyophilizing (until dry), grinding and reconstitution. 

FIGS. 10A-10D are SEM images of structural differences 
in crosslinked collagen materials. The primary material 
structures are fibers (A), ribbons (B), ropes (C) and sheets 
(D). 

FIGS. 11A and 11B are SEM images of glutaraldehyde 
crosslinked microfibrillar collagen materials (250:1) 
lyophilized at a freezing rate of -1° C./min (A) and a 
freezing rate of -0.5° C./min (B). Images are at 500x 
magnification. 

FIGS. 12A-12D are SEM images of lyophilized glutaral 
dehyde crosslinked microfibrillar collagen materials (250:1) 
undiluted (A), and diluted by volume in USP water at 1:1 
collagen (B), 1:5 collagen (C) and 1:10 collagen (D). 

FIGS. 13 A-13B are SEM images at a magnification of 
500x of 1% collagen (FIG. 13A) and Surgiflo(R) (FIG. 13B) 
after hemostasis had been achieved through application of 
the material to a bleeding site. 

FIGS. 14A-14C are SEM images of 5% collagen (FIG. 
14A, 1500x), Floseal R (FIG. 14B, 1500x), and Surgiflo(R) 
(FIG. 14C, 1000x) after hemostasis had been achieved 
through application of the material to a bleeding site. 

FIGS. 15A-15B are SEM images at a magnification of 
3000x of 1% collagen (FIG. 15A) and 5% collagen without 
the addition of thrombin (FIG. 15B) after hemostasis had 
been achieved through application of the material to a 
bleeding site. 

FIGS. 16A-16D are histology sections at a magnification 
of 20x of collagen samples in a liver defect. FIG. 16A is 
0.1% fibrillar collagen crosslinked at a ratio of 40:1, FIG. 
16B is 1% fibrillar collagen crosslinked at a ratio of 25:1, 
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FIG.16C is 1% microfibrillar collagen crosslinked at a ratio 
of 250:1, and FIG. 16D is Floseal(R). 

FIGS. 17A-17C are histology sections at a magnification 
of 10x of collagen samples shown at the material/tissue 
interface 8 weeks after implantation. FIG. 17A is 1% micro 
fibrillar collagen crosslinked at a ratio of 100:1, FIG. 17B is 
1% microfibrillar collagen crosslinked at a ratio of 250:1, 
and FIG. 17C is 0.1% fibrillar collagen crosslinked at a ratio 
of 10:1. 

FIG. 18A-18E are SEM images of EDC/NHS crosslinked 
collagen at 500x magnification. FIG. 18A is a EDC/NHS 
Control; FIG. 18B is material crosslinked at half the EDC/ 
NHS concentration relative to the control; FIG. 18C is 
material crosslinked at two times the EDC/NHS concentra 
tion relative to the control; FIG. 18D is material crosslinked 
using EDC/NHS chemistry for 2 hours; and FIG. 18.E is 
material crosslinked for 16 hours using EDC/NHS chemis 
try. 

DETAILED DESCRIPTION 

The present invention relates generally to hemostatic 
compositions and methods for promoting hemostasis. Pref 
erably, the present invention relates to flowable, hemostatic 
compositions that are collagen-based, and provides for the 
precise, localized placement of the hemostatic composition 
(or device) in an actively bleeding site, such that the device 
remains localized therein to establish hemostasis. The inven 
tion also relates to hemostatic compositions and methods for 
promoting wound healing. In various embodiments, the 
hemostatic compositions comprise crosslinkable collagen 
molecules Suitable for promoting hemostasis or wound 
healing. In some embodiments, the compositions optionally 
include a biological agent, such as thrombin. In certain 
embodiments, the time needed to establish hemostasis is less 
than about 10 minutes in an actively bleeding site. In 
preferred embodiments, the time needed to establish hemo 
Stasis is less than about 2 minutes in an actively bleeding 
site. Hemostasis can be established within this timeframe 
with or without the use of the additional biological agents. 

The hemostatic composition of the present invention can 
further be used in a variety of applications where known 
Surgical hemostats and Sealants have been used. For 
example, the present invention can be used as a Surgical 
hemostat or sealant, a wound repair adhesive, a soft tissue 
augmenter and a soft tissue Substitute. In some embodi 
ments, greater Surface area is desirable for establishing rapid 
hemostasis by creating an optimized platform for platelet 
adhesion and clot stabilization. In certain embodiments, the 
compositions of the present invention are both hemostatic 
and promote wound healing. 

Swelling characteristics of the compositions of the present 
invention are dependent not only on the material forming the 
composition (collagen), but also on the porosity of the 
composition and the extent of crosslinking. Thus, Swelling 
characteristics of the compositions can be controlled by 
controlling the porosity of the composition and the extent of 
crosslinking. In preferred embodiments, Swelling of the 
composition is optimized to promote hemostasis, yet prevent 
the composition from impinging on the Surrounding tissues. 

The porosity of the composition can be manipulated by 
the temperature and/or the rate of freezing during the drying 
process. Porosity can also be manipulated according to the 
crosslinking ratio used in the crosslinking step during fab 
rication. 
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6 
Definitions: 
The definitions used in this application are for illustrative 

purposes and do not limit the scope of the invention. 
The articles “a” and “an are used herein to refer to one 

or to more than one (i.e. to at least one) of the grammatical 
object of the article. By way of example, “an element' 
means one element or more than one element. 
“About as used herein when referring to a measurable 

value Such as an amount, a temporal duration, and the like, 
is meant to encompass variations of +20%, +10%, +5%, 
+1%, or +0.1% from the specified value, as such variations 
are appropriate to perform the disclosed methods. 

“Equivalent,” as used herein, may refer to a mass ratio. 
For example, if using one gram of collagen, then one 
equivalent would be one gram of another material. Such as 
a crosslinking agent. 

“Collagen', as used herein, refers to a natural polymer 
derived from connective tissue. Although collagen can take 
many forms: partially denatured and sometimes partially 
fragmented; monomeric with a native triple helical confor 
mation as in procollagen; polymerized into a five-mer aggre 
gate as in microfibrillar collagen; or polymerized into 
higher-ordered cable-like fibrils as in fibrillar collagen, a 
“collagen molecule' may be taken to describe any of these 
entities or molecular forms of collagen as described herein 
throughout. 

Fiber-like structures that are not greater than 30 um in 
diameter are known as “fibers”. “Ropes' are bundles of 
fibers. "Ribbons' are described as structures that are smooth 
and flat with a width that is greater than a fiber width. 
Structures that are not fibers, ropes or ribbons that are flat are 
called "sheets'. 

“Glutaraldehyde' (GTA), as used herein, is a compound 
containing two equally reactive aldehyde groups that can 
each react with an amine to chemically crosslink collagen. 

“N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide 
hydrochloride” (EDC) and “N-hydroxysuccinimide” (NHS), 
as used herein, refers to two compounds that, when used in 
combination, react synergistically to chemically crosslink a 
carboxylic acid group and an amine group in collagen. 
“Sodium hydroxide' (NaOH), as used herein, is a base 

that, when diluted, can be used to help increase the pH of a 
Solution. 

“Hydrochloric acid (HCl), as used herein, is an acid that 
can be diluted and used to help lower the pH of a solution. 

“Percent (%) solids, as used herein, is expressed as mg 
material per mL. For example, 1% solids is approximately 
10 mg/mL. 

“Crosslinking, as used herein, refers to the joining of at 
least two molecules (such as, for example, collagen), to each 
other by at least one physical or chemical means, or com 
binations thereof. 

“Isolated” means altered or removed from the natural 
state. For example, a peptide naturally present in a living 
animal is not "isolated,” but the same peptide partially or 
completely separated from the coexisting materials of its 
natural state is "isolated.” An isolated protein can exist in 
Substantially purified form, or can exist in a non-native 
environment. 

“Naturally occurring as used herein describes a compo 
sition that can be found in nature as distinct from being 
artificially produced. For example, collagen present in an 
organism, which can be isolated from a source in nature and 
which has not been intentionally modified by a person in the 
laboratory, is naturally occurring. 
The terms “diminish' and “diminution,” as used herein, 

means to reduce, Suppress, inhibit or block an activity or 
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function by at least about 10% relative to a comparator 
value. Preferably, the activity is suppressed, inhibited or 
blocked by 50% compared to a comparator value, more 
preferably by 75%, and even more preferably by 95%. 

The terms “effective amount” and “pharmaceutically 
effective amount” refer to a nontoxic but sufficient amount 
of an agent to provide the desired biological result. The 
desired biological result can be reduction and/or alleviation 
of the signs, symptoms, or causes of a disease or disorder, 
the reduction of bleeding, wound healing or any other 
desired alteration of a biological system. An appropriate 
effective amount in any individual case may be determined 
by one of ordinary skill in the art using routine experimen 
tation. 
An “individual”, “patient’ or “subject' as used herein, 

includes a member of any animal species. Such animal 
species include, but are not limited to, birds, humans and 
other primates, and other mammals including commercially 
relevant mammals such as cattle, pigs, horses, sheep, cats, 
and dogs. 
As used herein, the terms “peptide,” “polypeptide,” and 

