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INTRAOPERATIVE AND BLOOD-DERIVED ADHESIVES

REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent Application No.
61/470,763, filed on April 1, 2011, which is hereby incorporated by reference for all purposes
as if fully set forth herein.

BACKGROUND OF THE INVENTION

[0002] Clinically there exists a need for adhesive biomaterials that bond tissues and
support tissue growth. Commercially available adhesives are limited either by toxicity or
lack of desired adhesive strength. Additionally, properties such as degradation should be
tunable as rate of healing varies in different tissues. For example, cyanoacrylates adhere
strongly to tissue but are toxic and difficult to degrade. On the other end of the spectrum,
fibrin glue is highly compatible and supports cell growth, but the material exhibits weak
adhesive properties and degrades rapidly. Therefore, a need exists for a biomaterial that is
cytocompatible, has moderate tissue adhesive strength, and has a tunable degradation rate.
[0003] Blood derivatives play a role in a number of strategies to reconstruct tissues
and promote regeneration. Examples of blood derivatives that have been applied in surgical
regenerative techniques include bone marrow, platelet rich plasma, and simply blood. Blood
is rich in proteins such as albumin and fibrinogen. In addition, there are growth factors that
support cell survival and proliferation. Therefore, applying blood and its derivatives as a
constituent in a biomaterial adhesive has the potential to improve the efficacy of intra-
operative biological techniques and enhance cell interactions and overall function of a
material. The common biological adhesive fibrin glue contains purified blood components
that support cell adhesion and migration as well as neovascularization. However, fibrin glues
lack the desired adhesive strength and degrade rapidly.

[0004] The physical and biological properties of tissue adhesives are largely
dependent on the chemical composition and mechanism of material crosslinking.
Biopolymers can be chemically modified and incorporated into biomaterials to modulate both
the cell and tissue response. Chondroitin sulfate (CS) is a biological polymer found in the
extracellular matrix (ECM) of tissues throughout the body, on cell surface receptors, and

inside cells.
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[0005] In today’s surgery, particularly orthopedic surgery, intraoperative biologics play
an important role. For example, platelet-rich plasma and bone marrow are placed in areas of
defects — with the assumption that the stem cells and growth factors in these liquids can be
concentrated and promote biological repair. However, these intraoperative biologics are
difficult to place in the defect spaces because of their (liquid) consistencies. Therefore, there
still exists an unmet need for improved tissue adhesives which are capable of comprising

other biologics within them.

SUMMARY OF THE INVENTION

[0006] In accordance with an embodiment, the present invention provides an isolated
hydrogel composition comprising a blood product and an amine-reacting proteoglycan.
[0007] In accordance with another embodiment, the present invention provides an
isolated hydrogel composition comprising a blood product and an imidated amine-reacting
proteoglycan.

[0008] In accordance with a further embodiment, the present invention provides a method
of filling a void on or in a subject, said method comprising contacting said void with the
isolated hydrogel composition comprising a blood product and an amine-reacting
proteoglycan.

[0009] In accordance with still another embodiment, the present invention provides a
method of filling a void on or in a subject, said method comprising contacting said void with
the isolated hydrogel composition a blood product and an imidated amine-reacting
proteoglycan.

[0010] In accordance with yet a further embodiment, the present invention provides a
method of filling a void in a subject, said method comprising obtaining a blood product from
said subject, incubating said blood product in a mixture with an amine-reacting proteoglycan,
wherein said incubation is conducted in, or packed into, a mold shaped to produce an isolated
hydrogel that fills said void in said subject.

[0011] In accordance with another embodiment, the present invention provides a method
of filling a void in a subject, said method comprising obtaining a blood product from said
subject, incubating said blood product in a mixture with an imidated amine-reacting
proteoglycan, wherein said incubation is conducted in, or packed into, a mold shaped to

produce an isolated hydrogel that fills said void in said subject.
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[0012] In accordance with an embodiment, the present invention provides a method of
generating an isolated hydrogel comprising incubating an isolated blood product with an
amine-reacting proteoglycan.

[0013] In accordance with another embodiment, the present invention provides a method
of generating an isolated hydrogel comprising incubating an isolated blood product with an
imidated amine-reacting proteoglycan.

[0014] In accordance with an embodiment, the present invention provides an isolated
hydrogel composition comprising a tissue product and an amine-reacting proteoglycan.
[0015] In accordance with a further embodiment, the present invention provides an
isolated hydrogel composition comprising a tissue product and an imidated amine-reacting
proteoglycan.

[0016] In accordance with an embodiment, the present invention provides an isolated
hydrogel composition comprising a blood product, an amine-reacting proteoglycan, and a
living cell.

[0017] In accordance with another embodiment, the present invention provides an
isolated hydrogel composition comprising a blood product, an imidated amine-reacting

proteoglycan, and a living cell.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] Figure 1 is a schematic showing blood and PBS containing CS-N-
hydroxysuccinimide (NHS) mixed together, resulting in the formation of a hydrogel. The
scale is in millimeters.

[0019] Figure 2 is a schematic showing the indicated blood products and tissue and PBS
containing CS-NHS mixed together, resulting in the formation of hydrogels.

[0020] Figure 3 is a schematic showing the end result following completion of the
reaction of the two components in the presence of tissue.

