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(57) Abstract: The present invention is directed to a stabi-
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weight component that are covalently linked, and at least
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ing of polyglycans and polypeptides. This stabilized hydro-
gel matrix may be prepared as bioactive gels, pastes, slur-
ries, cell attachment scaffolds for implantable medical de-
vices, and casting or binding materials suitable for the con-
struction of medical devices. The intrinsic bioactivity of the
hydrogel matrix makes it useful as a gel or paste in multiple
applications, including as a cell attachment scatfold that pro-
motes wound healing around an implanted device, as gels
and pastes for induction of localized vasculogenesis, wound
healing, tissue repair, and regeneration, as a wound adhe-
sive, and for tissue bulking.
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CROSS-LINKED BIOACTIVE HYDROGEL MATRICES

FIELD OF THE INVENTION
The present invention relates to cross-linked bioactive hydrogel matrices that

are appropriate for use in therapeutic methods based on the induction of localized

vasculogenesis, wound healing, tissue repair, and tissue regeneration.

BACKGROUND OF THE INVENTION

The replacement or repair of damaged or diseased tissues or organs by
implantation has been, and continues to be, a long-standing goal of medicine towards
which tremendous progress has been made. Working toward that goal, there 1s an
increasing interest in tissue engineering techniques where biocompatible,
biodegradable materials are used as a support matrix, as a substrate for the delivery of
cultured cells, or for three-dimensional tissue reconstruction (Park, S.,
“Characterization of porous collagen/hyaluronic acid scaffold modified by 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide cross-linking” Biomaterials 23:1205-1212
(2002)). However, one of the most serious problems restricting the use of implanted
materials is the wound healing response by the body elicited by the implanted foreign
materials (Ratner, B.D., “Reducing capsular thickness and enhancing angiogenesis
around implant drug release systems” Journal of Controlled Release 78:211-218
(2002)).

Biocompatibility is defined as the appropriate response of the host to a foreign
material used for its intended application. Biocompatibility further refers to the
interaction between the foreign material and the tissues and physiological systems of
the patient treated with the foreign material. Protein binding and subsequent
denaturation as well as cell adhesion and activation have been mmvoked as
determinants of a material’s biocompatibility. Biocompatibility also implies that the
implant avoids detrimental effects from the host’s various protective systems and
remains functional for a significant period of time. In vitro tests designed to assess

cytotoxicity or protein binding are routinely used for the measurement of a material’s
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potential biocompatibility. In other words, the biocompatibility of a material is
dependent upon its ability to be fully integrated with the surrounding tissue following
implantation.

Previous research has shown that the specific interactions between cells and
their surrounding extracellular matrix play an important role in the promotion and
regulation of cellular repair and replacement processes (Hynes, S.0., “Integrins: a
family of cell surface receptors” Cell 48:549-554 (1987)). Consequently, there has
been a heightened interest in work related to biocompatible polymers useful mn
therapeutic applications. One particular class of polymers that have proven useful for
such applications, including contact lens materials, artificial tendons, matrices for
tissue engineering, and drug delivery systems, is hydrogels (Schacht, E., “Hydrogels
prepared by crosslinking of gelatin with dextran dialdehyde” Reactive & F unctional
Polymers 33:109-116 (1997)). Hydrogels are commonly accepted to be materials
consisting of a permanent, three-dimensional network of hydrophilic polymers with
water filling the space between the polymer chains. Hydrogels may be obtained by
copolymerizing suitable hydrophilic monomers, by chain extension, and by cross-
linking hydrophilic pre-polymers or polymers.

Prior work has shown that a thermoreversible hydrogel matrix, which 1s liquid
near physiologic temperatures, elicits vasculogenesis and modulates wound healing 1n
dermal ulcers (Usala A.L. ef al. “Induction of fetal-like wound repair mechanisms in
vivo with a novel matrix scaffolding” Diabetes 50 (Supplement 2): A488 (2001), and
Usala A.L. et al., “Rapid Induction of vasculogenesis and wound healing using a
novel injectable connective tissue matrix” Diabetes 49 (Supplement 1): A395 (2000)).
This bioactive hydrogel material has also been shown to improve the healing in
response to implanted foreign materials; demonstrating a decrease in the surrounding
fibrous capsule thickness and a persistent increase in blood supply immediately
adjacent to implanted materials exposed to this thermoreversible hydrogel. (Ravin
A.G. et al., “Long- and Short-Term Effects of Biological Hydrogels on Capsule
Microvascular Density Around Implants in Rats” J Biomed Mater Res 58(3):313-8

(2001)). However the use of such a bioactive thermoreversible hydrogel in

therapeutic applications requiring three-dimensional and thermal stability 1s not
practical because the hydrogel is molten at physiologic temperatures. Accordingly,

there is a need for a bioactive material that is stable at body temperatures and thus
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appropriate for use either as a medical device or in medical applications, particularly
those intended for use 1n mamﬁlals.

A particular biopolymer for use in medical applications is disclosed m U.5S.
Patent No. 6,132,759, which relates to a medicament containing a biopolymer matrix
comprising gelatin cross-linked with oxidized polysaccharides. The biopolymer of
the 759 patent is claimed to be useful for treating skin wounds or dermatological
disorders when a wound healing stimulating drug is incorporated therein. Similarly,
U.S. Patent No. 5,972,385 describes a matrix formed by reacting a modified
polysaccharide with collagen that may subsequently be used for tissue repair when
combined with growth factors. Various additional publications have described
polymers and co-polymers for use in medical applications, such as drug delivery,
tissue regeneration, wound healing, wound dressings, adhesion barriers, and wound
adhesives. (See, for example, Draye, J.P. et al., “In vitro release characteristics of
bioactive molecules from dextran dialdehyde cross-linked gelatin hydrogel films”™
Biomaterials 19:99-107 (1998); Draye, J.P. et al., “In vitro and 1 vivo
biocompatibility of dextran dialdehyde cross-linked gelatin hydrogel films™
Biomaterials 19:1677-1687 (1998); Kawai, K. et al., “Accelerated tissue regeneration
through incorporation of basic fibroblast growth factor impregnated gelatin
microspheres into artificial dermis” Biomaterials 21:489-499 (2000); Edwards, G.A.
et al., “In vivo evaluation of collagenous membranes as an absorbable adhesion
barrier”’ Biomed. Mater. Res. 34:291-297 (1997); U.S. Patent No. 4,618,490; and U.S.
Patent No. 6,165,488.) Such biocompatible polymers, however, are generally only
therapeutically effective when combined with other therapeutic agents, such as
growth factors, clotting factors, antibiotics, and other drugs.

Several biocompatible polymers previously known are based at least in part on
collagen or collagen derived material. Additionally, other known biocompatible
polymers are based on polysaccharides, particularly dextran. In some instances,
biopolymers have been formed by cross-linking gelatin and dextran; however, the
usefulness of such polymers for long-term use in the body has not been shown. It 1s
well documented that gelatin and dextran are incompatible in aqueous solution
making it difficult to produce co-polymers that are stable at body temperatures.

Thus, there still remains a need for stabilized, bioactive hydrogels that are

useful for medical applications where stable, long-term use in the body is desired.
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BRIEF SUMMARY OF THE INVENTION

A stabilized cross-linked bioactive hydrogel matrix useful as a therapeutic gel
or paste is provided. The viscosity of the bioactive hydrogel of the invention may be
varied over a wide range by controlling the process conditions using parameters well
known to those skilled in the art. These bioactive hydrogels may be used either as
therapeutic medical devices or as adjuvants to other forms of therapy requiring a |
modulation of localized wound healing and tissue integration. The hydrogel matrices
of the invention comprise a first high molecular weight component and a second high
molecular weight component covalently cross-linked to the first high molecular
weight component, wherein the first high molecular weight component and the second
high molecular weight component are each selected from the group consisting of
polyglycans and polypeptides. The matrix further comprises one or more enhancing
agents, such as polar amino acids, amino acid analogues, amino acid derivatives,
intact collagen, and divalent cation chelators, such as ethylenediaminetetraacetic acid
(EDTA) or salts thereof. In a preferred embodiment, the composition comprises a
high molecular weight polyglycan covalently bonded to a high molecular weight
polypeptide. The two high molecular weight components are preferably dextran and
gelatin. Preferred enhancing agents include polar amino acids, such as cysteine,
arginine, lysine, and glutamic acid, EDTA or salts thereof, and mixtures or
combinations thereof.

A method for preparing a stabilized cross-linked bioactive hydrogel matrix 1s
also provided. The method comprises providing a mixture of a first high molecular
weight component, a second high molecular weight component, and an enhancing
agent, and reacting the first high molecular weight component with the second high
molecular weight component under conditions sufficient to covalently cross-link the
first high molecular weight component to the second high molecular weight
component. As would be understood, the two high molecular weight components can
be cross-linked during or after addition of the enhancing agent(s).

In another aspect, the present invention provides a method for using a
stabilized cross-linked bioactive hydrogel matrix for enhancing tissue regeneration.

The method comprises the steps of identifying a specific site in need of tissue

4 -
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regeneration and administering a therapeutically effective amount of a stabilized
cross-linked bioactive hydrogel matrix, as described above, to the identified site.

Tn yet another aspect, a method for using a stabilized cross-linked bioactive
hydrogel matrix for adding bulk to tissue is provided. The method comprises the
steps of identifying a specific site in need of added tissue bulk and administering a
therapeutically effective amount of a stabilized cross-linked bioactive hydro gel
matrix, as described above, to the identified site.