“protein’ are used interchangeably, and refer to a compound 
comprised of amino acid residues covalently linked by 
peptide bonds. A protein or peptide must contain at least two 
amino acids, and no limitation is placed on the maximum 
number of amino acids that can comprise a protein's or 
peptide's sequence. Polypeptides include any peptide or 
protein comprising two or more amino acids joined to each 
other by peptide bonds. As used herein, the term refers to 
both short chains, which also commonly are referred to in 
the art as peptides, oligopeptides and oligomers, for 
example, and to longer chains, which generally are referred 
to in the art as proteins, of which there are many types. 
“Polypeptides’ include, for example, biologically active 
fragments, Substantially homologous polypeptides, oligo 
peptides, homodimers, heterodimers, variants of polypep 
tides, modified polypeptides, derivatives, analogs, fusion 
proteins, among others. The polypeptides include natural 
peptides, recombinant peptides, synthetic peptides, or a 
combination thereof. 
The term “treatment” as used within the context of the 

present invention is meant to include therapeutic treatment 
as well as prophylactic, or suppressive measures for the 
disease or disorder, the reduction of bleeding, increased rate 
of wound healing or any other desired alteration of a 
biological system. Thus, for example, the term treatment 
includes the administration of a composition prior to or 
following the onset of bleeding, thereby establishing hemo 
Stasis. 
As used herein, an “instructional material” includes a 

publication, a recording, a diagram, or any other medium of 
expression which can be used to communicate the useful 
ness of a compound, composition, formulation or delivery 
system of the invention in the kit for affecting the conditions 
recited herein. For example, the instructional material can 
describe one or more methods of reducing bleeding at a 
targeted treatment site. The instructional material of the kit 
of the invention can, for example, be affixed to a container 
which contains the identified compound, composition, for 
mulation, or delivery system of the invention or be shipped 
together with a container which contains the identified 
compound, composition, formulation, or delivery system. 
Alternatively, the instructional material can be shipped sepa 
rately from the container with the intention that the instruc 
tional material and the compound be used cooperatively by 
the recipient. 
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Ranges: throughout this disclosure, various aspects of the 

invention can be presented in a range format. It should be 
understood that the description in range format is merely for 
convenience and brevity and should not be construed as an 
inflexible limitation on the scope of the invention. Accord 
ingly, the description of a range should be considered to 
have specifically disclosed all the possible subranges as well 
as individual numerical values within that range. For 
example, description of a range Such as from 1 to 6 should 
be considered to have specifically disclosed Subranges Such 
as from 1 to 3, from 1 to 4, from 1 to 5, from 2 to 4, from 
2 to 6, from 3 to 6 etc., as well as individual numbers within 
that range, for example, 1, 2, 2.7, 3, 4, 5, 5.3, and 6. This 
applies regardless of the breadth of the range. 
Collagen-Based Hemostatic Compositions 
The hemostatic compositions of the present invention are 

formed primarily of collagen crosslinked with a crosslinking 
agent, Such as glutaraldehyde. In some embodiments, EDC 
and NHS, or other carbodiimides may be used to crosslink 
collagen. In yet other embodiments, transglutaminase, geni 
pin or an avidin-biotin interaction may be used, alone or in 
combination with other crosslinkers, to crosslink collagen 
molecules in the compositions. The compositions may 
optionally include a biological agent, such as thrombin. The 
compositions may also optionally include additional poly 
mers, such as polyethylene glycol. In a preferred embodi 
ment, the composition of the present invention is comprised 
predominantly of collagen due to the Superior hemostatic 
properties of collagen versus other materials such as gelatin. 
Crosslinkable Collagen 

Collagen, preferably hypoallergenic collagen, is present 
in the composition in an amount sufficient to provide hemo 
static activity, as well as to thicken the composition and 
augment its cohesive properties. In addition to thickening 
the composition, the collagen acts as a macromolecular 
lattice or scaffold. This feature gives more strength and 
durability to the resulting clot. The collagen may be atelo 
peptide collagen or telopeptide collagen (e.g., native colla 
gen). For example, the collagen used as a starting material 
may be derived from collagen collected from any number of 
mammalian Sources, such as bovine, porcine and human. In 
another example, the collagen may come from any source, 
including corium collagen, tendon collagen, and collagen 
flour. It should be appreciated that the present invention is 
not limited to any particular type and/or source of collagen. 
The collagen molecule preferably comprises at least one 

crosslinkable moiety that is able to form a bond, directly or 
indirectly, with another crosslinkable moiety on another 
collagen molecule. Any crosslinkable moieties known in the 
art may be used. By way of non-limiting examples, the 
collagen molecules can be crosslinked by covalent interac 
tions, by non-covalent interactions, by thermally reversible 
interactions, by ionic interactions, or by combinations 
thereof. These moieties can be crosslinked by physical, 
chemical, thermal, or photoinitiation (e.g., visible, UV) 
means, or by any combination thereof. The initial amount of 
collagen Suitable for the crosslinking steps of the present 
invention may be equal to or less than about 5% solids. In 
other embodiments, the amount of collagen is between about 
0.1-10% solids. In still other embodiments, the amount of 
collagen is between about 0.3-5% solids. In one preferred 
embodiment, the amount of collagen is about 1% solids. In 
another preferred embodiment, the amount of collagen is 
about 0.1-5% solids. 
One form of collagen which is employed may be 

described as at least “near native' in its structural charac 
teristics. In various embodiments, the collagen may be 
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characterized as resulting in insoluble fibers at a pH above 
5. In some embodiments, the collagen comprises fibers 
having diameters in the range of from about 10 to about 500 
nm and there will be substantially little, if any, change in the 
helical structure. In certain embodiments, the majority of the 
fibers have diameters in the range of from about 20 to about 
100 nm. In addition, the collagen must be able to enhance 
gelation in a Surgical sealant composition. In preferred 
embodiments, the starting collagen material is microfibrillar 
type I collagen. In other embodiments, the starting collagen 
material is fibrillar collagen. Other form of collagen which 
are employed may include microfibrillar collagen mixed 
with at least partially denatured collagen or gelatin. 
Although collagen can take many forms: denatured and 
Sometimes partially fragmented; monomeric with a native 
triple helical conformation as in procollagen; polymerized 
into a five-mer aggregate as in microfibrillar collagen; or 
polymerized into higher-ordered cable-like fibrils as in 
fibrillar collagen, a “collagen molecule' may be taken to 
describe any of these entities or molecular forms of collagen 
as described hereinthrougout. 
As contemplated herein, microfibrillar collagen may be 

used and may further provide several advantages in selected 
applications. For example, microfibrillar collagen has a 
strong platelet activating activity owing to its ability, via the 
presence of glycine-proline-hydroxyproline repeats and 
integrin binding sites in its triple helical domain, to ligate 
and activate platelet GPVI and C.231 integrin receptors. 
Second, microfibrillar collagen assembles into collagen 
fibrils which provide a rigid substrate and mesh-like network 
to support platelet adhesion and clot stabilization. Third, 
during clot dissolution and wound healing, microfibrillar 
and fibrillar collagen bind cells and growth and differentia 
tion factors, thereby serving as an ideal Substrate for tissue 
regeneration. 

In another embodiment, collagen in Solution is used in the 
generation of collagen for the hemostatic composition. Col 
lagen in Solution (CS) consists of triple helical tropocollagen 
which is soluble at a low pH (such as around 2). Increasing 
the pH allows the collagen fibers to interact through hydro 
gen bonding, thereby forming a microfibrillar structure. As 
a result of adjusting the pH (using NaOH and/or HCl) to 
approximately 6.5-8 and optionally adding calcium ions (or 
similar charged particles or ions) during precipitation, the 
microfibrils begin to associate and form a staggered fibrillar 
structure which is substantially insoluble in water, as 
depicted in FIG. 1 (adapted from Sweeney, et al., J. Biol. 
Chem. 2008, 30, 21187-21197). This is due to a combination 
of electrostatic interactions and increasing molecular 
weight. The increase in pH upon precipitation causes the 
carboxylic acid groups to be deprotonated, which gives an 
overall neutral charge to fibrils. The association of the fibers 
into larger fibrillar structures that are tightly bound, and have 
a net charge close to neutral, increases the repulsion of water 
thereby helping to decrease the solubility of collagen fibrils. 

The amount of the collagen in the hemostatic composition 
can be varied to provide hemostats of differing viscosities 
and strengths, depending on the particular application. In 
Some embodiments, the collagen is a flowable composition 
dispersed in Saline to provide a final concentration in the 
composition (reconstituted) of less than or equal to about 
200 mg/mL. In other embodiments, the reconstituted con 
centration is between about 50-250 mg/mL. In still other 
embodiments, the reconstituted concentration is between 
about 100-200 mg/mL. It should be appreciated that any 
concentration of collagen may be used, provided the colla 
gen continues to provide hemostatic activity, and remains 
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10 
Sufficiently flowable so as to be administered via a syringe, 
preferably having an opening of at least 1.6 mm. Any type 
of Syringe Suitable for carrying 1 cc to 20 cc of material can 
be used, such as 5 to 6 cc, and 10 to 12 cc of material. 
Crosslinking Agents 

After precipitating collagen and diluting to the desired 
concentration, a second processing step is carried out to 
crosslink the collagen. Crosslinking, Such as with glutaral 
dehyde (GTA) or other aldehydes, makes the collagen 
substantially insoluble by forming covalent bonds, which 
are not easily broken, between collagen fibrils. During this 
crosslinking step, the GTA forms covalent bonds between 
crosslinkable moieties, such as between amine groups, and 
possibly some carboxylic acid groups, in the amino acids in 
collagen. This forms a matrix of fibrillar collagen, by 
formation of covalent bonds that are more difficult to break 
than weaker hydrogen bonds, thereby resulting in a Substan 
tially insoluble crosslinked material. Other methods for 
crosslinking collagen with glutaraldehyde are described in 
U.S. Pat. Nos. 4,582,640 and 4,642,117, the disclosures of 
which are incorporated by reference herein. 

In some embodiments, a transglutaminase is used to 
crosslink collagen molecules. Transglutaminases are known 
to catalyze the formation of covalent bonds between a free 
amine group (e.g., protein-bound lysine) and the gamma 
carboxamide group of protein-glutamine. Bonds formed by 
transglutaminase are highly resistant to proteolytic degra 
dation. Non-limiting examples of transglutaminases useful 
in the compositions and methods of the invention include 
Factor XIII and Streptomyces mobaraensis transglutaminase 
(e.g., Activa TGTM). In other embodiments, genipin or an 
avidin-biotin interaction may be used, alone or in combina 
tion with other crosslinkers, to crosslink collagen molecules 
in the compositions and methods of the invention. In certain 
embodiment, lysyl oxidase (LO) may be employed. LO is a 
copper-dependent amine enzyme (oxidase) that crosslinks 
extracellular collagen by catalyzing the formation of cova 
lent bonds between the aldehydes from lysyl and hydrox 
ylysyl side chains. In this manner, cells could be transfected 
with LO to crosslink collagen. 