[0021] Figure 4A is a photograph showing two tissue samples glued together and then
pulled apart using a mechanical tester.

[0022] Figure 4B is a graph showing adhesive strength of 1:1 (v/v) CS-blood containing
10% (w/v) CS-NHS was 5.6 times that of Fibrin Glue and 0.58 times that of Dermabond®.
[0023] Figure 4C is a graph showing the effect of CS-NHS concentration (w/v) on

Young’s modulus and adhesive strength.
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[0024] Figure 4D is a graph showing tan delta of CS-blood hydrogels containing 50%
(v/v) blood.

[0025] Fig. 4E and 4F are graphs showing the effect of blood concentration on Young’s
modulus (4E) and tan delta (4F) of CS-blood hydrogels containing 5% (w/v) CS-NHS.
Values are reported as mean £ SE. * p <0.05, ** p <0.01, *** p <0.001.

[0026] Figs. SA and 5B are photomicrographs showing hMSCs encapsulated in 60% (5A)
and 75% (5B) (v/v) blood hydrogels with 5% (w/v) CS-NHS following 4 days of culture in
expansion medium. More cell spreading was observed in the gels containing higher
concentration of blood.

[0027] Figs. 5C-5G are photomicrographs showing hMSCs encapsulated in 50% (v/v)
blood 5% (w/v) CS-NHS hydrogels. Following 3 weeks of culture in expansion medium,
hMSCs encapsulated in 50% (v/v) blood hydrogels retained their morphology and looked like
undifferentiated MSCs (5C). Viability in the hydrogels was 98.4 + 2.7%. Changing the
medium from expansion to chondrogenic medium initiated cell clustering of the hMSCs
which is indicative of cadherin expression and chondrogenic differentiation (5D). Live and
dead staining (5C-E), light microscopy (5F), and H&E staining of a cluster of cells formed
due to the change in medium (5G).

[0028] Figs. 6A-6D are graphs showing chondrogenic differentiation of hMSCs
encapsulated in CS-blood hydrogels in vitro. hMSCs were encapsulated in CS-blood
hydrogels and immediately exposed to chondrogenic medium. Gene expression of the
indicated gene was measured.

[0029] Figs. 6E-6G are graphs showing biochemical synthesis monitored over time.
Values are reported as mean & SE. * p <0.05, *** p <0.001.

[0030] Figs. 7A-7K are photomicrographs showing H&E, safranin-O, and Masson’s
trichrome of CS-blood hydrogels in vitro and in vivo. hMSCs encapsulated in CS-blood
hydrogels and cultured in vitro for 1 week (7A-7C), 3 weeks (7D-7F), and 5 weeks (7G-71)
were stained using H&E (7A, 7D, 7G), safranin-O (7B, 7E, 7H), and Masson’s trichrome
(7C, 7F, 7I). Additionally, one month following subcutaneous injection of CS-blood
hydrogels in a rat model, the hydrogels were harvested and stained using safranin-O (7J), and
Masson’s trichrome (7K). Arrow heads point to vasculature and asterisks mark the hydrogel.

Scale bar = 50 pm.
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DETAILED DESCRIPTION OF THE INVENTION

[0031] The material and combination presented in this invention solve the problem of
delivering intraoperative biologics to sites of injury. The invention also addresses the
significant clinical need for a tissue adhesive throughout the body.

[0032] In general, the invention features the production of an amine-reactive
proteoglycan, including, but not limited to, chondroitin sulfate and hyaluronic acid. This
material can be provided in powder (solid) or liquid form and combined with blood
derivatives including serum, platelets, platelet rich plasma, bone marrow, or with other tissue
products to form hydrogels. The properties (physical and biological) are different with each
of these hydrogels and the properties can be further manipulated by controlling the conditions
under which the hydrogels are formed. Such properties include the biodegradability of the
hydrogel, the compressibility, the adhesive strength, the presence of pharmaceutical agents or
therapeutic cells, and resiliency. Furthermore, the hydrogels can be specifically shaped to fit,
e.g., in a void inside a subject.

[0033] Bioadhesives are important tools in surgical reconstruction and present an ideal
mode for the delivery of cells to a variety of tissue environments. However, it is difficult to
simultaneously attain the desired adhesive strength, control material degradation, and
maintain the material’s cytocompatibility. The invention features bioadhesives which forms
a hydrogel upon mixing with any biological solution that contains biopolymers with primary
amines (i.e., proteins). The adhesive will crosslink, e.g., whole blood, which is readily
available during intraoperative procedures or through simple autologous harvesting.
Following gelation, the adhesive strength of the imidated proteoglycan-blood gel can be, e.g.,
5.6 times greater than fibrin glue. Additionally, the material is bio-interactive as
demonstrated by cell spreading and cell migration within the bulk of the material.