In still another aspect, the invention provides a method for preparing a bone
implant using a stabilized cross-linked bioactive hydrogel matrix of the present
invention. The method comprises the steps of providing an amount of an
osteoconductive or osteoinductive material, such as calcium aluminate,
hydroxyapatite, alumina, zirconia, aluminum silicates, calcium phosphate, bio active
glass, ceramics, collagen, autologous bone, allogenic bone, xenogenic bone, coralline,
or derivates or combinations thereof, providing a stabilized cross-linked bioactive
hydrogel matrix as described above, combining the osteoconductive or osteoinductive
material with the hydrogel matrix to form a pourable and castable composite paste,
casting the paste into a shaped mold, allowing the paste in the shaped mold to harden,
and removing the cast paste from the shaped mold.

In a further aspect of the present invention is provided a method for using a
stabilized cross-linked bioactive hydrogel matrix in combination with viable tissue
cells for therapeutic treatment.

In another aspect of the present invention is provided a method for using a
stabilized cross-linked bioactive hydrogel matrix for treating a wound, for example, as

a wound covering or as a tissue sealant.

BRIEF DESCRIPTION OF THE DRAWINGS
Having thus described the invention in general terms, reference will now be
made to the accompanying drawings, which are not necessarily drawn to scale, and

wherein:

Figure 1 illustrates formation of open alpha chains derived from collagen

MONOmers;

Figure 2A illustrates the effect of the association of the alpha chains with

dextran;

_5 -




10

15

20

25

30

CA 02476653 2007-11-29

Figure 2B illustrates the behavior of the alpha chains without association of

the dextran;

Figure 3 illustrates the effect of other hydrogel matrix additives;

Figure 4 illustrates an embodiment of a covalently cross-linked gelatin/dextran
matrix of the invention;

Figure 5 illustrates graphically the effect of a hydrogel matrix in promoting
cell aggregation;

Figure 6 illustrates the use of a cross-linked embodiment of the bioactive
matrix of the present invention in bone repair; and

Figure 7 illustrates graphically the reiationship of the overall strength of the

cross-linked hydrogel matrix to the amount of dextran oxidation.
DETAILED DESCRIPTION OF THE INVENTION

The present invention now will be described more fully hereinafter with
reference to the accompanying drawings, in which preferred embodiments of the
invention are shown. This invention may, however, be embodied in many different
forms and should not be construed as limited to the embodiments set forth herein;
rather, these embodiments are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the invention to those skilled in the art.
Like numbers refer to like elements throughout.

The formulation of a thermoreversible hydrogel matrix providing a cell culture
medium and composition for preserving cell viability 1s taught by U.S. Patent No.
6,231,881. Additionally, a hydrogel matrix useful in promoting vascularization is
provided in U.S. Patent No. 6,261,587. The thermoreversible hydrogel matrix taught
by these references is a gel at storage temperatures and molten at physiologic
temperatures, and comprises a combination of a collagen-derived component, such as
gelatin, a long chain polyglycan, such as dextran, and effective amounts of other
components, such as polar amino acids. The thermoreversible hydrogel matrix taught
by these references is discussed below in connection with Figures 1-3.

Collagen is a major protein component of the extracellular matrix of animals.
Collagen 1s assembled 1into a complex fibrillar organization. The fibrils are assembled

into bundles that form the fibers. The fibrils are made of five microfibrils placed in a
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staggered arrangement. Each microfibril is a collection of collagen rods. Each
collagen rod is a right-handed triple-helix, each strand being itself a left-handed helix.
Collagen fibrils are strengthened by covalent intra- and intermolecular cross-links
which make the tissues of mature animals insoluble in cold water. When suitable
treatments are used, collagen rods are extracted and solubilized where they keep their
conformation as triple-helices. This is denatured collagen and differs from the native
form of collagen, but has not undergone sufficient thermal or chemical treatment to
break the intramolecular stabilizing covalent bonds found in collagen. When collagen
solutions are extensively heated, or when the native collagen containing tissues are
subjected to chemical and thermal treatments, the hydrogen and covalent bonds that
stabilize the collagen helices are broken, and the molecules adopt a disordered
conformation. By breaking these hydrogen bonds, the polar amine and carboxylic
acid groups are now available for binding to polar groups from other sources or
themselves. This material is gelatin and is water-soluble at 40-45°C.

As noted above, gelatin is a form of denatured collagen, and is obtained by the
partial hydrolysis of collagen derived from the skin, white connective tissue, or bones
of animals. Gelatin may be derived from an acid-treated precursor or an alkali-treated
precursor. Gelatin derived from an acid-treated precursor is known as Type A, and
gelatin derived from an alkali-treated precursor is known as Type B. The
macromolecular structural changes associated with collagen degradation are basically
the same for chemical and partial thermal hydrolysis. In the case of thermal and acid-
catalyzed degradation, hydrolytic cleavage predominates within individual collagen
chains. In alkaline hydrolysis, cleavage of inter-and intramolecular cross-links
predominates.

Figure 1 illustrates the hydrolytic cleavage of the tropocollagen 10, forming
individual polar alpha chains of gelatin 15. Heating tropocollagen 10 disrupts the
hydrogen bonds that tightly contain the triple stranded monomers in mature collagen.

Figures 2A-2B illustrate stabilization of the matrix monomeric scaffolding by
the introduction of a long-chain polyglycan, such as dextran 20. As depicted in
Figure 2A, the dextran 20 serves to hold open the gelatin 15, that has been previously
heated, by interfering with the natural predisposition of the gelatin 15 to fold upon
itself and form hyﬁro gen bonds between its polar groups. In the absence of dextran
20, as shown in Figure 2B, when the gelatin 15 begins to cool, it will form hydrogen

_7 -
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bonds between the amino and carboxylic acid groups within the linear portion of the
monomer and fold upon itself, thus limiting available sites for cellular attachment.

The thermoreversible matrix contains a polyglycan, such as dextran, at a
therapeutically effective concentration ranging from, for example, about 0.01 to about
10 mM, preferably about 0.01 to about 1 mM, most preferably about 0.01 to about 0.1
mM. In one embodiment, dextran is present at a concentration of about 0.09 mM.

The thermoreversible matrix also contains gelatin, at a therapeutically
effective concentration ranging from, for example, about 0.01 to about 40 mM,
preferably about 0.05 to about 30 mM, most preferably about 1 to 5 mM.
Advantageously, the gelatin concentration is approximately 1.6 mM.

In order to increase cell binding, intact collagen may be added 1n small
amounts to the thermoreversible matrix in order to provide additional structure for the
cells contained in the matrix. The final concentration of intact collagen is from about
0 to about 5 mM, preferably about 0 to about 2 mM, most preferably about 0.05 to
about 0.5 mM. In one embodiment, the concentration of intact collagen 1s about 0.11
mM.

The thermoreversible matrix may additionally contain an effective amount of
polar amino acids, which are commonly defined to include tyrosine, cysteine, serine,
threonine, asparagine, glutamine, asparatic acid, glutamic acid, arginine, lysine, and
histidine. For application in the present invention, the amino acids are preferably
selected from the group consisting of cysteine, arginine, lysine, histidine, glutamic
acid, aspartic acid and mixtures thereof, or derivatives or analogues thereof. By
amino acid is intended all naturally occurring alpha amino acids in both their D and L
stereoisomeric forms, and their analogues and derivatives. An analog is defined as a
substitution of an atom or functional group in the amino acid with a different atom or
functional group that usually has similar properties. A derivative is defined as an
amino acid that has another molecule or atom attached to it. Derivatives would
include, for example, acetylation of an amino group, amination of a carboxyl group,
or oxidation of the sulfur residues of two cysteine molecules to form cystine. The
total concentration of all polar amino acids is generally between about 3 to about 150

mM, preferably about 10 to about 65 mM, and more preferably about 15 to about 40
mM.
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Advantageously, the added polar amino acids comprise L-cysteine, L-glutamic
acid, L-lysine, and L-arginine. The final concentration of L-glutamic acid is generally
about 2 to about 60 mM, preferably about 5 to about 40 mM, most preferably about
10 to about 20 mM. In one embodiment, the concentration of L-glutamic acid 1s
about 15 mM. The final concentration of L-lysine is generally about 0.5 to about 30
mM, preferably about 1 to about 15 mM, most preferably about 1 to about 10 mM. In

one embodiment, the concentration of L-lysine is about 5.0 mM. The final
concentration of L-arginine is generally about 1 to about 40 mM, preferably about 1

to about 30 mM, most preferably about 5 to about 15 mM. In one embodiment, the
final concentration of arginine is about 10 mM. The final concentration of L-cysteine,
which provides disulfide linkages, is generally about 5 to about 500 uM, preferably
about 10 to about 100 uM, most preferably about 15 to about 25 uM. In one |
embodiment, the final concentration of cysteme 1s about 20 uM.

The thermoreversible matrix is preferably based upon a physiologically
compatible buffer, one embodiment being Medium 199, a common nutrient solution
used for in vitro culture of various mammalian cell types (available commercially
from Sigma Chemical Company, St. Louis, MO), which is further supplemented with
additives and additional amounts of some medium components, such as supplemehtal
amounts of polar amino acids as described above.

Advantageously, aminoguanidine may be added to this formulation; however,
other L-arginine analogués may also be used in the present invention, such as N-

monomethyl L-arginine, N-nitro-L-arginine, or D-arginine. The final concentration of
aminoguanidine is generally about 5 to about 500 pM, preferably about 10 to about
100 pM, most preferably about 15 to about 25 pM. In one embodiment, the final

concentration 1s about 20 pM.

Additionally, the matrix may include one or more divalent cation chelators,
which increase the rigidity of the matrix by forming coordinated complexes with any
divalent metal ions present. The formation of such complexes leads to the increased
rigidity of the matrix by removing the inhibition of hydrogen bonding between —NH,
and —COOH caused by the presence of the divalent metal ions. A preferred example
of a divalent cation chelator that is useful in the present invention 1s
ethylenediaminetetraacetic acid (EDTA) or a salt thereof. The concentration range for

the divalent cation chelator, such as EDTA, is generally about 0.01 to about 10 mM,
- 0.
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preferably 1 to about 8 mM, most preferably about 2 to about 6 mM. In a one
embodiment, EDTA is present at a concentration of about 4 mM.