In additional embodiments, carbodiimides such as N-(3- 
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride 
(EDC) and N-hydroxysuccinimide (NHS) may be used to 
catalyze a crosslinking reaction between collagen mol 
ecules. EDC/NHS is known to form chemical bonds 
between a free amine group and a carboxylic acid group. 
EDC and NHS facilitate the reaction between the two 
functional groups but do not remain in the final crosslinked 
material; as a result EDC/NHS is referred to as a "zero 
length' crosslinker. This reduces the risk of adverse reac 
tions because the resultant material is composed only of 
collagen. The highly water soluble compounds EDC and 
NHS are removed during washing steps and do not remain 
in the crosslinked collagen material. For example, crosslink 
ing at a concentration of about 0.4-0.5% collagen can be 
achieved with EDC and NHS at a ratio between 850 mg 
EDC (4.5 mmol) and 210 mg NHS (1.8 mmol) to 3.7 g EDC 
(18 mmol) and 840 mg NHS (7.2 mmol). 
Acyl azide, and diimidoesters (such as dithiobispropi 

onimidate (DTBP), dimethyl suberimidate (DMS) and 
3.3'dithiobispropionimidate (DTBP) are other chemical 
crosslinking agents for collagen. Alternatively, dry heat 
(DHT), UV irradiation and photochemical crosslinking 
including photo initiators may be used separately or in 
combination with other crosslinkers described herein. For 
example, photo initiators may include Rose Bengal or ribo 
flavin. 
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In some embodiments, crosslinking of collagen may be 
carried out before use of the formulation for hemostasis; 
while in other embodiments, crosslinking may be carried out 
at the time of application while the formulation is being used 
for hemostasis. The above examples are non-limiting. It 
should be understood that various other materials used to 
crosslink collagen may be used. 
Material Fabrication 

As contemplated herein, the collagen-based hemostatic 
compositions of the present invention may be manufactured 
according to the following steps, and as outlined in the 
flowcharts of FIGS. 2A-2C. FIG. 2A provides a general 
method for fabricating a hemostatic composition. FIG. 2B 
provides an exemplary method of fabricating a hemostatic 
composition using glutaraldehyde as a crosslinker. FIG. 2C 
provides an exemplary method of fabricating a hemostatic 
composition using EDC/NHS as a crosslinker. 

First, collagen in Solution is precipitated using a buffer 
then centrifuged to obtain a collagen pellet that can be 
diluted with USP water to a desired concentration. Next, the 
collagen is crosslinked to create a Substantially insoluble 
material that is capable of achieving hemostasis. The con 
centration of collagen used during the crosslinking step is 
termed "percent solids' and is based on the mass of collagen 
per Volume of liquid, for example 10 mg/mL collagen would 
be 1% solids. Preferably, the process utilizes a concentration 
of about 1% solids during crosslinking. 
The ratio of crosslinking agent, Such as glutaraldehyde, to 

collagen may vary. Prior to the addition of GTA, the pH is 
adjusted to between about 6-11, and preferably between 
about 7-10. In one preferred embodiment, the pH is adjusted 
between 8.0-8.2, to create optimal conditions for the cross 
linking reaction. The mass of glutaraldehyde (GTA) used is 
relative to the mass of collagen, and may be written as a ratio 
of percent solids:percent crosslinker. For example, 1% solids 
to 0.01% GTA would be a crosslinking ratio of 100:1. As 
contemplated herein, ratios from 7.5:1 to 500:1 may be used. 
As described herein, a ratio of 7.5:1 is referred to as a high 
crosslink ratio (having a high crosslink density with many 
crosslinked molecules); and a ratio of 500:1 is referred to as 
a low crosslink ratio (having a low crosslink density with 
fewer crosslinked molecules). The crosslink ratio in turn 
affects the physical and chemical properties of the material, 
including solubility. Table 1 below outlines the mass of each 
material required for crosslinking microfibrillar collagen at 
various ratios of solids to GTA. Table 2 outlines the mass of 
each material required for crosslinking fibrillar collagen at 
various ratios of solids to GTA. 

TABLE 1. 

Mass of materials required for crosslinking of microfibrillar collagen 

Cross- Mass of 
linking Con- Mass of 25% 
ratio Cross- centration collagen Mass GTA 

(solids: linking of collagen Percent solution collagen Solution 
GTA) ratio (mg/mL) solids (g) (g) (g) 

250:1 O.004 10 1 3OOO 30 O48 
100:1 O.O10 10 1 3OOO 30 1.2 
75:1 O.O13 10 1 3OOO 30 1.6 
50:1 O.O2O 10 1 3OOO 30 2.4 

100:1 O.O10 50 5 3OOO 150 6.O 
75:1 O.O13 50 5 3OOO 150 8.0 
50:1 O.O2O 50 5 3OOO 150 12.0 
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12 
TABLE 2 

Mass of materials required for crosslinking of fibrillar collagen. 

Cross- Mass of 
linking Con- Mass of 25% 
ratio Cross- centration collagen Mass GTA 

(solids: linking of collagen Percent solution collagen Solution 
GTA) ratio (mg/mL) solids (g) (g) (g) 

40:1 O.O2S 1 O.1 3OOO 3 O.30 
25:1 O.04 1 O.1 3OOO 3 O48 
10:1 O.1 1 O.1 3OOO 3 1.2 
7.5:1 O.13 1 O.1 3OOO 3 1.6 
40:1 O.O2S 10 1 3OOO 30 3.0 
25:1 O.04 10 1 3OOO 30 4.8 
10:1 O.1 10 1 3OOO 30 12.0 

When using EDC/NHS as the crosslinking agents a buffer 
solution of 2-morpholinoethane sulfonic acid (MES) is used 
to provide the optimal reaction conditions. This solution 
provides a pH between 5-6. The volume of buffer used is 
relative to the mass of collagen used, preferably a solution 
concentration of 0.4-0.5% collagen is created, and more 
preferably the collagen solution in MES is between 0.45 
0.47%. The mass of EDC and NHS used in the crosslinking 
reaction are also relative to mass of collagen used. The mass 
equivalents of EDC relative to collagen are between 0.8-3.5 
and the mass equivalents of NHS relative to collagen are 
between 0.2-0.8. Preferably 0.8-1.7 equivalents of EDC are 
used and 0.2-0.42 equivalents of NHS are used. After the 
material is crosslinked, it is lyophilized (freeze-dried) to 
remove water. As contemplated herein, the various struc 
tures and properties of the resulting formulated collagen 
materials can be customized or otherwise selected for. For 
example, altering freezing parameters such as temperature, 
temperature gradients, and time of freezing at one or more 
temperatures or temperature gradients allows for the selec 
tion and/or control of the final product properties. A freezing 
time of 2 to 6 hours at various freezing rates (range of 
instantaneous (e.g., liquid nitrogen) to -0.1° C./min) with a 
primary drying cycle at temperatures between 0 and 15° C. 
ranging from 1 to 24 hours and secondary drying cycle at 
temperatures between 20 and 40° C. ranging from 2 to 10 
hours. 
The dried material resembles a scaffold that is porous and 

can be ground or cut into Smaller pieces of a desired size 
(such as approximately 2.5x2.5 mm cubes or Smaller) for 
filling into an applicator, such as a syringe. The crosslinked 
collagen material is white or may have a yellow tint upon 
reconstitution in physiologic fluid. As demonstrated herein, 
there are four primary material structures that can affect the 
reconstitution and handling properties of the resulting col 
lagen materials of the present invention. As shown in FIGS. 
10A-10C, these structures including fibers (FIG. 10A), 
ribbons (FIG. 10B), ropes (FIG. 10C) and sheets (FIG. 10D). 
Porosity can also provide a similar effect. 
The collagen pellet can be diluted or reconstituted to 

create a flowable composition. In various embodiments, the 
collagen is reconstituted in a physiologically acceptable 
liquid vehicle. Such as an aqueous isotonic vehicle at about 
a physiologic salt concentration. Without limitation, the 
solution can be water, USP water, saline, calcium chloride or 
other physiologically acceptable fluid. The collagen and 
diluting Solution can be mixed using any methods as would 
be understood by those skilled in the art, until the solution 
is Substantially homogeneous. For example, the collagen can 
be mixed within the applicator. The final concentration of 
reconstituted collagen can vary, and may generally fall 
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within the range of between about 50-250 mg/mL, and 
preferably between about 100-200 mg/mL. 
Optional Biological Agents 
A biological agent can optionally be incorporated into the 

compositions of the present invention. In some embodi 
ments, the biological agent is mixed into a solution or 
Suspension comprising the crosslinkable collagen. In some 
embodiments, the biological agent is physically incorpo 
rated into the crosslinked collagen composition just prior to 
application to the patient or subject. In other embodiments, 
the biological agent is incorporated while reconstituting the 
lyophilized and cut collagen particles, or even prior to 
lyophilization. In still further embodiments, the biological 
agent is incorporated in the form of a microsphere. 

Biological agents may be any of several classes of com 
pound. For example, where the biological agents are pro 
teins, peptides, or polypeptides, they may be derived from 
natural materials, or be materials produced by recombinant 
DNA technology, or mutants of natural proteins, peptides, or 
polypeptides, or produced by chemical modification of 
proteins, peptides, or polypeptides. It should be appreciated 
that the classes of biological agents listed herein, and the 
particular exemplars of each class, are to be considered as 
exemplary, rather than limiting. Biological agents may, for 
example, be members of the natural coagulation pathway 
("coagulation factors'). Such proteins include, by way of 
non-limiting examples, tissue factors, factors VII, VIII, IX, 
and XIII, fibrin, and fibrinogen. 
A biological agent may also be a protein or other com 

pound that activates or catalyzes the natural pathways of 
clotting ("coagulation activators'). These include, for 
example, thrombin, thromboplastin, calcium (e.g. calcium 
glucuronate), bismuth compounds (e.g. bismuth Subgallate), 
desmopressin and analogs, denatured collagen (gelatin), 
chitosan and fibronectin. Vitamin K may contribute to 
activation of coagulation. In preferred embodiments, the 
addition of exogenous coagulation activators is not neces 
Sary. 
A biological agent may act by activating, aggregating or 

stimulating platelets (platelet activators'), including, for 
example, cycloheximide, N-monomethyl L-arginine, atrial 
naturetic factor (ANF), small nucleotides (including cAMP. 
cGMP, and ADP), prostaglandins, thromboxanes and ana 
logs thereof, platelet activating factor, phorbols and phorbol 
esters, ethamsylate, and hemoglobin. Nonabsorbable pow 
ders such as talc, and denatured or Surface-absorbed proteins 
can also activate platelets. 
A biological agent may act by local vasoconstriction 

(“vasoconstrictors'). Such as, by way of non-limiting 
examples, epinephrine (adrenaline), adrenochrome, tetrahy 
drozoline, antihistamines (including antazoline), oxymeta 
Zoline, vasopressin and analogs thereof, and cocaine. 
A biological agent may act by preventing destruction or 

inactivation of clotting reactions (“fibrinolysis inhibitors’), 
including, by way of non-limiting examples, eosinophil 
major basic protein, aminocaproic acid, tranexamic acid, 
aprotinin (TrasylolTM), plasminogen activator inhibitor, 
plasmin inhibitor, alpha-2-macroglobulin, and adrenorecep 
tor blockers. 