[0034] In one aspect, the invention features an isolated hydrogel composition including a
blood product (e.g., whole blood, bone marrow, platelet rich plasma, and serum) or a tissue
product (e.g., heart, kidney, liver, fat, cartilage, and deminerlized bone) and an amine-
reacting proteoglycan (e.g., chemically modified chondroitin sulfate, hyaluronic acid,
dextran, carboxy methyl starch, keratin sulfate, or ethyl cellulose). The isolated hydrogel
composition can be produced by incubating an isolated blood product with an amine-reacting
proteoglycan. In some embodiments, the hydrogel can be hydrated after the blood product is

contacted with the amine-reacting proteoglycan.
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[0035] In another aspect, the invention features a method of filling a void on or in a
subject by contacting the void with any of the foregoing isolated hydrogel compositions (e.g.,
an isolated hydrogel composition shaped to fill the void in the subject). In this aspect, the
isolated hydrogel can be allogeneic or autologous to the subject and can have a Young’s
modulus within 50% of tissue surrounding the void.

[0036] In another aspect, the invention features a method of filling a void in a subject by
obtaining a blood product (e.g., whole blood, bone marrow, platelet rich plasma, and serum)
or tissue product from the subject, incubating the blood or tissue product in a mixture with an
amine-reacting proteoglycan. In this aspect, the incubation is conducted in, or packed into, a
mold shaped to produce an isolated hydrogel that fills the void in the subject.

[0037] In any of the foregoing aspects, the amine-reacting proteoglycan is an imidated
proteoglycan, including, for example, chondroitin sulfate succinimidyl succinate or N-
hydroxysuccinimide (NHS) hyaluronic acid. The blood product can be present at between
25% and 75% (e.g., 33-66% or approximately 50%) volume to volume (v/v). Furthermore,
the amine-reacting proteoglycan can be present at between 5% and 20% (e.g., 10-15%)
weight to volume (w/v). Additionally, the isolated hydrogel composition can further include
heparin and/or a living cell (e.g., a mesenchymal stem cell, a cardiac stem cell, a liver stem
cell, a retinal stem cell, and an epidermal stem cell).

[0038] The isolated hydrogels of the invention can have, e.g., a Young’s modulus of
between 5 and 50 kPa (e.g., 5, 10, 20, 25, 30, 40, 50 kPa, and/or a Young’s modulus within
50% of the tissue (e.g., heart, kidney, liver, fat, or cartilage) surrounding a particular void to
be treated) and/or an adhesive strength of greater than 5 kPa.

[0039] In another aspect, the invention features a method of generating an isolated
hydrogel including incubating an isolated blood product with an amine-reacting
proteoglycan. This incubation can be, e.g., for between 5 and 15 minutes. The incubation
can also include a buffer and/or heparin and the pH can be between 7.0 and 10.0 (e.g., a pH
0f 7.5, 8.0, 8.5,9.0, or 9.5).

[0040] By “amine-reacting proteoglycan” is meant a modified (e.g., an imidated)
proteoglycan. The proteoglycan can be modified to contain activated carboxyl groups that
chemically react with primary amines (e.g., those found in proteins) to form amide bonds.
Each molecule of proteoglycan can contain multiple (e.g., between 8 and 11) modifications

(e.g., multiple activated carboxyl groups).
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[0041] By “Young’s modulus” is meant the ratio of the uniaxial stress over the uniaxial
strain in the range of stress in which Hooke's Law holds. For the purpose of the invention,
Young’s modulus is calculated using 100 pL cylindrical hydrogels. Hydrogels are placed
between two plates such that the top and bottom faces of the hydrogel are in contact with the
plates. The hydrogels are compressed between 0 and 10% strain with increments of one
percent. At each strain, the stress is allowed to reach equilibrium before going onto the next
strain. The equilibrium stress is plotted against strain, and the Young’s modulus is equal to
the slope of the curve.

[0042] For the purposes of the invention, “adhesive strength” is determined using a
modification of ASTM standard F2255-05. Processed porcine skin is cut into rectangular
sections, and for each sample, two sections of tissue are glued together and allowed to cure
for 10 minutes. The glued tissues are then incubated in PBS at room temperature until their
adhesive strength is tested. Samples are clamped down on both sides and then pulled apart at
50 um/second while recording displacement and stress over time. The highest stress
recorded before bond failure is designated as the adhesive strength of the material.

[0043] “Gelation time,” also referred to herein as “gel time,” refers to the time it takes for
a composition to become non-flowable under modest stress. This is generally exhibited as
reaching a physical state in which the elastic modulus, G’, equals or exceeds the viscous
modulus, G”, i.e., when tan (delta) becomes 1 (as may be determined using conventional
rheological techniques).

[0044] By “hydrogel” is meant a water-swellable polymeric matrix that can absorb water
to form elastic gels, wherein “matrices” are three-dimensional networks of macromolecules
held together by covalent or noncovalent crosslinks. On placement in an aqueous
environment, dry hydrogels swell by the acquisition of liquid therein to the extent allowed by
the degree of cross-linking.

[0045] “Treating” or “treatment” is an art-recognized term which includes curing as well
as ameliorating at least one symptom of any condition or disease. Treating includes reducing
the likelihood of a disease, disorder or condition from occurring in an animal which may be
predisposed to the disease, disorder and/or condition but has not yet been diagnosed as
having it; inhibiting the disease, disorder or condition, e.g., impeding its progress; and
relieving the disease, disorder or condition, e.g., causing any level of regression of the

disease; inhibiting the disease, disorder or condition, e.g., impeding its progress; and
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relieving the disease, disorder or condition, even if the underlying pathophysiology is not
affected or other symptoms remain at the same level.