Figure 3 illustrates the effect of polar amino acids and L-cysteine added to
stabilize the units 25, formed by the gelatin 15 and dextran 20, by linking the exposed
monomer polar sites to, for example, arginine’s amine groups or glutamic acid’s
carboxylic acid groups. Furthermore, disulfide linkages can be formed between L-
cysteine molecules (thereby forming cystine), which in turn form hydrogen bonds to
the gelatin 15.

The mechanical and thermal characteristics of the thermoreversible hydrogel
described above are to a large extent determined by the thermomechanical properties
of one of its major components, gelatin. Gelatin-based matrices typically are molten
at near physiologic temperatures and hence cannot be expected to have the requisite
durability and mechanical properties when required for implantation as a medical
device in certain applications. Therefore, it is imperative to stabilize these gels
through a variety of intermolecular interactions including hydrogen bonding,
electrostatic or polar amino acid mediated bonding, hydrophobic bonding and
covalent bonding. Although not wishing to be bound by theory, it is believed that the
types of bonding mechanisms described above in association with a long chain
polyglycan stabilize polypeptides such as gelatin. For example, as discussed in more
detail below, the positively charged polar groups of the collagen-derived alpha chains
are then able to associate with the negatively charged hydroxyl groups of the
repeating glucose units found in, for example, dextran. The gelatin and dextran form
a composite bioactive hydrogel containing macromolecular proteoglycan-type
structures.

Unlike the prior art thermoreversible matrix discussed above, the present
invention provides stabilized compositions comprising a cross-linked bioactive
hydrogel matrix that can be used, for example, to promote wound healing or
vasculogenesis. The present invention is also directed to a method for preparing a
cross-linked bioactive hydrogel matrix that is therapeutically useful at physiological
temperatures. By “bioactive” is intended the ability to facilitate or discourage a
cellular or tissue response of a host to foreign materials introduced to the body.
Examples include, but are not limited to, induction of vasculogenesis, inhibition of the

formation of a foreign body response, promotion of cellular attachment to the scaffold

- 10 -




10

15

20

25

30

CA 02476653 2004-08-18

WO 03/072135 PCT/US03/05511

material, and promotion of tissue regeneration. The term “stabilized™ or “stable” 1s
intended to refer to compositions that are water-swellable, poorly soluble, solid or
semi-solid materials at physiological temperature (i.e., about 37°C) and in
physiological fluids (e.g., aqueous body fluids having a physiological pH of about
7.4), which remain present in the host for sufficient time to achieve the intended
response.

The stabilized bioactive hydrogel matrix of the invention is formed from at
least two high molecular weight components. The high molecular weight components
of the bioactive hydrogel matrix are selected from the group consisting of high
molecular weight polyglycans, high molecular weight polypeptides, and combinations
thereof. By high molecular weight polyglycan is intended any polysaccharide
consisting of more than about 10 monosaccharide residues joined to each other by
slycosidic linkages. The polyglycan may consist of the same monosaccharide
residues, or various monosaccharide residues or derivatives of monosaccharide

residues. Dextran, a preferred polysaccharide, solely comprises glucose residues.

Dextran typically comprises linear chains of o1—6)-linked D-glucose residues, often

with o(1—2)- or o1—3)-branches. Native dextran, produced by a number of species

of bacteria of the family Lactobacilliaceae, is a polydisperse mixture of components.
The polyglycan component preferably has a molecular weight range of about

2.000 to about 8,000,000 Da, more preferably about 20,000 to about 1,000,000 Da.

Unless otherwise noted, molecular weight is expressed herein as number average

molecular weight (M,,), which 1s defined as 2, NiMi , wherein Ni is the number of
> Ni

polymer molecules (or the number of moles of those molecules) having molecular

welght Mi.

Any polysaccharide, including glycosaminoglycans (GAGs) or
glucosaminoglycans, with suitable viscosity, molecular mass and other desirable
properties may be utilized in the present invention. By glycosaminoglycan is
intended any glycan (i.e., polysaccharide) comprising an unbranched polysaccharide
chain with a repeating disaccharide unit, one of which is always an amino sugar.
These compounds as a class carry a high negative charge, are strongly hydrophilic,
and are commonly called mucopolysaccharides. This group of polysaccharides

includes heparin, heparan sulfate, chondroitin sulfate, dermatan sulfate, keratan
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sulfate, and hyaluronic acid. These GAGs are predominantly found on cell surfaces
and in the extracellular matrix. By glucosaminoglycan is intended any glycan (1.e.
polysaccharide) containing predominantly monosaccharide derivatives in which an
alcoholic hydroxyl group has been replaced by an amino group or other functional
group such as sulfate or phosphate. An example of a glucosaminoglycan is poly-N-
acetyl glucosaminoglycan, commonly referred to as chitosan. Exemplary
polysaccharides that may be useful in the present invention include dextran, heparan,
heparin, hyaluronic acid, alginate, agarose, carageenan, amylopectin, amylose,
glycogen, starch, cellulose, chitin, chitosan and various sulfated polysaccharides such
as heparan sulfate, chondroitin sulfate, dextran sulfate, dermatan sulfate, or keratan
sulfate.

By high molecular weight polypeptide is intended any tissue-derived or
synthetically produced polypeptide, such as collagens or collagen-derived gelatins.
Although collagen-derived gelatin is the preferred high molecular weight polypeptide
component, other gelatin-like components characterized by a backbone comprised of
sequences of amino acids having polar groups that are capable of interacting with
other molecules can be used. For example, keratin, decorin, aggrecan, gfycoproteins
(including proteoglycans), and the like could be used to produce the polyp eptide
component. In one embodiment, the polypeptide component is porcine gelatin from.
partially hydrolyzed collagen derived from skin tissue. Polypeptides derived from
other types of tissue could also be used. Examples include, but are not limited to,
tissue extracts from arteries, vocal chords, pleura, trachea, bronchi, pulmonary
alveolar septa, ligaments, auricular cartilage or abdominal fascia; the reticular
network of the liver; the basement membrane of the kidney; or the neurilemma,
arachnoid, dura mater or pia mater of the nervous system. Purified polypeptides
including, but not limited to, laminin, nidogen, fibulin, and fibrillin or protein
mixtures such as those described by U.S. Patent No. 6,264,992 and U.S. Patent No.
4,829,000, extracts from cell culture broth as described by U.S. Patent No. 6,284,284,
submucosal tissues such as those described in U.S. Patent No. 6,264,992, or gene
products such as described by U.S. Patent No. 6,303,765 may also be used. Another
example of a suitable high molecular weight polypeptide is a fusion protein formed by

oenetically engineering a known reactive species onto a protein. The polypeptide
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cOmponent preferably has a molecular weight range Of abont 3,000 to about 3,000,000
Da, more preferably about 30,000 to about 300, 000 Da. - -
In a preferred embodiment, gelatin and dextran are components of the

‘bloactive matiix of the present invention. For ease of describing the invention, the

terms “gelatin” and “dextran” are used throughout with the understanding that various

alternatives as described above, such as other polyglycan and polypeptide components

readﬂy emnsmned by those skﬂled m the art, are contemplated by the present

mventlon. | | |
In one embodunent of the present mventlon, as lllustrated m Flgm'e 4, dextran

20 is covalently crosslinked to gelatin 15 by hnkages 70 thereby forming a

: cross]mked network 50. The hnkages 70 either result from I‘CaCthll of ﬁmcttonal
groups on the gelatin 15 with functional groups on the dextran 20, or result from

reaction of a bifunctional crosslinker molecule with both the dextran 20 and gelatm
15. As explained in greater detail below, one method of crosslinking gelatin and
dextran is to mOdify the dextran molecules' 20, such as by oxidation, in olﬂer to form

~ functional groups suitable for covalent attachment to the gelatm 15. This stabilized
cross-]mked bioactive network 50 yields therapeutxcally useful gels and pastes that are

msoluble in physnolo gic fluids at physmlo gical tempcratm'es No additional substrate
or surface is required. The so-formed gels and pastes are appropriate for the ‘
development of therapeutic methods based on the induction of a localized -
vasculogenesis, wound hea.lmg, tissue repair, and regeneration. Such bioactive
hydrogel gels and pastes may be used, for eXample to repair ischemic regions of the
heart or peripheral vessels, facilitate bone repan', or to provule a locahzed scaffolding

for wound healmg and tissue repair.

In one embodiment of the method of makmg the cross-lmked hydmgel matrix, '
one of the lngh molecular weight components must be modified to form reactive

groups sutable for cross-linking. For instance, the dextran or other polyglycan
component can be modiﬁed, such as by oxidation, in order to cross-link with the
gelatin component. One known reaction for oxidizing polysoccharides 1S periodate
oxidation. The basic reaction process utilizing periodate chemieu'y is well known and
appreciated by those skilled in the art. Periodate oxidation is described generally in

 Affinity Chromatography A Practical Approach Dean, et al., IRL Press, 1985
- ISBN0-904147-71-1. The oxidation '
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Of dextran by the use of periodate-based chemlstry is d&scn"bed‘in U.S. Patent No.