Thrombin acts as a catalyst for fibrinogen to provide 
fibrin, an insoluble polymer. In some embodiments, throm 
bin is present in the composition in an amount Sufficient to 
catalyze polymerization of fibrinogen present in a patients 
plasma. Thrombin also activates FXIII, a plasma protein that 
catalyzes covalent crosslinks in fibrin, rendering the resul 
tant clot insoluble. In certain embodiments, thrombin may 
be present in the composition in a concentration of from 
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about 0.01 to about 1000 or greater International Units 
(IU)/mL of activity, and more preferably about 100 to about 
1000 IU/mL. In yet other embodiments, thrombin may be 
present in the composition in a concentration of from about 
500 to about 1000 IU/mL or greater of activity. In still other 
embodiments, thrombin may be present in the composition 
in a concentration of from about 50 to about 500 IU/mL. 
The fibrinogen, thrombin, FXIII or other natural protein 

used in the composition may be substituted by other natu 
rally occurring or synthetic compounds or compositions 
which fulfill the same functions, such as a reptilase coagul 
lation catalyzed, for example, ancrod, in place of thrombin. 

In some embodiments, the hemostatic composition of the 
present invention will additionally comprise an effective 
amount of an antifibrinolytic agent to enhance the integrity 
of the clot as the healing process occurs. A number of 
antifibrinolytic agents are well known and include aprotinin, 
C1-esterase inhibitor and e-amino-n-caproic acid (EACA), 
for example. EACA is effective at a concentration of from 
about 5 mg/ml to about 40 mg/ml of the final adhesive 
composition, more usually from about 20 to about 30 mg/ml. 
EACA is commercially available as a solution having a 
concentration of about 250 mg/ml. Conveniently, the com 
mercial solution is diluted with distilled water to provide a 
Solution of the desired concentration. 

Other biological factors of interest include EGF, TGF-C. 
TGF-B, TGF-I and TGF-II, FGF, PDGF, IFN-O, IFN-B, 
IL-2, IL-3, IL-6, hematopoietic factor, immunoglobulins, 
insulin, corticosteroids and hormones. 

In some embodiments, the composition contains at least 
one antibiotic. The therapeutic dose levels of a wide variety 
of antibiotics for use in drug release systems are well known. 
See for example, Collagen, 1988, Vol. III, Biotechnology; 
Nimni, (Ed.), CRC Press, Inc., pp. 209-221 and Biomateri 
als, 1980, Winter et al., (Eds.), John Wiley & Sons, New 
York, pp. 669-676. Anti-microbial agents are particularly 
useful for compositions applied to exposed wound repair 
sites. In some embodiments, anti-microbial agents such as 
silver are useful. 

Abiological agent may also include non-protein polymers 
that act to thicken or gel, by interaction with proteins, by 
tamponnade, or by other mechanisms. Examples include 
oxidized cellulose, “Vicryl and other polyhydroxyacids, 
chitosan, alginate, polyacrylic acids, pentosan polysulfate, 
carrageenan, and polyorthoesters (e.g., Alzamer). 
A biological agent may be a material that forms a barrier 

to leakage by mechanical means not directly related to the 
natural clotting mechanisms, such as a “barrier former. 
Examples of Such agents include oxidized cellulose, ioni 
cally or hydrogen-bond crosslinked natural and synthetic 
polymers including chitin, chitosan, alginate, pectin, car 
boxymethylcellulose, and poloxamers, such as Pluronic Sur 
factants. 
Kits 
The invention also includes a kit comprising a hemostatic, 

collagen-based composition as described herein, and an 
instructional material which describes, for example, apply 
ing the hemostatic composition of the present invention, to 
the tissue of a subject. The kit may optionally include as 
separate components a collagen reconstituting solution, a 
biological agent and/or an applicator for administering the 
hemostatic composition. The applicator may include a rigid 
tip for accurately delivering the hemostatic composition to 
the localized target site. The instruction material may further 
describe the admixing, handling and administration tech 
niques of any such optional components. In preferred 
embodiments, the kit includes a delivery device having an 
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orifice or opening with a diameter of at least 1.6 mm through 
which the composition is capable of flowing. 

EXPERIMENTAL, EXAMPLES 

The invention is now described with reference to the 
following Examples. These Examples are provided for the 
purpose of illustration only and the invention should in no 
way be construed as being limited to these Examples, but 
rather should be construed to encompass any and all varia 
tions which become evident as a result of the teaching 
provided herein. 

Without further description, it is believed that one of 
ordinary skill in the art can, using the preceding description 
and the following illustrative examples, make and utilize the 
present invention and practice the claimed methods. The 
following working examples therefore, specifically point out 
the preferred embodiments of the present invention, and are 
not to be construed as limiting in any way the remainder of 
the disclosure. 

Example 1 

Initial Fabrication Studies 

Multiple formulations for the hemostatic compositions of 
the present invention were fabricated from collagen starting 
material. Table 3 below provides a qualitative summary of 
these formulations and the hemostasis testing results. The 
primary differentiator between materials relates to charac 
teristics pertaining to the ability to physically handle the 
material. Such as the ability to provide precise, localized 
placement in an actively bleeding site. 

TABLE 3 

Does Efficacy in 
Stays at not hemostasis 

application stick to (wfo 
Formulation site gauze thrombin) 

Non-crosslinked microfibrillar No No Poor 
collagen suspensions (20-60 
mg/mL) 
Non-crosslinked gelatin No No Poor 
Suspensions (20-60 mg/mL) 
Microfibrillar collagen (20 mg/mL) Yes No Mild 
with enzymatic crosslinker 
(Transglutaminase) 
Microfibrillar collagen (20 mg/mL) No No Mild 
with polymerizing agent (alginate) 
Glutaraldehyde crosslinked Yes Yes Moderate 
microfibrillar collagen (90 mg/mL) 
Glutaraldehyde crosslinked gelatin Yes Yes Moderate 
(180 mg/mL) 
Crosslinked fibrillar collagen Yes Yes Moderate 

Based on these preliminary technical evaluations, it was 
determined that glutaraldehyde crosslinked collagen formu 
lations are preferable. The percent glutaraldehyde crosslink 
ing affects absorption capacity, Swelling properties, and 
in-vivo material resorption. 
A variety of drying methods can be used, such as dry heat, 

vacuum, forced air, lyophilization, microparticle formation 
(solvent precipitation), and spray drying, for example. The 
final material properties may be dependent on the method of 
drying, particularly the exposure time and temperature. For 
example, Swelling characteristics of the hemostatic compo 
sition are dependent not only on the material forming the 
composition (collagen), but also on the porosity of the 
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composition. Thus, Swelling characteristics of the resulting 
hemostatic composition can be controlled by controlling the 
porosity of the composition. 

Particle formation may be a post-drying process step, or 
may be incorporated into the drying step, such as for 
microparticle precipitation or spray drying. Particle size and 
distribution may affect the absorption capacity and homo 
geneity of the reconstituted material. As contemplated 
herein, the hemostatic compositions of the present invention 
are unique from existing devices in their Swelling profiles. 

Example 2 

Determination of Crosslinking Ratios and Drying 
Conditions 

Crosslinking ratios can be determined based on results 
Such as: number of free amine groups; amount of residual 
crosslinking agent; properties of the dried material; Swell 
ing; Solubility and various handling properties, such as ease 
of reconstituting the material, ease of extruding the material 
after crosslinking, Stickiness to tissue (greater Stickiness 
preferred) and stickiness to gauze (less stickiness preferred). 

Initial concentrations of collagen (ranging from about 5% 
to about 1% solids, or about 50 mg/mL to 10 mg/mL 
collagen, respectively) for crosslinking were explored in 
greater detail. Several crosslinking ratios were also explored 
in greater detail, ranging from 500:1 up to 50:1 and particu 
larly ratios of about 500:1, 250:1 and 100:1. The extent of 
crosslinking for all materials was determined using a trini 
trobenzenesulfonic acid (TNBS) assay. This assay deter 
mined the number of free amine groups, in moles, remaining 
after the crosslinking reaction. This number can be con 
verted into a percent (crosslinking extent) or ratio of non 
crosslinked to crosslinked amine groups. Overall the results 
show that as the crosslinking extent increases the number of 
free amine groups decreases. At very low crosslinking ratios 
(500:1) the sensitivity of the assay becomes limited. The 
results of this test are provided in Table 4, below. 

TABLE 4 

Absorbance (nm) Free Amine Groups % Crosslinked 

Non-crosslinked O.8027 1.92 x 10' O 
SOO:1 O.8363 1.99 x 10' O 
2SO:1 0.7760 1.85 x 10 3.32 
100:1 O.6960 1.66 x 10 13.1 

Further, an N-methyl benzothiazolone hydrazone 
(MBTH) assay allows the amount of residual crosslinking 
agent, glutaraldehyde (GTA) to be determined. The cross 
linked collagen solution was centrifuged, and a sample of 
the liquid was collected. The crosslinked pellet was resus 
pended in USP water, and washed with a volume of water 
equal to that of the water in the initial crosslinking step. This 
step was repeated, and a total of 3 samples (reaction water, 
water from rinse 1 and water from rinse 2) were obtained for 
each crosslinking ratio. With higher crosslinking ratios 
(above 100:1), low levels of residual GTA were detected in 
all samples. Materials made at lower crosslinking ratios 
(250:1 and lower) showed no residual GTA after the second 
rinse step. The results of this test are provided in Table 5, 
below. 
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TABLE 5 

Absorbance GTA (ppm) 

SOO:1 O.OS2 O 

2SO:1 O.OS4 O 

100:1 O.O89 5.89 x 10' 

After crosslinking and rinsing, the crosslinked collagen 
pellet was frozen and lyophilized. More specifically, 
samples were lyophilized for about 2-3 days using a con 
denser temperature of about -50 to about -60° C. under 
vacuum. Several freezing temperatures were studied to 
determine how they affected the material properties. Cross 
linked pellets were frozen in liquid nitrogen (about -196° 
C.) or at about -80 or about -28°C. SEM imaging confirms 
that freezing temperature affects pore size. As shown in 
FIGS. 2A-2C, FIGS. 3A-3D, and FIGS. 4A-4C, material 
frozen in liquid nitrogen has the most open, porous structure 
and material frozen at the highest temperature, -28°C. has 
fewer pores and a more “sheet-like appearance. 
The properties of the dried materials were also studied. 