[0046] “Prophylactic” or “therapeutic” treatment is art-recognized and includes
administration to the host of one or more of the subject compositions. If it is administered
prior to clinical manifestation of the unwanted condition (e.g., disease or other unwanted state
of the host animal) then the treatment is prophylactic, i.e., it protects the host against
developing the unwanted condition, whereas if it is administered after manifestation of the
unwanted condition, the treatment is therapeutic (i.e., it is intended to diminish, ameliorate, or
stabilize the existing unwanted condition or side effects thereof).

[0047] The term “aliphatic” is an art-recognized term and includes linear, branched, and
cyclic alkanes, alkenes or alkynes. In certain embodiments, aliphatic groups in the present
invention are linear or branched and have from 1- about 20 carbon atoms.

[0048] The term “alkyl” is art-recognized, and includes saturated aliphatic groups,
including straight-chain alkyl groups, branched-chain alkyl groups, cycloalkyl (alicyclic)
groups, alkyl substituted cycloalkyl groups, and cycloalkyl substituted alkyl groups. In
certain embodiments, a straight chain or branched chain alkyl has about 30 or fewer carbon
atoms in its backbone (e.g., C;-Csg for straight chain, Cs-Cs for branched chain), and
alternatively, about 20 or fewer carbon atoms. Likewise cycloalkyls have from about 3 to
about 10 carbon atoms in their ring structure, and alternatively about 5, 6 or 7 carbons in the
ring structure.

[0049] Moreover, the term “alkyl” (or “lower alkyl”) includes both “unsubstituted alkyls”
and “substituted alkyls,” the latter of which refers to alkyl moieties having substituents
replacing hydrogen on one or more carbons of the hydrocarbon backbone. Such substituents
may include, for example, a halogen, a hydroxyl, a carbonyl (such as a carboxyl, an
alkoxycarbonyl, a formyl or an acyl), a thiocarbonyl (such as a thioester, a thioacetate, or a
thioformate), an alkoxyl, a phosphoryl, a phosphonate, a phosphinate, an amino, an amidine,
an imine, a cyano, a nitro, an azido, a sulfhydryl, an alkylthio, a sulfate, a sulfonate, a
sulfamoyl, a sulfonamido, a sulfonyl, a heterocyclyl, an aralkyl, or an aromatic or
heteroaromatic moiety. It will be understood by those skilled in the art that the moieties
substituted on the hydrocarbon chain may themselves be substituted, if appropriate. For
instance, the substituents of a substituted alkyl may include substituted and unsubstituted
forms of amino, azido, imino, amido, phosphoryl (including phosphonate and phosphinate),

sulfonyl (including sulfate, sulfonamido, sulfamoyl and sulfonate), and silyl groups, as well
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as cthers, alkylthios, carbonyls (including ketones, aldehydes, carboxylates, and esters),--CF3,
--CN and the like. Exemplary substituted alkyls are described below. Cycloalkyls may be
further substituted with alkyls, alkenyls, alkoxys, alkylthios, aminoalkyls, carbonyl-
substituted alkyls, --CF3, --CN and the like.

[0050] The term “aralkyl” is art-recognized, and includes aryl groups (e.g., an aromatic or
heteroaromatic group).

[0051] The terms “alkenyl” and “alkynyl” are art-recognized, and in an organic molecule,
generally includes an atom of any element other than carbon or hydrogen. Illustrative
heteroatoms include boron, nitrogen, oxygen, phosphorus, sulfur, and selenium.

[0052] The term “aryl” is art-recognized, and includes 5-, 6-, and 7-membered single ring
aromatic groups that may include from zero to four heteroatoms, for example, benzene,
pyrole, furan, thiophene, imidazole, oxazole, thiazole, triazole, pyrazole, pyridine, pyrazine,
pyridazine and pyrimidine, and the like. Thos aryl groups having heteroatoms in the ring
structure may also be referred to as “aryl heterocycles” or “heteroaromatics.” The aromatic
ring may be substituted at one or more ring positions with such substituents as described
above, for example, halogen, azide, alkyl, aralkyl, alkenyl, alkynyl, cycloalkyl, hydroxyl,
alkoxyl, amino, nitro, sulfhydyl, imino, amido, phosphonate, phosphinate, carbonyl,
carboxyl, silyl, ether, alkylthio, sulfonyl, sulfonamido, ketone, aldehyde, ester, heterocyclyl,
aromatic or heteroaromatic moieties, --CF3, --CN or the like. The term “aryl” also includes
polycyclic ring systems having two or more cyclic rings in which two or more carbons are
common to two adjoining rings (the rings are “fused rings”) wherein at least one of the rings
is aromatic, e.g., the other cyclic rings may be cycloalkyls, cycloalkenyls, cycloalkynyls,
aryls, and/or heterocyclyls, or rings joined by non-cyclic moieties.

[0053] The terms “ortho,” “meta” and “para” are art-recognized and apply to 1,2-, 1,3-
and 1,4-disubstituted cyclohexanes, respectively. For example, the names 1,2-
dimehtylbenzene and ortho-dimethylbenzene are synonymous.