6,011,008,
-In periodate oxxdatlon, polysaccharides may be actlvated by the oxidation of

the vicinal d101 groups. Wlﬂl polyglycms thxs 1S gemmlly accomplished through

'-h'ean:nent with an aqueous solution of a salt of periodic acid, such as sodium periodate

' (NaIO4) which oxidizes the sugar diols to generate reactive aldehyde groups (e g.
-dialdehyde residues). This method is a rapid, convenient altemahvc to other lmown

0xidaﬁ0n methods, such as those using cyanogen bromide. Polyglycans activated by
periodate oﬁcidation may be stored at 4°C for several days without appreciable loss of |
actnnty ' . e
Polyglycan matenals such as dextran, activated mn this manner readily react
with materials containing amino groups, such as gelatin, producing a cross-linked

* material through the formation of Schiff’s base links. A Schiff base is a name

commonly used to refer to the imine formed by the reaction of a primary amine with

. an aldehy&e qr\ketone. The aldehyde groups formed on the cellulosic surface react |
 with most primary amines between pH values from about 4 to about 6. The Schiff's

base links form between the dialdehyde residues of the polyglycan and the free amino
groups on the protein. The cross-linked product may subsequently be stabilized (e '
formation of stable amine lmkages) by reduction with a borohydnde, such as sodium
borohydnde (NaBH,) or sodium cyanoborohydnde (N aBH;CN). The residual
aldehyde groups may be consumed with ethanolamme or other amine contalmng |
species to further modlfy the cross-lmked matrix. Other methods known to those
skilled in the art may be utlhzed to provide reactlve groups on elther one or both of
the high molecular weight components of the matrix. '

In the present invention, penodate chemistry is used with dextran to form a
multifunctional polymer that can then react with gelatin and enhancmg agents present
dﬁring the manufacturing process. The penodate reaction leads to the formatioh of

- polyaldehyde polyglycans that are reactive with primary amines. For example, gh

molecular weight pol ypephdw and high molecular weight polyglycans may fonn

covalent hydro gel complexes that are colloidal or covalently cross-linked gels.

Covalent bonding occurs between reactive groups of the dextran and reactive groups

of the gelatin component. The reactive sites on the gelatin include amine groups

proyided by arginine, asparagine; glutamine, and lysine. These amine groups react
-14 -
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with the aldehyde or ketone groups on the dextran to form a covalent bond. These
hydrogels can be readily prepared at temperatures from about 34°C to about 90°C.
Additionally, the hydrogels can be prepared at a pH range of from about 5 to about 9,
preferably from about 6 to about 8, and most preferably from about 7 to about 7.6.

By controlling the extent of dextran activation and the reaction time, one can
produce stabilized biomimetic scaffolding materials of varying viscosity and stifiness.
By “biomimetic” is intended compositions or methods imitating or stimulating a
biological process or product. Some biomimetic processes have been in use for
several years, such as the artificial synthesis of vitamins and antibiotics. More
recently, additional biomimetic applications have been proposed, including nanorobot
antibodies that seek and destroy disease-causing bacteria, artificial organs, artificial
arms, legs, hands, and feet, and various electronic devices. The biomimetic
scaffolding materials of the present invention yield therapeutically useful gels and
pastes that are stable at about 37°C, or body temperature. These gels are capable of
expansion and/or contraction, but will not dissolve in aqueous solution.

As an alternate method for forming the crosslinked dextran/gelatin network, a
multifunctional cros s—iinking agent may be utilized as a reactive moiety that
covalently links the gelatin and dextran chains. Such bifunctional cross-linking

agents may include glutaraldehyde, epoxides (e.g., bis-oxiranes), oxidized dextran, p-

azidobenzoyl hydrazide, N-[a-maleimidoacetoxy]succinimide ester, p-azidophenyl
glyoxal monohydrate, bis-[—(4-azidosalicylamido)ethyl]disulfide,
bis[sulfosuccinimidyl]suberate, dithiobis[succinimidyl proprionate, disuccinimidyl
suberate, 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride, and other
bifunctional cross-linking reagents known to those skilled in the art.

In another embodiment utilizing a cross-linking agent, polyacrylated materials,
such as ethoxylated (20) trimethylpropane triacrylate, may be used as a non-specific
photo-activated cross-linking agent. Components of an exemplary reaction mixture
would include a thermoreversible hydrogel held at 39 °C, polyacrylate monomers,
such as ethoxylated (20) trimethylpropane triacrylate, a photo-initiator, such as eosin
Y, catalytic agents, such as 1-vinyl-2-pyrrolidinone, and triethanolamine. Contiuous
exposure of this reactive mixture to long-wavelength light (> 498 nm) would produce

a cross-linked hydrogel network
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The stabilized cross-linked hydrogel matrix of the present invention may be
further stabilized and enhanced through the addition of one or more enhancing agents.
By “enhancing agent” or “stabilizing agent” is intended any compound added to the
hydrogel matrix, in addition to the high molecular weight components, that enhances
the hydrogel matrix by providing further stability or functional advantages. Suitable
enhancing agents, which are admixed with the high molecular weight components and
dispersed within the hydrogel matrix, include many of the additives described earlier
in connection with the thermoreversible matrix discussed above. The enhancing agent
can include any compound, especially polar compounds, that, when incorporated into
the cross-linked hydrogel matrix, enhance the hydrogel matrix by providing further
stability or functional advantages.

Preferred enhancing agents for use with the stabilized cross-linked hydrogel
matrix include polar amino acids, amino acid analogues, amino acid derivatives, intact
collagen, and divalent cation chelators, such as ethylenediaminetetraacetic acid
(EDTA) or salts thereof. Polar amino acids is intended to include tyrosine, cysteine,
serine, threonine, asparagine, glutamine, aspartic acid, glutamic acid, arginine, lysine,
and histidine. The preferred polar amino acids are L-cysteine, L-glutamic acid, L-
lysine, and L-arginine. Suitable concentrations of each particular preferred enhancing
agent are the same as noted above in connection with the thermoreversible hydrogel
matrix. Polar amino acids, EDTA, and mixtures thereof, are preferred enhancing
agents. The enhancing agents can be added to the matrix composition before or
during the crosslinking of the high molecular weight components.

The enhancing agents are particularly important in the stabilized cross-linked
bioactive hydrogel matrix because of the inherent properties they promote within the
matrix. The hydrogel matrix exhibits an intrinsic bioactivity that will become more
evident through the additional embodiments described hereinafter. It is believed the
intrinsic bioactivity is a function of the unique stereochemistry of the cross-linked
macromolecules in the presence of the enhancing and strengthening polar amino
acids, as well as other enhancing agents.

For example, aggregation of human fibroblasts exposed to bioactive hydrogels
has been observed, while aggregation is not observed when fibroblasts are exposed to
the individual components of the bioactive hydrogel. Results from numerous (over

fifty) controlled experiments have shown that normal neonatal human skin fibroblasts
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form multi-cell aggregates when exposed to the complete thermoreversible hydrogel
formulation at 37 °C, while no such cell aggregating activity is demonstrated using
omission formulations in which the bioactive copolymer 1s not formed. The
aggregated cells form tightly apposed cell clusters with interdigitating cytoplasmic
processes, while cells treated with formulations lacking the copolymer remain round
and without surface projections. As shown in Figure 5, in a sample of human
fibroblasts exposed to a bioactive hydrogel comprising dextran and gelatin, at least
80% of the cells present were in an aggregated state while less than 20% of the cells
present remained as single cells. The opposite effect was observed in samples where
the human fibroblasts were exposed to collagen monomer alone, carbohydrate alone,
or were left untreated. In samples exposed to collagen monomer alone, approximately
75% of the cells remained in a single cell configuration while only about 25% of the
cells were in an aggregated state. Nearly the same effect was observed in samples
exposed to carbohydrate alone. In samples that were left untreated, approximately
60% of the cells remained in a single cell state while only about 40% of the cells were
in an aggregated state.

In each of the therapeutic uses outlined below, a therapeutically effective
amount of the matrix of the invention 1s used. The therapeutically effective dosage
amount of any specific hydrogel matrix will vary somewhat from matrix to matrix,
patient to patient, use to use, and will depend upon factors such as the condition of the
patient, the nature of the condition being treated, and the route of delivery. For
example, a small dermal defect 1 cm in diameter and 0.5 cm deep would require
approximately 0.4 cm” of stabilized cross-linked bioactive hydrogel to fill the void,
stimulate vasculogenesis and tissue regeneration and have therapeutic efficacy. In
contrast, a decubitus ulcer 20 cm in diameter and 5 cm deep would require
approximately 1600 cm” of stabilized cross-linked bioactive hydrogel to have similar
efficacy. As a general proposition the amount of cross-linked bioactive matrix
required for therapeutic efficacy will be from 0.1 to 2000 cm’, preferably from about
0.5 to 100 cm®.

In one aspect of the invention, the stabilized cross-linked bioactive hydrogel is
used for site-specific tissue regeneration, including vasculogenesis. It 1s known 1n the
art to use intact collagen, gelatin, or dextran as a carrier to hold and deliver growth

factors and the like in methods designed to promote tissue growth. (See, for example,
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Kawai, K. et al., “Accelerated tissue Regeneration Through Incorporation of Basic
Fibroblast Growth Factor-Impregnated Gelatin Microspheres into Artificial Dermis”
Biomaterials 21:489-499 (2000); and Wissink, M.J B. et al., “Binding and Release of
Basic Fibroblast Growth Factor from Heparinized Collagen Matrices™ Biomaterials
22:2291-2299 (2001)). By contrast, the intrinsic activity of the stabilized cross-linked
hydrogel of the present invention is sufficient to elicit a specific sequence of
biological responses, such as promoting tissue regeneration and vasculogenesis,
without the addition of exogenous drugs or growth factors. In fact, the cross-linked
matrix of the invention can be substantially free, even completely free, of exogenous
drugs or growth factors when used for vascularization or tissue regeneration. This
intrinsically bioactive hydrogel, as a result of its unique structure, provides a cell
attachment scaffold that modulates subsequent cellular activity, such as tissue
regeneration and vasculogenesis.

The intrinsic bioactivity of the stabilized cross-linked hydrogel is evident in 1ts
ability to promote vasculogenesis without the use of additional growth factors, such as
basic fibroblast growth factor (bFGF). The cross-linked hydrogel may be used in vivo
to facilitate vascularization in damaged tissue when placed at a vascular termius and
allowed to act as a vascular scaffold upon which new vascular tissue may grow
outward from the terminus. The vascular scaffold not only provides a support
medium for the new vascular tissue, but it also performs the function of encouraging
pro-lateral vessel growth while also providing a source of stabilization for the
damaged area.