Materials frozen in liquid nitrogen, regardless of crosslink 
ing ratio, have a larger static charge associated with them as 
compared to the materials frozen at -80 and -28°C. 
The crosslinked materials were also tested for percent 

Swelling, which is an indication of how much additional 
fluid the material absorbs when placed in a fluid at physi 
ological conditions. To test for percent Swelling, crosslinked 
collagen material was reconstituted to the desired concen 
tration, and then extruded into dialysis tubing. The tubing 
was incubated in USP water or PBS (phosphate buffered 
saline) at 37° C. for 24 hours. The increase in mass for each 
sample was recorded and used to determine the percent 
Swelling, according to the formula: 

100X (weight after swelling- weight before swelling) 
weight before swelling % Swelling= 

Preferably, the material should swell sufficiently to absorb 
blood at the Surgical site and facilitate clot formation, 
preferably between about 0% to about 20% within 10 
minutes when reconstituted, and 300-800% for dried mate 
rial. Further swelling beyond a short time period is unde 
sirable as expansion of material in a Surgical site can lead to 
unwanted impingement of the material on Surrounding tis 
sues. The material should preferably reach an equilibrium 
swell within about 24 hours. The results of this study are 
provided in Tables 6 and 7 below. 

TABLE 6 

percent Swelling of crosslinked microfibrillar collagen materials i 
standard error (in USP water 

Swelling 1% microfibrillar 1% microfibrillar 1% microfibrillar 
time point collagen, 100:1 collagen, 250:1 collagen, 500:1 

10 min 6.71 - 1.75 849 - 5.62 O.93 + 1.27 
24 hour 15.54 - 1.43 14.08 - 6.66 9.34 - 1.82 
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TABLE 7 

percent Swelling of crosslinked fibrillar collagen 
materials + standard error (in PBS 

Swelling 1% fibrillar 
time point collagen, 10:1 

10 min 4.42 - 0.43 
24 hour 2.83 - 1.11 

For reference, the Floseal(R) (Baxter) Instructions For Use 
document states that the particles of the Floseal(R) Matrix 
swell approximately 20% upon contact with blood or other 
fluids; and that maximum swell volume is achieved within 
about 10 minutes. And the SurgifloR (Ethicon) Instructions 
For Use document states that SurgifloR may swell approxi 
mately 19% upon contact with additional fluid. Other studies 
conducted on the Floseal(R) and SurgifloR competitive prod 
ucts show an average percent swell of about 32% and about 
26%, respectively. 
To evaluate handling properties, the collagen material was 

cut into 2.5 cm cubes or ground and the crosslinked collagen 
was reconstituted at a desired concentration, such as 
between about 120-160 mg/mL. As the crosslinking ratio 
increased (e.g., from 500:1 to 250:1 to 100:1), the amount of 
force required for mixing also increased. While the amount 
of force required for mixing the various crosslinking ratios 
was distinct for each sample, the difference in required force 
for mixing the lowest crosslinking ratios of 500:1 and 250:1 
was minimal. 
Once reconstituted, the amount of force necessary to 

extrude the material from a syringe was considered. 
Syringes contained 4 cc of material reconstituted at 160 
mg/mL. The plungers were displaced 0.5" at a rate of 
2"/min. The collagen material crosslinked at 100:1 required 
the greatest extrusion force, while the collagen materials 
crosslinked at 250:1 and 500:1 required a comparable 
amount of extrusion force, and significantly less force than 
the material crosslinked at 100:1. The results of this study 
are provided in Table 8, below. 

TABLE 8 

1% collagen, 1% collagen, 1% collagen, 
100:1 2SO:1 SOO:1 

Maximum load, n = 1 7.53 S.O6 4.91 
(lbf) 

Maximum load, n = 2 7.23 5.79 S.63 
(lbf) 

Average maximum 7.38 5.43 5.27 
load (lbf) 

The Stickiness of the collagen material to tissue was also 
evaluated. Preferrably, it is desirable that the material remain 
on the wound (or targeted tissue site) to most effectively stop 
bleeding. To test this, crosslinked collagen materials were 
extruded onto a chicken liver ex-Vivo and a slow, steady 
flow of 5 cc of blood was passed over the material. In a 
second test to determine Stickiness to tissue, an incision was 
made in the liver and blood was slowly dispensed through 
the “wound site.” Material was added on top of the wound 
site as the blood was being expelled, preferably, the collagen 
material remains in place, absorbs blood and remains in a 
generally cohesive mass. All compositions (e.g., 500:1, 
250:1, 100:1 of 1% crosslinked microfibrillar collagen and 
25:1 and 40:1 of 0.1% and 1% crosslinked fibrillar collagen) 
performed similarly, showing comparable stickiness to tis 
SC. 

The ability of the collagen material to not stick to gauze 
was also evaluated. To test this, pressure was manually 
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applied to the collagen material using gauze to help pack it 
into the wound (or targeted tissue site) and stop bleeding. 
Pressure was released and the gauze carefully removed so as 
not to disrupt the clot. All materials show similar properties 
and do not stick to gauze. 

Based on these experiments, it was determined that the 
1% microfibrillar collagen material having about a 250:1 
crosslinking ratio and 0.1% and 1% crosslinked fibrillar 
collagen having crosslinking ratios of 25:1 and 40:1 were 
preferable. The factors that influenced this determination 
were that 500:1 and 250:1 and crosslinked fibrillar collagen 
were comparable in all handling/extrusion/bleeding tests 
and assays. Both materials crosslinked at 500:1 and 250:1 as 
well as some crosslinked fibrillar collagen formulations 
provided an insoluble crosslinked material, which was also 
desirable. However, the 250:1 ratio demonstrated an appre 
ciably higher percent crosslinking and it also had no detect 
able residual GTA after the second rinse. 

Example 3 

Solubility Testing of Crosslinked Formulations of 
Microfibrillar Collagen 

The solubility of various crosslinked formulations was 
measured by placing dried, crosslinked and non-crosslinked 
materials in PBS, incubating under physiologic conditions 
and measuring for the amount of protein dissolved into the 
Surrounding medium. The following materials were tested: 
Knox gelatin powder, non-crosslinked microfibrillar colla 
gen (processed as 1% solids); microfibrillar collagen cross 
linked at a ratio of 100:1 (processed as 1% solids); micro 
fibrillar collagen crosslinked at a ratio of 250:1 (processed as 
1% solids); and microfibrillar collagen crosslinked at a ratio 
of 500:1 (processed as 1% solids). 
One hundred (100) mg of each material was placed in a 

separate container with 10 mL PBS for 15 minutes at 37° C. 
No agitation or vortexing was applied. The tubes were then 
centrifuged and the Supernatant was removed and filtered 
with a 0.22 um filter to remove any non-solubilized material. 
The concentration of protein in the collected filtrate was 
measured using a bicinchoninic acid (BCA) assay kit. The 
BCA assay is a colorimetric assay that uses copper ions and 
bicinchoninic acid to react with the peptide bonds in pro 
teins, producing a distinct color change dependent on the 
amount of protein present. Protein concentrations in this 
study were compared to a standard curve of bovine albumin 
protein in PBS. The results of this experiment are presented 
in Table 9. 

TABLE 9 

Measured concentration of soluble protein for various crosslinking 
ratios of collagen and gelatin. 

1% solids 1% solids 1% solids Non 
micro- micro- micro- COSS 
fibrillar fibrillar fibrillar linked 
collagen, collagen, collagen, 196 

crosslinked crosslinked crosslinked solids 
at at at micro 

Gelatin a ratio of a ratio of a ratio of fibrillar 
powder SOO:1 250:1 100:1 collagen 

Protein 596.5 8.7 O O O 31.6 3.9 
COil 

centration it 
SD (ig/mL) 
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A second experiment was performed to investigate the 

solubility of various test materials from a reconstituted form, 
as the reconstituted form is the preferred method of admin 
istering the hemostatic composition to the targeted tissue 
site. The following materials were tested: microfibrillar 
collagen crosslinked at a ratio of 100:1 (processed as 1% 
solids), reconstituted at 160 mg/mL, microfibrillar collagen 
crosslinked at a ratio of 250:1 (processed as 1% solids), 
reconstituted at 160 mg/mL, microfibrillar collagen cross 
linked at a ratio of 500: 1 (processed as 1% solids), recon 
stituted at 160 mg/mL.; Floseal(R) (Baxter), reconstituted 
according to manufacturers instructions using 40 umol 
CaCl, solution only (no thrombin); and SurgifloR (Ethicon), 
reconstituted according to manufacturers instructions using 
saline only (no thrombin). 
To approximate adding 100 mg of dried material, 0.625 g. 

of each reconstituted material was added to separate tubes 
containing 10 mL PBS. All other procedures used were the 
same as described herein. The results of this experiment are 
presented in Table 10 below. 

TABLE 10 

Measured concentration of soluble protein for reconstituted collagen and 
gelatin materials. 

1% solids 
micro 

1% solids 
micro 

1% solids 
micro 

fibrillar fibrillar fibrillar 
collagen, collagen, collagen, 
COSS- COSS- COSS 

linked at linked at linked at 
ratio of a ratio of a ratio of 
SOO:1 2SO:1 100:1 Floseal (R) Surgiflo (R) 

Protein O O O 133.0 - 5.3 SS2.S. 12.9 
CO 

centration it 
SD (ig/mL) 

The values of measured protein concentration from dry 
material, shown in Table 9, demonstrate that the gelatin 
powder had a relatively large portion of soluble protein in 
comparison to the non-crosslinked microfibrillar collagen. 
Table 8 demonstrates that after reconstitution, both Floseal(R) 
and SurgifloR), which are gelatin based commercial hemo 
stats, also had a relatively large portion of protein that was 
Soluble in PBS. The filtrate from all three crosslinked 
formulations of the present invention, however, did not have 
a measurable change in absorbance, in either the dry or 
reconstituted forms. This confirms that the crosslinked 
microfibrillar collagen material of the present invention is 
Substantially insoluble in these physiologic conditions. 