[0054] The terms “heterocyclyl” and “heterocyclic group” are art-recognized, and include
3- to about 10-membered ring structures, such as 3- to about 7-membered rings, whose ring
structures include one to four heteroatoms. Heterocycles may also be polycycles.
Heterocyccelyl groups include, for example, thiophene, thianthrene, furan, pyran,
isobenzofuran, chromene, xanthene, phenoxanthin, pyrrole imidazole, pyrazole, isothiazole,
isoxazole, pyridine, pyrazine, pyrimidine, pyridazine, indolizine, isoindole, indole, indazole,

purine, quinolizine, isoquinoline, quinoline, phthalazine, naphtyridine, quinoxaline,
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quinazoline, cinnoline, pteridine, carbazole, carboline, phenanthridine, acridine, pyrimidine,
phenanthroline, phenazine, phenarsazine, phenothiazine, furazan, phenoxazine, pyrrolidine,
oxolane, thiolane, oxazole, piperidine, piperazine, morpholine, lactones, lactams such as
azetidinones and pyrrolidinones, sultams, sultones and the like. The heterocyclic ring may be
substituted at one or more positions with such substituents as described above, as for
example, halogen, alkyl aralkyl, alkynyl, cycloalkyl, hydroxyl, amino, nitro, sulfhydryl,
imino, amido, phosphonate, phosphinate, carbonyl, carboxyl, silyl, ether, alkylthio, sulfonyl,
ketone, aldehyde, ester, a heterocyclyl, an aromatic or heteroaromatic moiety, -CD3, -CN or
the like.

[0055] The terms “polycyclyl” and polycyclic group” are art-recognized and include
structures with two or more rings (e.g., cycloalkyls, cycloalkenyls, cycloalkynyls, aryls
and/or heterocyclyls) in which two or more carbons are common to two adjoining rings, e.g.,
the rings are “fused rings.” Rings that are joined through non-adjacent atoms, e.g., three or
more atoms are common to both rings, are termed “bridged” rings. Each of the rings of the
polycycle may be substituted with such substituents as described above, as for example,
halogen, alkyl, aralkyl, alkenyl, alkynyl, cycloalkyl, hyroxyl, amino, nitro, sulfthydryl, imino,
amido, phosphonate, phosphinate, carbonyl, carboxyl, silyl, ether, alkylthio, sulfonyl, ketone,
aldehyde, ester, a heterocyclyl, an aromatic or heteroaromatic moiety, -CD3, -CN or the like.
[0056] The term “carbocycle” is art recognized and includes an aromatic or non-aromatic
ring in which each atom of the ring is carbon. The following art-recognized terms have the
following meanings: “nitro” means —NO;; the term “halogen” designates —F, -Cl, -Br, or —I;
the term “sulthydryl” means —SH; the term “hydroxyl” or “hydroxy” means —OH; and the
term sulfonyl” means —SO»-.

[0057] The terms “amine” and “amino” are art-recognized and include both unsubstituted
and substituted amines. A primary amine carries two hydrogens, a secondary amine, one
hydrogen and another substituent and a tertiary amine, the two hydrogens are substituted.
The substituents for one or both of the hydrogens can be, for example, and alkyl, an alkenyl,
and aryl, a cycloalkyl, a cycloalkenyl, a heterocycle, a polycycle and so on. If both
hydrogens are substituted with carbonyls, the carbonyl framed nitrogen forms an imide.
[0058] The term “alkylamine” includes an amine group, as defined above, having a
substituted or unsubstituted alkyl attached thereto.

[0059] The term “amido” is art-recognized as an amino-substituted carbonyl.
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[0060] The term “alkylthio” is art-recognized and includes and alkyl group, as defined
above, having a sulfur radical attached thereto. In certain embodiments, the “alkylthio”
moiety is represented by one of —S-alkyl, -S-alkenyl, -S-alkynyl and so on. Representative
alkylthio groups include methylthio, ethylthio and the like.

[0061] The term “carbonyl” is art-recognized and includes a C=0 structure. Carbonyls
are involved in esters; carboxyl groups; formates; thiocarbonyls; thioesters; thiocarboxylic
acids; thioformates; ketones; and aldehydes.

[0062] The terms “alkoxyl” and “alkoxy” are art-recognized and include an alkyl group,
as defined above, having an oxygen radical attached thercto. Representative alkoxyl groups
include methoxy, ethoxy, propyloxy, tert-butoxy and the like.

[0063] An “ether” is two hydrocarbons covalently linked by an oxygen. Accordingly, the
substituent of an alkyl that renders that alkyl an ether is or resembles an alkoxyl, such as may
be represented by one of —O-alkyl, -O-alkenyl, -O-alkynyl and so on.

[0064] The term “sulfonate” is art-recognized and includes a moiety wherein a sulfur
atom carries two double bonded oxygens and a single bonded oxygen.

[0065] The term “sulfate” is art-recognized and includes a moiety that resembles a
sulfonate but includes two single bonded oxygens.

[0066] The terms “sulfonamide,” “sulfamoyl,” “sulfonyl,” and “sulfoxido” are art-
recognized and each can include a variety of R group substituents as described herein.
[0067] The terms phosphoramidite” and “phophonamidite” are art-recognized.

[0068] The term “selenoalkyl” is art-recognized and includes an alkyl group having a
substituted seleno group attached thereto. Exemplary “selenoethers” which may be
substituted on the alkyl are selected from one of —Se-alkyl, -Se-alkenyl, -Se-alkynyl and so
on.