The stabilized cross-linked hydrogel behaves similarly when used 1n other
aspects of tissue regeneration. The hydrogel provides a stabilized structural lattice
that faoilita}es cell retention and multiplication in areas with tissue damage. This 1s
due in part to the intrinsic bioactivity of the hydrogel, which furthers the regenerative
Process.

In another aspect of the invention, the stabilized cross-linked hydrogel 1s used
as a bulking agent to provide increased dimensions to specific tissues requiring
additional bulk, whether for aesthetic or functional purposes. Examples of such
application include treatment of individuals with urinary incontinence and
gastroesophageal reflux disease (GERD), problems commonly related to reduced

sphincter tone. A sphincter is a ringlike band of muscle fibers that acts to constrict a
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passage or close a natural orifice. Individuals with GERD generally exhibit multiple
symptoms stemming from gastric fluids that are allowed to pass from the stomach up
into the esophagus because the sphincter at the base of the esophagus, which normally
opens to allow materials to pass from the esophagus into the stomach and then closes,
has reduced tone and fails to close completely. Individuals with GERD may be
treated with medications to reduce production of gastric fluids or hasten the
movement of food from the stdmach into the intestines; however, severe cases often
require corrective surgery, such as Nissen Fundoplication where the upper portion of
the stomach is wrapped around the lower esophagus to artificially tighten the
esophageal sphincter. Similarly, urinary incontinence is often a result of reduced tone
in the sphincter at the base of the bladder leading into the urethra and may require
multiple therapies, including surgery.

The hydrogel of the present invention may be used to treat these problems, and
others related to reduced sphincter tone. The hydrogel may be injected into the
sphincter either as a space-filling material or as a cell carrier to repopulate a local
tissue defect thereby adding bulk, and allowing the sphincter to function normally
again by using the increased bulk to make up for the reduced tone, thereby allowing
the sphincter to close completely. Such treatment is made possible due to the
increased stability of the cross-linked bioactive hydrogel, which maintains 1its
structure at body temperatures and provides a biologically compatible, long-term
solution that is much less invasive than alternative treatments.

In a further aspect of the present invention, the cross-linked hydrogel matrix
may be combined with viable tissue cells for certain therapeutic uses. It is preferable,
but not required, that the tissue cells originate from the same type of tissue for which
the hydrogel matrix will be used therapeutically. The viable tissue cells can be
derived from autologous tissue sources, allogenic tissue sources, or Xxenogenic tissue
sources. The term “autologous” is meant to refer to tissue that originates from the
same host. The term “allogenic” is meant to refer to tissue that originates from a
source that is of the same species (i.e., human) but of non-identical genetic
composition. The term “xenogenic” is meant to refer to tissue that originates from a
species different from the host. Non-limiting examples of types of cells that can be
used in combination with the hydrogel matrix include stem cells, bone cells,

tenocytes, adipocytes, cardiomyocytes, hepatocytes, smooth muscle cells, endothelial
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cells, and the like. The tissue cells can be added to the hydrogel matrix prior to,
during, or after cross-linking occurs.

One specific application for the hydrogel matrix combined with viable tissue
cells is use of cells in the bulking agent application described above. Tissue cells that
originate from the same type of tissue requiring a bulking agent can be added to the
cross-linked hydrogel matrix prior to administration of the matrix to the anatomical
site needing the bulking agent.

In another example, hepatocytes suspended in the matrix of the invention prior
to cross-linking are injected into a patient, and cross-linked in situ. The matrix
provides a) a scaffold for the immobilized cells and b) a bioactive hydrogel for rapid
vascularization at the site of implant.

In yet another example, the hydrogel matrix of the invention could be used as
an ex vivo culture scaffold for the development of small diameter vascular grafts,
valves, or other complex tissue-engineered constructs prior to implantation in a
patient. In this case, the cross-linked hydrogel serves as an organizing template
directing cell growth in vitro, and can be used to develop complex organ or tissue
structures through a sequence of culture steps.

In yet another aspect of the invention, the cross-linked hydrogel is mixed with
other materials to form castable structures. For example, the cross-linked hydrogels
can be mixed with osteoconductive or osteoinductive materials, such as calcium
aluminate, hydroxyapatite, alumina, zirconia, aluminum silicates, calcium phosphate,
bioactive glass, ceramics, collagen, autologous bone, allogenic bone, xenogenic bone,
coralline, or derivates or combinations thereof, or other biologically produced
composite materials containing calcium or hydroxyapatite structural elements. The
term “osteoconductive” is meant to refer to materials that facilitate blood vessel
incursion and new bone formation into a defined passive trellis structure. The term
“osteoinductive” is meant to refer to materials that lead to a mitogenesis of
undifferentiated perivascular mesenchymal cells leading to the formation of
osteoprogenitor cells (cells with the capacity to form new bone). By “alumina™ 1s
meant the commonly held definition of materials comprised of the natural or synthetic
oxide of aluminum, which may be exemplified in various forms, such as corundum.
Bioactive glassés generally contain silicon dioxide (Si0,) as a network former and are

characterized by their ability to firmly attach to living tissue. Examples of bioactive
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glasses available commercially and their manufacturers include Bioglass® (American
Biomaterials Corp., USA, 45% silica, 24% calcium oxide (Ca0), 24.5% disodium
oxide (Na,0), and 6% pyrophosphate (P205s)), Consil® (Xeipon Ltd., UK),
NovaBone® (American Biomaterials Corp.), Biogran® (Orthovita, USA),
PerioGlass® (Block Drug Co., USA), and Ceravital® (E.Pfeil & H. Bromer,
Germany). Corglaes® (Giltech Ltd., Ayr, UK) represents another family of bioactive
glasses containing pyrophosphate rather than silicon dioxide as a network former.
These glasses contain 42-49 mole% of P,0s, the remainder as 10-40 mole% as CaO
and Na,O.

The use of such materials as described above mixed with the stabilized cross-
linked hydrogel matrix of the present invention would be expected to form castable
cross-linked structures appropriate for bone repair and reconstruction as 1llustrated
schematically in Figure 6. As shown, the ingredients for the cross-linked bioactive
hydrogel matrix of the invention are mixed in a vessel and allowed to react (1.e.,
cross-link) in the presence of finely divided ceramic powders, or other osteoinductive
material, to form a pourable paste as shown in Step 1. The paste is cast into a shaped
mold and allowed to react and harden (Step 2). The final product is removed from the
mold, and in this instance, is used as a dowel for bone repair (Step 3). This device or
implant is expected to induce vasculogenesis and hence better integration of the
osteoinductive implant. Presumably, improving vascular supply in large bones (¢.g.
femur) may increase marrow production and have a therapeutic effect beyond the
simple improvement in bone density and health. Solid or semi-sold gels of this type
could be utilized for tissue wounds, including bone fragment wounds or non-healing
fractures.

In another aspect of the invention, the stabilized cross-linked hydrogel 1s used
as a wound healing device to protect open wounds during healing and also to promote
healing by administration of the cross-linked hydrogel to the wound. The individual
abilities of collagen and gelatin to play a useful role in the area of wound coverings
and wound healing are well documented. Collagen is known to perform the following
functions in wound healing: stop bleeding; help in wound debridement by attracting
monocytes; provide a matrix for tissue and vascular growth; attract fibroblasts and
help in directed migration of cells; bind with fibronectin which promotes cell binding;

support cell growth, differentiation, and migration; and help in deposition of oriented
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and organized fibers, which increases the integrity of tissue. Similarly, gelatin also
effectuates wound healing and is known to stimulate activation of macrophages and
produce a high hemostatic effect. (See, for example, Hovig T. et al., “Platelet
Adherence to Fibrin and Collagen” Journal Lab and C’lin. Med. 71(1):29-39 (1968);
Postlewaithe, A.E. et al., “Chemotactic Attraction of Human Fibroblasts to Type I, 11,
and ITI Collagens and collagen Derived Peptides” Proc. Natl. Acad. Science 177:64-
65 (1978); Kleinman, H.K. et al., Role of Collagenous Matrices in the Adhesion and
Growth of Cells” The Journal 'of Cell Biology 88:473-485 (1981); Dunn, G.A. and
Ebendal, T., “Contact Guidance on Oriented Collagen Gels” Exp. Cell Res. 111:475-
479 (1978); Kleinman, H.K. et al., Interactions of Fibronectin with Collagen Fibrils™
Biochemistry 20:2325-2330 (1981); Morykwas, M.J. et al., “In Vitro and In Vivo
Testing of a Collagen Sheet to Support Keratinocyte Growth for Use as a Burn
Wound Covering” The Journal of Trauma 29(8):1163-1167 (1976); Emerman, J.T.
and Pitelka, D.R., “Maintenance and Induction of Morphological Differentiation in
Dissociated Mammary Epithelium on Floating Collagen Membranes™ In Vitro
13(5):316-337 (1977); Doillon, C.J. et al., “Fibroblast-Collagen Sponge Interactions
and Spatial Disposition of Newly Synthesized Collagen Fibers in Vitro and in Vivo”
Scanning Electron Microscopy 3:1313-1320 (1984); and Hong, S.R. et al., “Study on
Gelatin-Containing Artificial Skin IV: A Comparative Study on the Effect of
Antibiotic and EGF on Cell Proliferation During Epidermal Healing” Biomaterials
22:2777-2783 (2001)).