Example 4 

Solubility Testing of Crosslinked Formulations of 
Fibrillar Collagen 

The solubility of various fibrillar collagen crosslinked 
formulations was also measured by placing dried, cross 
linked and non-crosslinked materials in PBS, incubating 
under physiologic conditions and measuring for the amount 
of protein dissolved into the surrounding medium. The 
following materials were tested: 0.1% fibrillar collagen 
crosslinked at a ratio of 7.5:1, 0.1% fibrillar collagen cross 
linked at a ratio of 10:1; 0.1% and 1% fibrillar collagen 
crosslinked at a ratio of 25:1, 0.1% and 1% fibrillar collagen 
crosslinked at a ratio of 40:1. 
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One hundred (100) mg of each material was placed in a 
separate container with 10 mL PBS for 15 minutes at 37° C. 
No agitation or vortexing was applied. The tubes were then 
centrifuged and the Supernatant was removed and filtered 
with a 0.22 um filter to remove any non-solubilized material. 5 
The concentration of protein in the collected filtrate was 
measured using a bicinchoninic acid (BCA) assay kit. The 
BCA assay is a colorimetric assay that uses copper ions and 
bicinchoninic acid to react with the peptide bonds in pro 
teins, producing a distinct color change dependent on the 
amount of protein present. Protein concentrations in this 
study were compared to a standard curve of bovine albumin 
protein in PBS. The results of this experiment are presented 
in Table 11. 

10 

15 

TABLE 11 

Measured concentration of soluble protein for various formulations of 
crosslinked fibrillar collagen. 

2O 
Protein 
concentration + SD 

Formulation (g/mL) 

0.1% fibrillar collagen, 7.5:1 O 
0.1% fibrillar collagen, 10:1 O 
0.1% fibrillar collagen, 25:1 O to 29.58 - 4.5 25 
1.0% fibrillar collagen, 25:1 4.74 8.2 
0.1% fibrillar collagen, 40:1 5858 - 6.6 
1.0% fibrillar collagen, 40:1 O 

30 

Example 5 

Freezing Temperature Study 1% Collagen 
Crosslinking Ratio (100:1) 

35 

As explained previously, a variety of drying methods can 
be used, such as dry heat, vacuum, forced air, lyophilization, 
microparticle formation (solvent precipitation), and spray 
drying, for example. The final material properties may be 
dependent on the method of drying, particularly the expo- 40 
Sure time and temperature. For example, Swelling charac 
teristics of the hemostatic composition are dependent not 
only on the material forming the composition (collagen), but 
also on the porosity of the composition and the amount of 
crosslinking. Thus, Swelling characteristics of the resulting 45 
hemostatic composition can be controlled by controlling the 
porosity of the composition. As contemplated herein, the 
porosity of the composition can be manipulated by the 
temperature and/or the rate of freezing during the drying 
process. Porosity can also be manipulated according to the 50 
crosslinking ratio used in the crosslinking steps during 
fabrication. The total porosity of the hemostatic composition 
is preferably greater than about 50% with interconnected 
pores. The interconnectivity of the pores facilitates quick 
fluid uptake and retention via capillary action. In preferred 55 
embodiments, the porosity is between 70-90%. Macro, meso 
and microporosity are also desirable, preferably with the 
majority of the pores being micro or meso pores. As defined 
herein, macroporosity is defined by pores having pore diam 
eters greater than about 100 um, mesoporosity is defined by 60 
pores having pore diameters between about 10 um to 100 
um, and microporosity is defined by pores having pore 
diameters less than about 10 Lum. 
As shown in FIGS. 3A-3D, the porosity of the material 

and the pore size decreases as the crosslinking ratio 65 
increases. Non-crosslinked material has a very open, inter 
connected pore structure with many collagen fibers visible. 

22 
In materials crosslinked at 500:1 and 250:1 some fibers can 
be distinguished, and many pores are still observed, however 
there is an increase in the sheet-like Surfaces present. 
Whereas the material crosslinked at 100:1 appears more 
sheet-like. 

Freezing temperatures were also studied to help evaluate 
the structural effects (such as porosity) of the resulting 
lyophilized collagen materials (or scaffolds). Collagen mate 
rials or scaffolds of 1% collagen crosslinked at 100:1 were 
frozen in liquid nitrogen (10 min), at -28°C. (2-3 hours) and 
at -80° C. (2-3 hours). Samples were then lyophilized for 
about 2-3 days using a condenser temperature of about -50 
to about -60° C. under vacuum. It was observed that higher 
freezing temperatures produced larger pore sizes. It was also 
observed that higher freezing temperatures (e.g., -28° C. 
and -80° C. compared to a liquid nitrogen temperature of 
about -196° C.), produced less open structure (more sheet 
like with less surface area), whereas the scaffolds frozen in 
liquid nitrogen had a more open structure (more surface 
area), and smaller pores. Further, it was observed that the 
freezing temperature affects the amount of static charge. 
Particularly, the higher the freezing temperature, the less 
Static charge. 

In certain embodiments, greater Surface area is desirable, 
as this additional Surface area may create a better platform 
for platelet adhesion and clot stabilization, and establish 
hemostasis (see Example 6 and FIGS. 10A-10D, FIGS. 
11A-11B, FIGS. 12A-12D, below). In other embodiments 
aimed at wound healing, less Surface area and larger pores 
may be desirable. Generally, a surface area of between about 
0.5 to about 30 m/g is preferred. 
As shown in FIGS. 4A-4C, FIGS. 5A-5C, and FIGS. 

6A-6C, the scaffolds frozen at -28°C. and -80° C. appear 
like “sheets of material, where some pores are observed. 
However, Scaffolds frozen in liquid nitrogen have a more 
open structure, many Small pores, with lots of individual 
collagen fibers observed. It should be noted that at higher 
magnifications, fibers can be seen for all freezing conditions. 

Freezing temperatures were also studied to help evaluate 
the physical effects of the collagen material after reconsti 
tution. Collagen materials or scaffolds of 1% collagen cross 
linked at 100:1 from samples frozen in liquid nitrogen (10 
min), at -28°C. (2-3 hours) and at -80°C. (2-3 hours) were 
ground using 3x3 sec pulses, and reconstituted in 200 LM 
CaCl at 150 mg/mL of crosslinked material. It was 
observed that the collagen material frozen in liquid nitrogen 
was thick, the material frozen at -80°C. was slightly watery, 
and the material frozen at -28° C. had fluid come out 
initially, indicating that the material held less fluid and began 
to phase separate. Regarding the handling properties for 
each sample, all collagen materials for each sample extruded 
well, and none of the collagen materials were too sticky to 
gloves or gauze. All material samples absorbed blood. 
As shown in FIGS. 7A-7C, FIGS. 8A-8C and FIGS. 

9A-9C, the surface appearance of the scaffolds frozen at 
-28° C. and -80° C. appeared like crumpled paper, with 
Smooth Surfaces and peaks, and few large pores. The scaf 
folds frozen in liquid nitrogen appeared to have a Smoother 
and flatter Surface, with no peaks and Valleys. At higher 
magnifications, fibers were observed. Notably, the collagen 
materials, regardless of freezing conditions, were more 
similar after reconstitution, in that there was less open space 
and the materials are more of a cohesive mass. However, it 
was observed that the thickness of the collagen material 
reconstituted at the same concentration increases with 
decreasing freezing temperature. This suggests that the 



US 9,694,101 B2 
23 

absorption capacity of a given material is higher when lower 
freezing temperatures are used. 

From this, it appears that the rate of drying can help 
control pore size and material thickness, resulting in the 
ability to optimize and/or select for the properties of the 
resulting hemostatic composition related to these features. 

Example 6 

Freezing Rate for Lyophilizing Material 

As explained in previous examples, the final material 
properties may be dependent on the freezing rate of the 
material, particularly morphology due to crystal formation 
during the lyophilization process. Approximately forty (40) 
grams of 1% microfibrillar collagen was crosslinked in 
glutaraldehyde at a ratio of 250:1 for 4 hours. The collagen 
was centrifuged at 10,000 RPM for 8 minutes. The material 
was rinsed twice with additional centrifugation between 
each rinse. The pellet was then spread evenly in a reservoir, 
between a 2-3 mm thickness, for lyophilization. The samples 
were frozen at -50° C. for 4-5 hours, then subjected to a 
programmed lyophilization cycle run for a duration of 
approximately 30 hours. Samples lyophilized using a first 
freezing rate (-1° C./min) had mostly sheets with slight 
fraying. Samples lyophilized using a slower freezing rate 
(-0.5° C./min) had more ribbon-like materials with moder 
ate fraying, as shown in the SEM images below. Collagen 
materials were ground and reconstituted in Saline at 150 
mg/mL of crosslinked material. As listed in Table 12, blood 
absorption was 27.88% for the faster freezing rate and 
15.28% for the slower freezing rate as summarized in the 
table below. The results from this experiment demonstrate 
that the rate of freezing rate can affect both the morphology 
and the ability of the material to absorb blood. As seen in 
FIGS. 11A and 11B, the faster freezing rate resulted in more 
sheet-like materials compared to the slower freezing rate 
which resulted in ribbons. 

TABLE 12 

Blood absorption of collagen materials lyophilized using 
two different freezing rates 

Average Blood 
Formulation Description absorption (%) + SD 

Glutaraldehyde crosslinked 27.88 
microfibrillar collagen. 

250:1 (a) a freezing rate of 
-1 C./min 

Glutaraldehyde crosslinked 15.28 
microfibrillar collagen. 

250:1 (a) a freezing rate of 
-0.5° C./min 

Example 7 

Blood Absorption of Hemostatic Materials 

The ability of various crosslinked formulations to absorb 
blood was investigated by partially submerging (~40%) the 
reconstituted materials in porcine blood for 2 minutes. The 
mass of each material was measured before and after place 
ment in blood and used to determine 9% absorption by mass, 
according to the formula: 
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Hydrated mass - initial mass of material % Blood Absorption = - - - - - x 100 initial mass of material 

The results from the experiment are summarized in Table 13, 
below. 

TABLE 13 

Blood absorption of various formulations of collagen materials. 