[0069] Substitutions may be made to alkenyl and alkynyl groups to produce, for example,
aminoalkenyls, aminoalkynyls, amidoalkenyls, iminoalkenyls, iminoalkynyls, thioalkenyls,
thioalkynyls, carbonyl-substituted alkenyls or alkynyls.

[0070] A hydrocarbon is an art recognized term and includes all permissible compounds
having at least one hydrogen and one carbon atom. For example, permissible hydrocarbons
include acyclic and cyclic, branched and unbranched, carbocyclic and heterocyclic, aromatic
and nonaromatic organic compounds that may be substituted or unsubstituted.

[0071] The phrase “protecting group” is art-recognized and includes temporary

substituents that protect a potentially reactive functional group from undesired chemical
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transformations. Examples of such protecting groups include esters of carboxylic acids, silyl
ethers of alcohols, and acetals and ketals of aldehydes and ketones, respectively. The field of
protecting group chemistry has been reviewed, Greene et al., Protective Groups in Organic
Synthesis 2nd ed., Wiley, New York, (1991), for example.

[0072] The definition of each expression, e.g., alkyl, aryl etc., when it occurs more than
once in any structure, is intended to be independent of its definition elsewhere in the same
structure unless otherwise indicated expressly or by the context.

[0073] The terms triflyl, tosyl, mesyl, and nonaflyl are art-recognized and refer to
trifluoromethanesulfonyl, p-toluenesulfonyl, methanesulfonyl, and nonafluorobutanesulfonyl
groups, respectively. The terms triflate, tosylate, mesylate, and nonaflate are art-recognized
and refer to trifluoromethanesulfonate ester, p-toluenesulfonate ester, methanesulfonate ester,
and nonafluorobutanesulfonate ester functional groups and molecules that contain said
groups, respectively.

[0074] The abbreviations Me, Et, Ph, Tf, Nf, Ts, and Ms are art-recognized and represent
methyl, ethyl, phenyl, trifluoromethanesulfonyl, nonafluorobutanesulfonyl, p-toluenesulfonyl
and methanesulfonyl, respectively. A more comprehensive list of the abbreviations utilized
by organic chemists of ordinary skill in the art appears in the first issue of each volume of the
Journal of Organic Chemistry; this list is typically presented in a table entitled Standard List
of Abbreviations.

[0075] An “isolated” or “purified” polymer of interest is substantially free of
contaminating proteins from the medium or tissue source from which the polymer is
obtained, or substantially free of chemical precursors or other chemicals or reactants in the
medium or reaction mixture used which contains components that are chemically
synthesized. Thus, an isolated or purified imidated polymer is substantially free of non-
imidated polymer material and includes preparations of less than about 30%, 20%, 25%,
20%, 10%, 5%, 4%, 3%, 2.5%, 2%, 1.5% or 1 % or less, (by dry weight) of non-imidated
biopolymer contaminants.

[0076] By “isolated hydrogel” is meant a hydrogel that is not contained within a subject’s
body. The term “isolated hydrogels” is meant to not include hydrogels formed inside a
subject (e.g., a void in a subject).

[0077] As used herein, the terms “stability” and “stable” in the context of a liquid
formulation comprising a biopolymer of interest that is resistant to thermal and chemical

aggregation, degradation or fragmentation under given manufacture, preparation,
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transportation and storage conditions, such as, for one month, for two months, for three
months, for four months, for five months, for six months or more. The “stable” formulations
of the invention retain biological activity equal to or more than 80%, 85%, 90%, 95%, 98%,
99% or 99.5% under given manufacture, preparation, transportation and storage conditions.
The stability of said preparation can be assessed by degrees of aggregation, degradation or
fragmentation by methods known to those skilled in the art.

[0078] The term, “carrier,” refers to a diluent, adjuvant, excipient or vehicle with which
the therapeutic is administered. Such physiological carriers can be sterile liquids, such as
water and oils, including those of petroleum, animal, vegetable or synthetic origin, such as
peanut oil, soybean oil, mineral oil, sesame oil and the like. Water is a suitable carrier when
the pharmaceutical composition is administered intravenously. Saline solutions and aqueous
dextrose and glycerol solutions also can be employed as liquid carriers, particularly for
injectable solutions. Suitable pharmaceutical excipients include starch, glucose, lactose,
sucrose, gelatin, malt, rice, flour, chalk, silica gel, sodium stearate, glycerol monostearate,
talc, sodium chloride, dried skim milk, glycerol, propylene glycol, water, ethanol and the like.
The composition, if desired, can also contain minor amounts of wetting or emulsifying
agents, or pH buffering agents.

[0079] As used herein, the term “surfactant” refers to organic substances having
amphipathic structures, namely, are composed of groups of opposing solubility tendencies,
typically an oil-soluble hydrocarbon chain and a water-soluble ionic group. Surfactants can
be classified, depending on the charge of the surface-active moiety, into anionic, cationic and
nonionic surfactants. Surfactants often are used as wetting, emulsifying, solubilizing and
dispersing agents for various pharmaceutical compositions and preparations of biological
materials.