It is believed that the stabilized cross-linked hydrogel of the present invention
is useful as a wound healing device due to the intrinsic bioactivity of the material and
the unique stereochemistry of the macromolecules in the presence of enhancing and
strengthening polar amino acids. Several studies indicate the wound healing
properties of collagen are attributable to its unique structure (see, Brass, L.F. and
Bensusan, H., “The Role of Quaternary Structure in the Platelet-Collagen Interaction™
The Journal of Clinical Investigation 54:1480-1487 (1974); Jaffe, R. and Dykin, D.,
“Evidence for a Structural Requirement for the Aggregation of Platelets by Collagen”
Journal of Clinical Investigation 53:875-883 (1974); Postlewaithe, A.E. and Kang,
AH., “Collagen and Collagen Peptide Induced Chemotaxis of Human Blood
Monocytes” The Journal of Experimental Medicine 143:1299-1307 (1976); and
Reddi, A.H., “Collagen and Cell Differentiation” In: Biochemistry of Collagen, New

-27 -




CA 02476653 2004-08-18

WO 03/072135 PCT/US03/05511

10

15

20

25

30

York; Plenum Press, 449-477 (1976)). Similarly, the hydrogel ot the present
invention demonstrates a unique activity as a wound healing device because of the
unique structure of the hydrogel matrix, which provides a scaffold for cells and
attracts tissue building components and factors necessary to promote wound healing.
The rapid mechanical integration of the crosslinked hydrogels with the wound bed,
the similar mechanical properties of the material, and its ability to act as a preferred
cell attachment scaffold material in the wound bed contribute to the usefulness of the
matrix as a wound healing device.

In another aspect, the stabilized cross-linked hydrogel may be used as an
adhesive (i.e., tissue sealant) in wound repair. The use of adhesives in wound repair
is known in the art, and although such use has only recently gained FDA approval 1
the United States,{wound repair adhesives have been used extensively in Canada and
Europe for more than 20 years. Wound adhesives provide a popular alternative for
wound closure over standard methods, such as sutures, staples, and adhesive strips,
because they offer ease of use, decreased pain, reduced :application time, and no
follow-up for removal. The historically first wound adhesive made available, and the
one still used most often today, is a type of cyanoacrylate, or common household
superglue. Earlier wound adhesives were composed of N-butyl cyanoacrylate, but the
preferred form today is 2-octyl cyanoacrylate. The use of cyanoacrylate wound
adhesives, however, has several drawbacks that limit its use, such as, allergic
reactions, presence of residual solvents, and migration of chemicals to other parts of
the body. Further, cyanoacrylate adhesives should not be used in pregnant women or
patients with a history of peripheral vascular disease, diabetes mellitus, or prolonged
corticosteroid use, or on patients who have puncture wounds or bite or scratch wounds
(animal or human in origin). Cyanoacrylate wound adhesives may only be used on
the surface of the skin and on regularly shaped wounds with even surfaces that are
easily pushed back together. This is necessary to insure none of the cyanoacrylate
touches raw skin or enters the wound because it may cause severe irritation and can
actually function to impair epithelialization within the wound.

There are newer alternatives to cyanoacrylate wound adhesives, but many of
the alternatives possess additional drawbacks that complicate their widespread use.
For example, adhesives composed of gelatin, resorcinol, and formaldehyde have been

shown effective, but the toxicity and carcinogenic effects of formaldehyde limit their
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use. Research has been performed indicating secretions from marine organisms, such
as those used by barnacles to attach themselves to the hulls of ships, could be useful
wound adhesives, but the detailed genetic engineering used to commercially produce
the material has so far been found cost prohibitive. Biological glues, such as fibrin
glue, or hemostatic agents are frequently used in cardiac or vascular surgeries to
control diffuse bleeding. One example of such a hemostatic sealant, FloSeal®
(FloSeal Matrix Hemostatic Sealant; Fusion Medical Technologies, Fremont, CA), 1s
a combination of a cross-linked gelatin matrix and thrombin, which converts
fibrinogen into fibrin monomers that polymerize to form a fibrin clot. None of these
alternatives, however, offer a viable alternative to cyanoacrylates as an easily used
wound adhesive that may be used in common practice.

The stabilized cross-linked hydrogel matrix of the present invention exhibits
properties that make it useful as a wound adhesive while avoiding many of the
drawbacks and contraindications associated with cyanoacrylates. The ability of the
hydrogel to polymerize in situ has the effect of increasing cell-to-cell adhesion while
simultaneously accelerating vascularization and promoting wound healing. The
biocompatibility of the hydrogel allows for its use in a wide array of wounds,
including situations where cyanoacrylates cannot be used, such as open wounds,
wounds with jagge& edges, and wounds around mucous membranes. In fact, the
hydrogel of the present invention is most effective when introduced into the wound
site as opposed to purely topical use. When the nascent hydrogel mixture 1s placed
into the wound, the in situ polymerization of the hydrogel acts to begin a cascade of
biological interactions that seal the wound and facilitate the healing process. The
active binding sites on the gelatin and dextran macromolecules, in the presence of the
added stabilizing and enhancing amino acids, not only cross-link with one another,
but also form bonds to the native cells within the wound thereby forming a cross-
linked hydrogel matrix that acts to pull the wound surfaces toward the central axis of
the wound and hold the wound edges together. In addition to functioning to hold the
wound edges together, the hydrogel further acts to form a water-insoluble barrier
between the wound site and the exterior elements and acts as a cellular scaffold to
encourage tissue regeneration at the site.

There are many embodiments in which the hydrogel could be packaged and

delivered for use as a wound adhesive. For example, the reactive high molecular
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weight components could be packaged in a dual chamber apparatus that keeps the
components separated during storage and enables the components to be
simultaneously expelled into the wound where cross-linking could occur. Another
contemplated embodiment involves packaging the components in an apparatus with
degradable membranes separating the components. Immediately prior to use,
squeezing the apparatus would destroy the membranes allowing the components to
mix providing a limited window of time for application to the wound so cross-linking
could occur in situ. Various additional embodiments for packaging and delivery of
the hydrogel for use as a wound adhesive would be readily apparent to one skilled in
the art.

The bioactive cross-linked hydrogel matrix utilized in each of the
embodiments described herein may be comprised solely of the two high molecular
weight components cross-linked to one another. Preferably, each of the embodiments
described herein may incorporate additional components such as the enhancing agents
utilized in the preferred embodiments described above. Table 1 below lists preferred
components present within the stabilized cross-linked hydrogel matrix of the present
invention along with suitable concentrations as well as preferred concentrations for

each component. Note that the concentrations listed in Table 1 for gelatin and dextran

would also be suitable for alternative polyglycan and polypeptide components.

Table 1
. Component - ‘Concentration Range: - Preferred

L-glutamic acid 2 to 60 mM 15 mM
L-lysine 0.5 to 30 mM 5.0 mM
Arginine 1 to 40 mM 10 mM

Gelatin 0.01 to 40 mM 2 mM
L-cysteine 5 to 500 uM 20 uM

EDTA 0.01 to 10 mM 4 mM
Dextran 0.01 to 10 mM 0.1 mM

(oxidized & native forms)
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As noted above, the present invention provides numerous benefits including
eliciting vascularization at a localized site, modulating localized wound healing
response, and providing suitable means of developing a retrievable cell implantation
device for cell-based therapeutics. Additional benefits may include the following:
reduced scarring associated with degradation of bioerodible suture materials;
improvement in the performance and long-term function of extravascular sensors such
as glucose sensors routinely used for insulin delivery systems; improvement in the
rate of healing, durability, and mechanical properties around structural implants such
as artificial joints and tendons; reduced pain and associated complications arising
from post surgical adhesions especially during abdominal or spinal mjury; and
improved integration between natural tissues and implanted structures (1.e. teeth,
porous hydroxyapatite or ceramic materials for bone repair).

The cross-linked hydrogel matrix of the invention can be cross-linked outside
the body and then implanted into a patient, or the hydrogel matrix can be allowed to
cross-link in situ. While the hydrogel is stable at body temperatures, the actual CroSs-
linking of the gelatin and dextran may also take place at body temperatures. This
characteristic is particularly useful in view of the previously noted abilities of the
cross-linked hydrogel to be used for tissue regeneration, vasculogenesis, as a bulking
agent, and in other applications that would be readily apparent to one skilled in the
art. Irregular tissue defects, such as those common in chemical, thermal, or trauma
wounds, which require rapid healing, would also benefit from the ability to torm ix
situ a bioactive hydrogel providing a cell attachment scaffold for tissue regeneration.
An exemplary method for delivering the liquid components of the hydrogel to the
desired site for in situ formation involves using a multi-chamber syringe. The multi-
chamber syringe may be attached to a multi-lumen catheter or needle such that the
high molecular weight components that form the cross-linked hydrogel do not mteract
until injected into the site inside the body where the matrix is needed. Another
contemplated method involves the use of the multi-chamber syringe with a sigle
lumen catheter or needle containing a static mixing element where the components
remain separated until injection into the site, but the high molecular weight
components actually contact one another within the lumen of the catheter or needle
during injection into the specified site. Additional methods of delivery of the

hydrogel components for in situ formation would be readily apparent to one skilled n
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the art. Typically, in the embodiments described above, one high molecular weight
component, such as oxidized dextran, would be placed in one chamber of the syringe
and the other high molecular weight component and additional enhancing agents

would be placed in a separate chamber.

EXPERIMENTAL
The present invention is more fully illustrated by the following examples,
which are set forth to illustrate the present invention and are not to be construed as
limiting thereof. Unless otherwise indicated, all percentages refer to percentages by

weight based on the total weight of the bioactive hydrogel matrix.