Average Blood 
absorption (%) + 

Description SD 

Baxter Floseal (R): 38.24 1.87 
Reconstituted according to 
Instructions For Use 
1% microfibrillar collagen, 27.88 (n = 1) 
GTA crosslinked at a ratio of 
250:1 (a) a freezing rate of 
-1 C./min, non-sterilized 
0.1% fibrillar collagen GTA 
crosslinked at a ratio of 40:1, 
gamma sterilization 

0.12 (n = 1) 

From these experimental results, it was determined that 
the gelatin material had the highest absorption followed by 
microfibrillar collagen and then fibrillar collagen. Overall, 
the glutaraldehyde crosslinked microfibrillar collagen had 
higher blood absorption properties compared to fibrillar 
crosslinked collagen materials. This suggests that blood 
absorption can be affected by both the crosslinking agent and 
raw material. 

Example 8 

Starting Concentration of Material for 
Lyophilization 

The starting concentrations of the material undergoing 
lyophilization were also studied to evaluate the effects on the 
structure of the resulting lyophilized collagen materials (or 
scaffolds). The water content of the starting material has a 
direct effect on crystal formation during the freezing portion 
of the lyophilization cycle. Forty (40) grams of 1% micro 
fibrillar collagen crosslinked in glutaraldehyde at a ratio of 
250:1 for 4 hours (undiluted collagen material) and diluted 
collagen materials (1:1; 1:5; 1:10 by volume in USP water 
for a total of 10 mL for each sample) were frozen at -50° C. 
for 4-5 hours and then were subjected to a programmed 
lyophilization cycle run for a duration of approximately 30 
hours. As shown in FIGS. 12A-12D, SEM images reveal that 
starting materials with higher Volumes of water had larger 
pore sizes and more open structures. There was a trend of 
increasing pore size with more diluted Samples as again 
depicted in FIGS. 12A-12D. 

Example 9 

Quantification of Surface Area 

Surface area analysis was performed using the BET 
(Brunauer, Emmet, and Teller) theory to calculate the sur 
face area of a sample of 1% microfibrillar collagen cross 
linked at a ratio of 250:1. Briefly, approximately 4 g of 
sample was prepared by degassing overnight to remove 
impurities. The sample was then cooled with liquid nitrogen 
and analyzed by measuring the Volume of krypton gas 
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adsorbed at specific pressures. The amount of adsorbed gas 
was used to calculate the total surface area of the material by 
a multi-point method. Results show a Surface area of 
approximately 0.7809+0.0040 m/g. 

Based on these results, further Surface area testing was 
performed using the BET theory. The following materials 
were tested: 1% microfibrillar collagen crosslinked at a ratio 
of 250:1; 1% fibrillar collagen crosslinked at a ratio of 25:1; 
0.1% fibrillar collagen crosslinked at a ratio of 40:1; and 
1.0% fibrillar collagen crosslinked at a ratio of 40:1. Briefly, 
approximately 0.1-0.5 g of each ground sample was pre 
pared by degassing overnight to remove impurities. The 
samples were then cooled with liquid nitrogen and analyzed 
by the Volume of nitrogen gas adsorbed as specific pressures. 
The amount of adsorbed gas was used to calculate the total 
surface area of the material by a multi-point method. Results 
are shown in Table 14. 

TABLE 1.4 

Measured Surface area of glutaraldehyde crosslinked collagen formulations. 

Surface area (m’?g) + 
Sample Type standard deviation 

1% microfibrillar collagen, crosslinked at a 19674 0.0418 
ratio of 250:1 

1% fibrillar collagen, crosslinked at a ratio O418O, O.O258 
of 25:1 

0.1% fibrillar collagen, crosslinked at a 2.1472 0.0421 
ratio of 40:1 

1.0% fibrillar collagen, crosslinked at a 2.4881 - 0.0478 
ratio of 40:1 

Within each formulation type, samples exhibiting a higher 
Surface area tended to have better handling properties Such 
as ease of mixing and material consistency. The investiga 
tion of freezing temperatures demonstrates that materials 
frozen at the lowest temperatures have a more open structure 
with many small pores and fibers. The surface area results 
Suggest that an increased surface area, Such as that visually 
observed in the freezing temperature study, may contribute 
to a materials absorption capacity. 

Example 10 

Hemostasis Testing 

A porcine bleeding model was used to assess the hemo 
static abilities of various crosslinked formulations. The 
following materials were tested: 1% collagen crosslinked at 
a ratio of 100:1; 5% collagen crosslinked at a ratio of 500:1; 
FlosealR); and SurgifloR). Crosslinked collagen materials 
were prepared by grinding lyophilized scaffolds and recon 
stituting with saline to a concentration of between 120 to 140 
mg/mL. Commercial gelatin products were prepared accord 
ing to the manufacturer's instructions. For collagen test 
materials of the present invention prepared with thrombin, 
material was reconstituted using thrombin with a concen 
tration of 1000 IU/mL. For the competitive product mate 
rials, the manufacturers instructions were followed. The 
concentration of thrombin for Floseal.R was 500 IU/mL. The 
concentration of thrombin for SurgifloR) was 320-480 
IU/mL (based on using 2 mL of 800-1200 IU/mL thrombin 
per the manufacturers instructions). A 6 mm biopsy punch 
was used to create a defect approximately 7 mm deep in the 
kidney, liver, or spleen. The resulting tissue flap was 
removed using either Scissors or a scalpel. Test material was 
applied to the bleeding site and pressure was held using 
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gauze for 60 seconds. The wound was then observed for 
bleeding. If hemostasis had not been achieved, additional 
material was applied and/or pressure was held for another 30 
seconds. This was repeated until no bleeding could be 
observed. Time from material application to hemostasis was 
recorded. The results of the experiment are presented in 
Table 15. 

TABLE 1.5 

Time to hemostasis for crosslinked collagen materials and commercial 
gelatin hemostats in a non-heparinized bleeding model. 

Average Time to 
Hemostasis (seconds) - 

Sample Type standard error 

1% microfibrillar collagen, 89 36 
crosslinked at a ratio of 
100:1 with 1000 IU/mL, 

thrombin 
1% microfibrillar collagen, 
crosslinked at a ratio of 

100:1 
5% microfibrillar collagen, 
crosslinked at a ratio of 
500:1 with 1000 IU/mL, 

thrombin 
5% microfibrillar collagen, 
crosslinked at a ratio of 

SOO:1 
FloSeal (R) 
Surgiflo (R) 

157 87 

78 34 

52 15 

170 - 70 
121 45 

These results can also be seen in FIGS. 13 A-13B, FIGS. 
14A-14C, and FIGS. 15A-15B. For example, FIGS. 13 A 
13B are SEM images at a magnification of 500x of 1% 
collagen (FIG. 13A) and Surgiflo(R) (FIG. 13B) after hemo 
Stasis had been achieved through application of the material 
to a bleeding site. FIGS. 14A-14C are SEM images of 5% 
collagen (FIG. 14A, 1500x), Floseal R (FIG. 14B, 1500x), 
and SurgifloR (FIG. 14C, 1000x) after hemostasis had been 
achieved through application of the material to a bleeding 
site. FIGS. 15A-15B are SEM images at a magnification of 
3000x of 1% collagen (FIG. 15A) and 5% collagen without 
the addition of thrombin (FIG. 15B) after hemostasis had 
been achieved through application of the material to a 
bleeding site. In a second set of tests, a porcine bleeding 
model was used to assess the hemostatic abilities of various 
crosslinked formulations. The following materials cross 
linked with glutaraldehyde were tested: 1% microfibrillar 
collagen crosslinked at a ratio of 100: 1; 1% microfibrillar 
collagen crosslinked at a ratio of 250:1; 0.1% fibrillar 
collagen crosslinked at a ratio of 10:1; 0.1% fibrillar cross 
linked at a ratio of 25:1; SurgifloR); and Floseal(R). Cross 
linked collagen materials were prepared by grinding 
lyophilized scaffolds and reconstituting with Saline to a 
concentration of 120 to 140 mg/mL. Commercial products 
were prepared according to the manufacturers instructions. 
The concentration of thrombin for Floseal(R) was 500 IU/mL. 
The concentration of thrombin for SurgifloR) was 320 to 480 
IU/mL (based on using 2 mL of 800-1200 IU/mL thrombin 
per the manufacturers instructions). A 6 mm biopsy punch 
was used to create a defect approximately 7 mm deep in the 
kidney, liver, or spleen. The resulting tissue flap was 
removed using Scissors or a scalpel. Test material was 
applied to the bleeding site and pressure was held using 
gauze for 60 seconds. The wound was then observed for 
bleeding. If hemostasis had not been achieved, additional 
material was applied and/or pressure was held for another 30 
seconds. This was repeated until no bleeding could be 
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observed. Time from material application to hemostasis was 
recorded. The results of the experiment are presented in 
Table 16. 

TABLE 16 

Time to hemostasis for crosslinked collagen materials and 
commercial gelatin hemostats in a non-heparinized bleeding model. 

Average Time 
to Hemostasis 
(seconds) - 

Sample Type standard error 

1% microfibrillar collagen, 143 - 37 
crosslinked at a ratio of 100:1 
1% microfibrillar collagen, 77 - 17 

crosslinked at a ratio of 250:1 
0.1% fibrillar collagen, crosslinked 102 - 15 

at a ratio of 10:1 
0.1% fibrillar collagen, crosslinked 127 - 15 

at a ratio of 25:1 
Surgiflo (R) 78 18 
Flo Seal (R) 60 - O 

*/4 sites did not achieve hemostasis within 10 minutes. 

In a third set of tests, a porcine bleeding model was used 
to assess the hemostatic abilities of various crosslinked 
formulations. The following materials were tested: 0.1% 
fibrillar collagen crosslinked with glutaraldehyde at a ratio 
of 40: 1; 1% fibrillar collagen crosslinked with glutaralde 
hyde at a ratio of 25:1; crosslinked fibrillar collagen; and 
Floseal R. Crosslinked collagen materials were prepared by 
grinding lyophilized scaffolds and reconstituting with saline 
to a concentration of 120 to 130 mg/mL. Commercial 
products were prepared according to the manufacturers 
instructions. The concentration of thrombin for Floseal(R) 
was 500 IU/mL. The concentration of thrombin for Surgi 
floR) was 320 to 480 IU/mL (based on using 2 mL of 
800-1200 IU/mL thrombin per the manufacturers instruc 
tions). A 6 mm biopsy punch was used to create a defect 
approximately 7 mm deep in the kidney, liver, or spleen. The 
resulting tissue flap was removed using Scissors or a scalpel. 
Test material was applied to the bleeding site and pressure 
was held using gauze for 60 seconds. The wound was then 
observed for bleeding. If hemostasis had not been achieved, 
additional material was applied and/or pressure was held for 
another 30 seconds. This was repeated until no bleeding 
could be observed. Time from material application to hemo 
stasis was recorded. The results of the experiment are 
presented in Table 17. 
The same model was also performed in heparinized 

animals. The following materials were tested: crosslinked 
fibrillar collagen; 1% fibrillar collagen crosslinked with 
glutaraldehyde at a ratio of 25:1; and Floseal(R). The con 
centration of thrombin for FloSeal(R) was 500 IU/mL. The 
results are presented in Table 18. 