[0080] A biologically compatible polymer refers to a polymer which is functionalized to
serve as a composition for creating an implant. The polymer is one that is a naturally
occurring polymer or one that is not toxic to the host. The polymer can, e.g., contain at least
an imide. The polymer may be a homopolymer where all monomers are the same or a
hetereopolymer containing two or more kinds of monomers. The terms “biocompatible
polymer,” “biocompatible cross-linked polymer matrix” and “biocompatibility” when used in
relation to the instant polymers are art-recognized are considered equivalent to one another,
including to biologically compatible polymer. For example, biocompatible polymers include

polymers that are neither toxic to the host (e.g., an animal or human), nor degrade (if the
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polymer degrades at a rate that produces monomeric or oligomeric subunits or other
byproducts at toxic concentrations in the host).

[0081] Polymer is used to refer to molecules composed of repeating monomer units,
including homopolymers, block copolymers, heteropolymers, random copolymers, graft
copolymers and so on. “Polymers” also include linear polymers as well as branched
polymers, with branched polymers including highly branched, dendritic, and star polymers.
[0082] A monomer is the basic repeating unit in a polymer. A monomer may itself be a
monomer or may be dimer or oligomer of at least two different monomers, and each dimer or
oligomer is repeated in a polymer.

[0083] A polymerizing initiator refers to any substance that can initiate polymerization of
monomers or macromers by, for example, free radical generation. The polymerizing initiator
often is an oxidizing agent. Exemplary polymerization initiators include those which are
activated by exposure to, for example, electromagnetic radiation or heat.

[0084] As used herein, the term, “inorganic salt,” refers to any compound, containing no
carbon, that results from replacement of part or all of the acid hydrogen or an acid by a metal
or a group acting like a metal, and often is used as a tonicity adjusting compound in
pharmaceutical compositions and preparations of biological materials. The most common
inorganic salts are NaCl, KCI, NaH,P0,, etc.

[0085] The amine-reactive proteoglycans can be incubated with material derived from
any tissue, e.g., heart, kidney, liver, fat, cartilage, and deminerlized bone.

[0086] This disclosure is directed, at least in part, to polymers, matrices, and gels, and
methods of making and using matrices, polymers and gels. One of said such polymers
comprises and imide. Gels, networks, scaffolds, films and the like of interest made with the
composition(s) of interest encourage cell, tissue and organ integration and growth. The
optional presence of cells, such as stem cells, enhances cell, tissue, and organ integration and
growth.

[0087] For example, this disclosure provides for functionalized biologically compatible
first polymer, such as chondroitin sulfate, hyaluronic acid, dextran, carboxy methyl starch,
keratin sulfate, or ethyl cellulose and the like, modified with an imide.

[0088] Significant to a product of interest is the enhanced integration with the
surrounding tissue to increase stability and bonding to a biological surface and to formation
of new tissue. In vitro studies have proven efficacy of the chemical mechanism of reacting to

the surface and the increased mechanical strength of the material-cell/tissue/organ interface.
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[0089] The instant invention provides for ex vivo polymerization techniques to form
scaffolds and so on that can be molded to take the desired shape of the defect, promote tissue
development by stimulating native cell repair, and can be potentially implanted by minimally
invasive injection.

[0090] An active agent and a biologically active agent are used interchangeably herein to
refer to a chemical or biological compound that induces a desired pharmacological and/or
physiological effect, wherein the effect may be prophylactic or therapeutic. The terms also
encompass pharmaceutically acceptable, pharmacologically active derivatives of those active
agents specifically mentioned herein, including, but not limited to, salts, esters, amides,
prodrugs, active metabolites, analogs and the like. When the terms “active agent,”
“pharmacologically active agent” and “drug” are used, then, it is to be understood that the
invention includes the active agent per se as well as pharmaceutically acceptable,
pharmacologically active salts, esters, amides, prodrugs, metabolites, analogs etc. The active
agent can be a biological entity, such as a virus or cell, whether naturally occurring or
manipulated, such as transformed.

[0091] Biocompatible polymer, biocompatible cross-linked polymer matrix and
biocompatibility are art-recognized. For example, biocompatible polymers include polymers
that are neither themselves toxic to the host (e.g., and animal or human), nor degrade (if the
polymer degrades) at a rate that produces monomeric or oligomeric subunits or other
byproducts at toxic concentrations in the host. In certain embodiments of the present
invention, biodegradation generally involves degradation of the polymer in an organism, e.g.,
into its monomeric subunits, which may be known to be effectively non-toxic. Intermediate
oligomeric products resulting from such degradation may have different toxicological
properties, however, or biodegradation may involve oxidation or other biochemical reactions
that generate molecules other than monomeric subunits of the polymer. Consequently, in
certain embodiments, toxicology of a biodegradable polymer intended for in vivo use, such as
implantation or injection into a patient, may be determined after one or more toxicity
analyses. It is not necessary that any subject composition have a purity of 100% to be
deemed biocompatible; indeed, it is only necessary that the subject compositions be
biocompatible as set forth above. Hence, a subject composition may comprise polymers
comprising 99%, 98%, 97%, 96%, 95%, 90%, 85%, 80%, 75% or even less of biocompatible
polymers, e.g., including polymers and other materials and excipients described herein, and

still be biocompatible.
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[0092] To determine whether a polymer or other material is biocompatible, it may be
necessary to conduct a toxicity analysis. Such assays are well known in the art, using, for
example, chemical means or enzymatic means. An aliquot of the treated sample products are
placed in culture plates previously seeded with the cells. The sample products are incubated
with the cells. The results of the assay may be plotted as % relative growth vs. concentration
of degraded sample.