Example 1
20 g of dextran (MW 500,000 Da) was weighed into a tared beaker containing

180 g phosphate-buffered saline. The dextran was dissolved, with constant stirring
and 8 g sodium meta-periodate (available from Sigma, product number S1147) was
added to the dissolved dextran. The beaker was wrapped 1n foil to prevent photo-

catalyzed side-reactions, and placed in a refrigerator on a stirring plate for 12 hours at

5°C + 3°C. The beaker was removed, 50 mL ethylene glycol was added to consume

excess periodate, and the quenching reaction was allowed to proceed for 30 minutes at

room temperature. The reaction mixture was pH adjusted to 7.5 = 0.5 with 0.1 N
NaOH. The reaction products were separated using tangential flow filtration (Filtron
Mini-Ultrasette Pall Filtration Products, product number OS100C77). The solution
mass was reduced by half, and replaced with a 4-fold volume of phosphate buffered
saline. The purified product was reduced to a final volume of 100 mL. The final
product was filter sterilized as a 20% dextran solution, and stored frozen until use.
Hydroxylamine titration showed that this dextran was 20% oxidized.

A vial of a thermoreversible hydrogel matrix comprising gelatin and dextran and a
vial of sterile filtered oxidized dextran were held at 39°C for 30 minutes to melt the
hydrogel and warm the oxidized dextran. An aliquot of 10 mL hydrogel was added to
a 50 mL centrifuge tube, and rapidly mixed with 5 mL of oxidized dextran. The
solution was cast into 100 mm culture plate, and gently swirled to form a uniform film

across the bottom of the dish.
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The reactive gel was allowed to cross-link at room temperature. The gel was
washed with Medium 199, at 37 °C by flooding the surface of the gel with phenol red
containing Medium 199. The Medium 199 overlay was replaced as required to
maintain a neutral pH.

A tissue biopsy punch was used to produce 8 mm discs of cross-linked gel.
Individual discs were placed in a 15 mL centrifuge tube containing 10 mL Medium
199 and were incubated at 37°C for 2 weeks. Cross-linked gels were insoluble at

37°C and retained their initial shape.

Example 2
20 g of dextran (MW 500,000 Da) (available from Sigma, St. Louis, MO) was
added to a tared beaker containing 200 mL of phosphate buffered saline (PBS) and

stirred to form a uniform solution. A further 8 g of sodium meta-periodate was added

to the dextran solution, which was wrapped in foil, and allowed to stir overnight at

5°C + 3°C. The reaction was quenched with 50 mL ethylene glycol, and the solution

was adjusted with 0.1 M NaOH to a pH of 7.5 = 0.5. The product was purified using
tangential filtration, and concentrated to a 20% dextran solution. Sterile filtered
solutions were stored frozen until use. Hydroxylamine titration showed that this

dextran was 18% oxidized. Frozen samples showed no loss in oxidation levels after 8

months storage at 20°C = 5°C.

A series of thermoreversible hydrogel and oxidized dextran formulations were
prepared with fixed total gelatin concentration (12%) and increasing concentrations of
oxidized dextran. As illustrated in Figure 7, the strength of the cast gels increased as
the concentration of oxidized dextran increased. Blends of fixed gelatin concentration
and varying oxidized dextran concentration were tested for resistance to compression
at two temperatures, 20°C and 28 °C. Gel strength increased with increasing oxidized

dextran content and decreasing temperature.

Example 3
20 g of dextran (MW 68,000 Da) (available from Sigma, St. Louis, MO) was
added to a tared beaker containing 200 mL of phosphate buffered saline (PBS) and

stirred to form a uniform solution. A further 8 g of sodium meta-periodate was added

to the dextran solution, which was wrapped in foil, and allowed to stir overnight at
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5°C & 3°C. The reaction was quenched with 50 mL ethylene glycol, and adjusted with

0.1 M NaOH to a pH of 7.5 & 0.5. The product was purified using tangential
filtration, and concentrated to a 20% dextran solution. Sterile filtered solutions were
stored frozen until use. Hydroxylamine titration showed that this dextran was 14%
oxidized.

A thermoreversible hydrogel comprising gelatin and dextran was melted and
added to several sets of mixtures of native and oxidized dextrans, mixed and cast into
a T-25 culture flask. The concentration of oxidized dextran in each sample ranged

from about 3% to about 21%.

The cast gels were allowed to cure at 5°C, & 3 °C, overnight, and were washed

extensively at 37 °C with phenol red containing Medium 199 (available from Sigma
Chemical Company, St. Louis, MO) until the no further change in pH was evident
colorimetrically. The material was rinsed extensively over four days with culture
medium to neutralize residual acidic components.

Flasks containing 12% oxidized dextran were used for further cell culture
studies. Normal neonatal human skin fibroblasts were provided in 6 mL of serum-
containing culture medium and alldwed to interact with the material over an
additional two weeks at 37 °C. After 24 hours, cells appeared to maintain normal
health, showed attachment to the material by way of cytoplasmic processes, and also
exhibited formation of multi-cell clusters. When observed 5 days later, one flask
showed large cell aggregates that had formed in the culture and stellate cells in the
lower layers of the culture where the large aggregates were attached to the cross-
linked hydrogel material. Over the subsequent week, these aggregates continued to
grow in size and appeared to contain healthy cells. Cultures were imaged at this time,
and the resulting figures showed the appearance of the cell aggregates rising above
the material surface with elongated processes and individual cells connecting the
structure to the hydrogel substrate.

After approximately one month of exposure to the cross-linked material, cells
were successfully dissociated from the hydrogel-containing flasks and replated onto
standard tissue culture plastic surfaces, where they were observed to grow readily and

showed a morphology similar to that of normally cultured fibroblasts.
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Example 4

A cross-linked hydrogel was prepared according to Example 1 above, wherein
the hydrogel was comprised of 12% gelatin and 5% oxidized dextran (MW 500,000
Da). After manufacture, 5 ml of the cross-linked hydrogel was dispensed into a T-25
flask, to which was added 5 ml of culture medium (IMDM containing 10% FBS).
The cross-linked hydrogel was solid at incubator temperature (37°C). At 4 hours
post-addition, the added medium had undergone a color change from red to light
yellow, indicating a change in solution pH toward acidic. The mitial 5 ml of culture
medium was removed and a second 5 ml quantity was added to test the buffering
capacity of the medium. Three days later, the same color change was observed. The
culture medium was again removed and replaced with an additional 5 ml of culture
medium. One day later, the there was minimal color change indicating neutralization
of acidic leachables from the material. On the same day, a population of human skin
fibroblasts (product number CCD-1112Sk, American Type Culture Collection) was
dissociated and prepared for seeding into the flask. The cells were seeded 1n fresh
medium at a 1:6 dilution in 6 mL total volume, and the flasks were returned to the
incubator. After one hour, the cells were extending pseudopodia to connect with the
cross-linked hydrogel, but were not yet well attached. After approximately 4
additional hours incubation, no additional attachment was observed. After one
additional day, approximately 20% of the cells appeared to be forming aggregate-like
structures, with aggregates ranging in size from about 2 to about 10 cells and
attachment processes extending from the cells. The existing medium was poured off
into a new T-25 flask and 3 mL of fresh medium was added to the culture.

The following day, the original and the replated cells were examined. Both
cell populations appeared rounded and unhealthy, and the transplanted cells had not
attached to the new flask surface.

Five days later (nine days from start of experiment), a third tlask was
examined, containing human skin fibroblasts, cross-linked hydrogel, and culture
medium, which had been incubated undisturbed. This sample exhibited large
aggregates. When checked again the following day, the aggregated cell clusters had

grown in size and resembled embryo-like structures. Examination six days later
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revealed large multicellular structures on top of the cross-linked hydrogel with some

cells apparently growing into the hydrogel at some sites.

Example 5
1.5 mL of a 0.5 mg/mL solution of Bis-[3-(4-azidosalicylamido)ethyl]disulfide
(BASED), a crosslinking agent, in dimethyl sulfoxide (DMSO), 1s added to a fo1l-

wrapped vessel containing 15 mL of liquid thermoreversible hydrogel containing
gelatin and dextran. Photoactivated non-specific cross-linking of the thermoreversible
hydrogel occurs upon exposure of the reactive mixture to long-wavelength light, such
as that provided by continuous exposure to a 550-watt bulb (flood light used in

photography). Longer exposure times demonstrated better cross-linking.

Many modifications and other embodiments of the invention will come to
mind to one skilled in the art to which this invention pertains having the benefit of the
teachings presented in the foregoing descriptions and the associated drawings.
Therefore, it 1s to be understood that the invention is not to be limited to the specific
embodiments disclosed herein and that modifications and other embodiments are
intended to be included within the scope of the appended claims. Although specific

terms are employed herein, they are used in a generic and descriptive sense only and

not for purposes of limitation.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A cross-linked bioactive hydrogel matrix, said matrix comprising a
polyglycan having a molecular weight range of 2,000 to 8,000,000 Da, a polypeptide
having a molecular weight range of 3,000 to 3,000,000 Da covalently cross-linked to
the polyglycan, and further comprising at least one agent selected from the group

consisting of polar amino acids, divalent cation chelators, and combinations thereof.

2. The matrix of Claim 1, wherein the polyglycan is a polysaccharide or a
sulfated polysaccharide.

3. The matrix of Claim 2, wherein the polyglycan is a polysaccharide
comprising more than 10 monosaccharide residues joined to each other by glycosidic
linkages.

4, The matrix of Claim 2, wherein the polysaccharide is selected from the

group consisting of glycosaminoglycans and glucosaminoglycans.

S. The matrix of Claim 2, wherein the polysaccharide is selected from the
group consisting of dextran, heparan, heparin, hyaluronic acid, alginate, agarose,

carageenan, amylopectin, amylose, glycogen, starch, cellulose, chitin, and chitosan.
6. The matrix of Claim 2, wherein the sulfated polysaccharide is selected
from the group consisting of heparan sulfate, chondroitin sulfate, dextran sulfate,

dermatan sulfate, and keratan sulfate.