TABLE 17 

Time to hemostasis for crosslinked collagen materials and 
commercial gelatin hemostats in a non-heparinized bleeding model. 

Average 
Time to 

Hemostasis 
(seconds) - 

Sample Type standard error 

0.1% fibrillar collagen, crosslinked 19433 
at a ratio of 40:1 

1% fibrillar collagen, crosslinked at 211 44 
a ratio of 25:1* 
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TABLE 17-continued 

Time to hemostasis for crosslinked collagen materials and 
commercial gelatin hemostats in a non-heparinized bleeding model. 

Average 
Time to 

Hemostasis 

(seconds) - 
Sample Type standard error 

1% microfibrillar collagen, 122 24 
crosslinked at a ratio of 250:1 

FloSeal (R) 126 - 27 

*/10 sites did not achieve hemostasis within 10 minutes, 

TABLE 1.8 

Time to hemostasis for crosslinked collagen materials and 
commercial gelatin hemostats in a heparinized bleeding model. 

Average Time to 
Hemostasis 
(seconds) - 

Sample Type standard error 

1% fibrillar collagen, crosslinked at 166 - 70 
a ratio of 25:1* 

FloSeal (R* 143 83 

*/s sites did not achieve hemostasis within 10 minutes, 

Representative histology images of each material following 
application to a bleeding liver defect are shown in FIGS. 
16A-16D. The fibrillar collagen has a disorganized appear 
ance with red blood cells trapped between pieces of collagen 
(FIGS. 16A and 16B). The microfibrillar collagen has a more 
ordered configuration with red blood cells trapped between 
collagen fibers (FIG. 16C). Floseal(R) can be observed as 
large granules of gelatin particles with red blood cells in the 
interstitial spaces between material particles (FIG. 16D). 

Example 11 

In Vivo Biocompatibility and Degradation Testing 

A rabbit degradation model was used to assess tissue 
biocompatibility and in vivo degradation of various cross 
linked formulations. The following materials crosslinked 
with glutaraldehyde were tested: 1% microfibrillar collagen 
crosslinked at a ratio of 100: 1; 1% microfibrillar collagen 
crosslinked at a ratio of 250:1; and 0.1% fibrillar collagen 
crosslinked with glutaraldehyde at a ratio of 10:1. Cross 
linked collagen materials were prepared by grinding 
lyophilized scaffolds and reconstituting with Saline to a 
concentration of 110 to 160 mg/mL. An incision was created 
in the paraspinal muscle and blunt dissection was used to 
create an intramuscular pocket. Into each pocket, approxi 
mately 1 cc of each crosslinked collagen formulation was 
applied. At 8 weeks, sites were excised and placed en bloc 
in fixative solution. The tissue samples were processed using 
standard histological techniques and sections were stained 
with hematoxylin & eosin and Masson’s trichrome. All sites 
displayed normal healing at necropsy. The amount of mate 
rial present and appearance of the tissue and implanted 
collagen material are described in Table 19. Representative 
histology images are shown in FIGS. 17A-17C. 
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TABLE 19 

Microscopic analysis of crosslinked collagen materials at 
8 week implantation time. 

Amount of Material 
Present 

Appearance of 
Sample Type tissue/material 

Cellular and tissue 
infiltration, organized 

muscle tissue formation 

1% microfibrillar Minimal to marked 
collagen, 100:1 

1% microfibrillar Minimal to moderate 
collagen, 250:1 

Large degree of cellular 
infiltration, redevelopment 

of muscle tissue 

Cellular infiltration only on 
the outside of material 

0.1% fibrillar 
collagen, 10:1 

Marked 

Example 12 

Determining Crosslinking Conditions. Using 
EDC/NHS Chemistry 

Crosslinking can be used to tailor properties of the 
crosslinked material Such as handling properties, blood 
absorption, material consistency, ability to hold shape, and 
flexibility. The most preferred material will be able to hold 
its shape and be extruded through a Syringe. 

In order to crosslink collagen using EDC/NHS chemistry, 
the general procedure of Wissink (2000) was modified as 
follows. The concentration of collagen used was between 
4-5 mg/mL (0.4-0.5%) and more preferably between 0.45 
0.47%. The effect of reaction conditions on material prop 
erties were explored in greater detail. Collagen was cross 
linked using 1.740 g EDC per 1 g of collagen and 0.42 g 
NHS per 1 g of collagen. The solution was allowed to stir at 
room temperature for 4 hours. The mass to mass ratio of 
EDC to NHS was always kept between 4.0:1 and 4.5:1. The 
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resultant material properties were analyzed using SEM for 40 
fiber size and connectivity (See FIGS. 18A-18E), Fourier 
Transform infrared spectroscopy (FTIR) to determine if 
changes in chemical structure could be observed after cross 
linking, blood absorption, and differential scanning calorim 
etry (DSC) to determine if the stability of the material 
increased as a result of crosslinking. 
The structure of the material is altered as reaction condi 

tions such as concentration and time are varied (See Table 
21, below). The control material is shown in FIG. 18A. All 
materials are compared to this material. Materials cross 
linked at lower concentrations; such as about half the 
concentration of EDC and NHS relative to the control (FIG. 
18B) or materials crosslinked for a shorter time, such as 
about two hours (FIG. 18D), have a more closed, less porous 
structure. These materials have mostly a sheet-like appear 
ance with a few fibers that are visible. Materials crosslinked 
at a higher concentration, for example about two times more 
EDC and NHS were used compared to the control material 
(FIG. 18C). The increase in concentration appears to result 
in a more interconnected porous structure with Small sheets 
of material. The reaction time can be increased from about 
4 hours for the control material to about 16 hours to provide 
material that has a more open and porous structure with a 
few sheets of material and an increase in the number of 
fibers that form the porous structure (FIG. 18E). 
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TABLE 21 

Mass Mass Reaction 
Material EDC (g) NHS (g) Time (h) 

Control 1.74 O.42 2, 4, or 16 
/2 Control Concentration O.87 O.42 4 

2 Times Control Concinetration 3.65 O.42 4 

The ability of the crosslinked collagen material to absorb 
blood was also monitored. The results are shown in Table 20. 
By either decreasing the concentration of EDC and NHS or 
decreasing the reaction time, which allows fewer crosslinks 
to be formed, the ability of the crosslinked material to absorb 
blood can be decreased. This affords the ability to control 
absorption of blood, and to a certain extent Swelling is also 
controlled by controlling the reaction parameters. Thus the 
material properties can be tailored to provide the most 
desirable hemostatic or wound healing device. 

TABLE 20 

Percent of Blood Absorbed by EDC/NHS Crosslinked Collagen. 

Material % Blood Absorption 

Control 96.14 
/2 x 47.25 
2 x 84.58 

2 hrxn 70.62 
16 hrxn 61.96 

The EDC/NHS crosslinked material has an increased capac 
ity to absorb blood compared to GTA crosslinked collagen. 
This is potentially because EDC/NHS attaches two or more 
collagen chains during crosslinking and does not alter the 
overall chemical composition of the collagen. GTA cross 
linking, however, inserts a linker that can disrupt the spacing 
and interactions between collagen chains as well as alter the 
charge of the collagen thereby decreasing the amount of 
blood that can be absorbed. 

While the invention has been disclosed with reference to 
specific embodiments, it is apparent that other embodiments 
and variations of the invention may be devised by others 
skilled in the art without departing from the true spirit and 
Scope of the invention. The appended claims are intended to 
be construed to include all such embodiments and similar 
variations. 
The disclosures of each and every patent, patent applica 

tion, and publication cited herein are hereby incorporated 
herein by reference in their entirety. 

The invention claimed is: 
1. A method of fabricating a flowable hemostatic compo 

sition comprising: 
crosslinking about 0.1-10% collagen with a crosslinking 

agent at a ratio between about 7.5:1 to 500:1 to form 
crosslinked collagen, wherein the crosslinked collagen 
has a porosity greater than 50% and a Surface area of 
between 0.5 to 30 m/g: 

lyophilizing the crosslinked collagen until dried; and 
reconstituting the crosslinked collagen at a concentration 

of about 50-200 mg/mL. 
2. The method of claim 1, wherein the crosslinking agent 

is glutaraldehyde. 
3. The method of claim 1, wherein the collagen is micro 

fibrillar collagen. 
4. The method of claim 1, wherein the collagen is fibrillar 

collagen. 
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5. The method of claim 1, wherein the crosslinked colla 
gen is reconstituted in a physiologically acceptable liquid 
vehicle. 

6. The method of claim 5, wherein the liquid vehicle is 
water, Saline, calcium chloride or a combination thereof. 

7. The method of claim 1, further comprising adding at 
least one biological agent. 

8. The method of claim 7, wherein at least one biological 
agent comprises thrombin. 

9. The method of claim 1, further comprising controlling 
the porosity of the crosslinked collagen by controlling the 
temperature and rate of freezing during lyophilization. 

10. The method of claim 1, further comprising controlling 
the porosity by controlling the collagen concentration prior 
to freezing the collagen. 

11. The method of claim 1, further comprising controlling 
the material structure of the crosslinked collagen by con 
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trolling the temperature and rate of freezing during 
lyophilization. 

12. The method of claim 11, wherein the material struc 
ture includes at least one from the group consisting of fibers, 
ribbons, ropes and sheets. 

13. The method of claim 1, wherein the lyophilizing step 
comprises freezing the crosslinked collagen in liquid nitro 
gen. 

14. The method of claim 13, wherein the lyophilizing step 
further comprises a primary drying cycle at temperatures of 
between 0 and 15° C. for 1 to 24 hours and a secondary 
drying cycle at temperatures of between 20 and 40° C. for 
2 to 10 hours. 

15. The method of claim 14, wherein the reconstituted 
crosslinked collagen has a percent swelling of between 0% 
to 20% within 10 minutes. 

k k k k k 