7. The matnx of Claim 1, wherein the polyglycan has a molecular weight
of 20,000 to 1,000,000 Da.

8. The matrix of Claim 1, wherein the polypeptide is a tissue-derived or

synthetic polypeptide.
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9. The matrix of Claim 8, wherein the tissue-derived polypeptide i
selected from the group consisting of collagens, gelatins, keratin, decorin, aggrecan,

and glycoproteins.

10.  The matrix of Claim 8, wherein the tissue-derived ;polypeptide is
derived from extracts of tissue selected from the group consisting of submucosal
tissues, arteries, vocal chords, pleura, trachea, bronchi, pulmonary alveolar septa,
ligaments, auricular cartilage, abdominal fascia, liver, kidney, neurllemma, arachnoid,

dura mater, and pia mater.

11.  The matrix of Claim 8, wherein the polypeptide 1s selected from the

group consisting of laminin, nidogen, fibulin, and fibrillin.

12.  The matrix of Claim 1, wherein the polypeptide has a molecular weight
of 30,000 to 300,000 Da.

13. The matrix of Claim 1, wherein the polyglycan is dextran and the

poiypeptide is gelatin.

14,  The matrix of Claim 13, whereln the dextran 1s present at a

concentraton of 0.01 to 10 mM,

15.  The matnx of Claim 13, wherein the gelatin 1s present at a

concentration of 0.0l to 40 mM.

16.  The matrix of Claim 1, wherein the at Jeast one agent comprises at
least one polar amino acid selected from the group consisting of tyrosine, cysteine,
serine, threonine, asparagine, glutamine, aspartic acid, glutamic acid, arginine, lysine,

histidine, and mixtures thereof.

17. The matrix of Claim 16, wherein the polar amino acids are present at a

concentration of 3 1o 150 mM.
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18.  The matnx of Claim 16, wherein the polar amine acids are present at a

concentration of 10 to 65 mM.

19,  The matrix of Claim 16, wherein the polar amino acids are selected
from the group consisting of L-cysteine, L-glutamic acid, L-lysine, L-arginine, and

mixtures thereof.

20.  The matnix of Claim 16, wherein the matrix compnses L-glutamic acid

at a conceniration of 2 to 60 mM.

21.  The matrix of Claim 16, wherein the matrix comprises L-lysine at a
concentration of 0.5 to 30 mM.

22.  The matrix of Claim 16, wherein the matrix comprises L-arginine at a

concentration of 1 o 40 mM.

23. The matrix of Claim 16, wherein the matnix comprises L-cysteine at a

concentration of 5 to 500 pM.

24.  The matrix of Claim 1, wherein the at least one agent comprises

ethylenediaminetetraacetic acid or a salt thereof.

25.  The matrix of Claim 24, wherein the ethylenediaminetetraacetic acid or

salt thereof is present at a concentration of 0.0] to1l0 mM.

26. The matrix of Claim 1, wherein the cross-linked matrix is water-

swellable, poarly soluble, solid, or semi-solid at a physiologic pH of 7.4,

27. The matrix of Claim 1, wherein the matrix is water-swellable, poorly

soluble, solid, or semi-solid at a physiologic temperature of 37 °C.
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28.  The matrnix of Claim 1, wherein the polyglycan is dextran, the
polypeptide 1s gelatin, and the at least one agent comprises one or more polar amino

acids.

29.  The matnix of Claim 28, wherein the polar amino acids are selected
from the group consisting of L-cysteine, L-glutamic acid, L-lysine, L-arginine, and

mixtures thereof.

30.  The matnx of Claim 28, wherein the at least one agent further

comprises ethylenediaminetetraacetic acid or a salt thereof.

31.  The matrix of Claim 1, wherein the hydrogel matrix further comprises

tissue cells.

32. The matrix of Claim 31, wherein the tissue cells are selected from the
group consisting of stem cells, bone cells, tenocytes, adipocytes, cardiomyocytes,

hepatocytes, smooth muscle cells, and endothelial cells.

33. A method of preparing a cross-linked bioactive hydrogel matrix,
comprising:

providing a mixture of a polyglycan having a molecular weight range of 2,000
to 8,000,000 Da, a polypeptide having a molecular weight range of 3,000 to 3,000,000
Da, and at least one agent selected from the group consisting of polar amino acids,
divalent cation chelators, and combinations thereof;

oxidizing at least one of the polyglycan and polypeptide to form reactive sites
thereon for covalent bonding with the other of the polyglycan and polypeptide; and

reacting the polyglycan with the polypeptide under conditions sufficient to
covalently cross-link the polyglycan to the polypeptide via the reactive sites formed

during the oxidizing step.

34.  The method of Claim 33, wherein the polyglycan is a polysaccharide

or a sulfated polysaccharide.
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35.  The method of Claim 34, wherein the polyglycan is a sulfated
polysaccharide selected from the group consisting of heparan sulfate, chondroitin

sulfate, dextran sulfate, dermatan sulfate, and keratan sulfate.

36.  The method of Claim 33, wherein the polyglycan is a polysaccharide

comprising more than 10 monosaccharide residues joined to each other by glycosidic

linkages.

37.  The method of Claim 34, wherein the polysaccharide is selected from

the group consisting of glycosaminoglycans and glucosaminoglycans.

38.  The method of Claim 34, wherein the polysaccharide is selected from
the group consisting of dextran, heparan, heparin, hyaluronic acid, alginate, agarose,

carageenan, amylopectin, amylose, glycogen, starch, cellulose, and chitin.

39.  The method of Claim 33, wherein the polyglycan has a molecular
weight of 20,000 to 1,000,000 Da.

40.  The method of Claim 33, wherein the polypeptide is a tissue-derived
polypeptide.

41.  The method of Claim 40, wherein the tissue-derived polypeptide is
selected from the group consisting of collagens, gelatins, keratin, decorin, aggrecan,

and glycoproteins.

42.  The method of Claim 40, wherein the polypeptide is derived from
tissue extracts from tissue selected from the group consisting of submucosal tissues,
arteries, vocal chords, pleura, trachea, bronchi, pulmonary alveolar septa, ligaments,
auricular cartilage, abdominal fascia, liver, kidney, neurilemma, arachnoid, dura

mater, and pi1a mater.

43.  The method of Claim 40, wherein the polypeptide is selected from the

group consisting of laminin, nidogen, fibulin, and fibrillin.
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44.  The method of Claim 33, wherein the polypeptide has a molecular
weight of 30,000 to 300,000 Da.

45.  The method of Claim 33, wherein the polyglycan 1s dextran and the
polypeptide 1s gelatin.

46.  The method of Claim 33, wherein the at least one agent comprises at
least one polar amino acid selected from the group consisting of tyrosine, cysteine,
serine, threonine, asparagine, glutamine, aspartic acid, glutamic acid, arginine, lysine,

histidine, and mixtures thereof.

47.  The method of Claim 33, wherein the at least one agent comprises

ethylenediaminetetraacetic acid or a salt thereof.

48.  The method of Claim 33, wherein the polyglycan 1s dextran, the
polypeptide is gelatin, and the at least one agent comprises one or more polar amino

acids.

49.  The method of Claim 48, wherein the polar amino acids are selected
from the group consisting of L-cysteine, L-glutamic acid, L-lysine, L-arginine, and

mixtures thereof

50.  The method of Claim 48, wherein the at least one agent further

comprises ethylenediaminetetraacetic acid or a salt thereof.

51.  The method of Claim 33, wherein said oxidizing step comprises

treating at least one of the polyglycan and polypeptide with a salt of periodic acid.

52.  The method of Claim 33, wherein the polyglycan is dextran and said

oxidizing step comprises oxidizing the dextran to form reactive sites thereon.

53.  The method of Claim 52, wherein the reactive sites are aldehyde or

ketone groups.
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54.  The method of Claim 33, wherein said reacting step comprises reacting
the polyglycan and polypeptide in the presence of at least one bifunctional

crosslinker.

55. The method of Claim 54, wherein the cross-linker is selected from the

group consisting of glutaraldehyde, epoxides, oxidized dextran, p-azidobenzoyl
hydrazide, N-[a-maleimidoacetoxy]succinimide ester, p-azidophenyl glyoxal
monohydrate, bis-[-(4-azidosalicylamido)ethyl]disulfide, bis-

[ sulfosuccimimidyl [suberate, dithiobis[succinimidyl] propionate, disuccinimidyl

suberate, and 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride.

56.  Use of the cross-linked bioactive hydrogel matrix according to Claim 1
in the manufacture of a medicament for promoting tissue regeneration in mammals at

a site 1in need of tissue regeneration.

57.  The use of Claim 56, wherein the site in need of tissue regeneration is

at a vascular terminus.

58.  Use of the cross-linked bioactive hydrogel matrix according to Claim 1

in the manufacture of a medicament for adding bulk to a tissue requiring added bulk.

59. A method for preparing a bone implant comprising the steps of:
providing an amount of an osteoconductive or osteoinductive material;
providing the cross-linked bioactive hydrogel matrix according to
Claim 1;

combining the osteoconductive or osteoinductive material with the
cross-linked hydrogel matrix to form a castable composite paste;

casting the paste into a shaped mold;

allowing the paste in the shaped mold to harden; and

removing the cast paste from the shaped mold.

60. The method of Claim 59, wherein the osteoconductive or

osteoinductive material is selected from the group consisting of calcium aluminate,
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hydroxyapatite, alumina, zirconia, aluminum silicates, calcium phosphate, bioactive
glass, ceramics, collagen, autologous bone, allogenic bone, xenogenic bone, coralline,

and denivates or combinations thereof.

61. A cross-linked bioactive hydrogel matrix, said matrix comprising
dextran having a molecular weight range of 2,000 to 8,000,000 Da, gelatin having a
molecular weight range of 3,000 to 3,000,000 Da covalently cross-linked to the
polyglycan, and further comprising at least one agent selected from the group

consisting of polar amino acids, divalent cation chelators, and combinations thereof.
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