[0093] In addition, monomers, polymers, polymer matrices, and formulations of the
present invention may also be evaluated by well-known in vivo tests, such as subcutaneous
implantations in rats to confirm that they do not cause significant levels of irritation or
inflammation at the subcutancous implantation sites.

[0094] “Biodegradable” is art-recognized, and includes monomers, polymers, polymer
matrices, gels, compositions and formulations, such as those described herein, that are
intended to degrade during use, such as in vivo. Biodegradable polymers and matrices
typically differ from non-biodegradable polymers in that the former may be degraded during
use. In certain embodiments, such use involves in vivo use, such as in vivo therapy, and in
other certain embodiments, such use involves in vitro use. In general, degradation
attributable to biodegradability involves the degradation of a biodegradable polymer into its
component subunits, or digestion, e.g., by a biochemical process, of the polymer into smaller,
non-polymeric subunits. In certain embodiments, two different types of biodegradation may
generally be identified. For example, one type of biodegradation may involve cleavage of
bonds (whether covalent or otherwise) in the polymer backbone. In such biodegradation,
monomers and oligomers typically result, and even more typically, such biodegradation
occurs by cleavage of a bond connecting one or more of subunits of a polymer. In contrast,
another type of biodegradation may involve cleavage of a bond (whether covalent or
otherwise) internal to a side chain or that connects a side chain, functional group and so on to
the polymer backbone. For example, a therapeutic agent, biologically active agent, or other
chemical moiety attached as a side chain to the polymer backbone may be released by
biodegradation. In certain embodiments, one or the other or both general types of
biodegradation may occur during use of a polymer. As used herein, the term
“biodegradation” encompasses both general types of biodegradation.

[0095] The degradation rate of a biodegradable polymer often depends in part on a
variety of factors, including the chemical identity of the linkage responsible for any

degradation, the molecular weight, crystallinity, biostability, and degree of cross-linking of
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such polymer, the physical characteristics of the implant, shape and size, and the mode and
location of administration. For example, the greater the molecular weight, the higher the
degree of crystallinity, and/or the greater the biostability, the biodegradation of any
biodegradable polymer is usually slower. The term “biodegradable” is intended to cover
materials and processes also termed “bioerodible.”

[0096] In certain embodiments, the biodegradation rate of such polymer may be
characterized by the presence of enzymes, for example, a chondroitinase. In such
circumstances, the biodegradation rate may depend on not only the chemical identity and
physical characteristics of the polymer matrix, but also on the identity of any such enzyme.
[0097] In certain embodiments, polymeric formulations of the present invention
biodegrade within a period that is acceptable in the desired application. In certain
embodiments, such as in vivo therapy, such degradation occurs in a period usually less than
about five years, one year, six months, three months, one month, fifteen days, five days, three
days, or even one day on exposure to a physiological solution with a pH between 6 and 8
having a temperature of between about 25 and 37° C. In other embodiments, the polymer
degrades in a period of between about one hour and several weeks, depending on the desired
application. In some embodiments, the polymer or polymer matrix may include a detectable
agent that is released on degradation.

[0098] Cross-linked herein refers to a composition containing intermolecular cross-links
and optionally intramolecular cross-links, arising from, generally, the formation of covalent
bonds. Covalent bonding between two cross-linkable components may be direct, in which
case an atom in one component is directly bound to an atom in the other component, or it
may be indirect, through a linking group. A cross-linked gel or polymer matrix may, in
addition to covalent, also include intermolecular and/or intramolecular noncovalent bonds
such as hydrogen bonds and electrostatic (ionic) bonds.

[0099] “Functionalized” refers to a modification of an existing molecular segment or
group to generate or to introduce a new reactive or more reactive group (e.g., imide group)
that is capable of undergoing reaction with another functional group (e.g., an amine group) to
form a covalent bond. For example, carboxylic acid groups can be functionalized by reaction
with a carbodiimide and an imide reagent using known procedures to provide a new reactive
functional group in the form of an imide group substituting for the hydrogen in the hydroxyl

group of the carboxyl function.
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[0100] “Gel” refers to a state of matter between liquid and solid, and is generally defined
as a cross-linked polymer network swollen in a liquid medium. Typically, a gel is a two-
phase colloidal dispersion containing both solid and liquid, wherein the amount of solid is
greater than that in the two-phase colloidal dispersion referred to as a “sol.” As such, a “gel”
has some of the properties of a liquid (i.e., the shape is resilient and deformable) and some of
the properties of a solid (i.e., the shape is discrete enough to maintain three dimensions on a
two-dimensional surface).

[0101] Hydrogels consist of hydrophilic polymers cross-linked to from a water-swollen,
insoluble polymer network. Cross-linking can be initiated by many physical or chemical
mechanisms. Photopolymerization is a method of covalently crosslink polymer chains,
whereby a photoinitiator and polymer solution (termed “pre-gel” solution) are exposed to a
light source specific to the photoinitiator. On activation, the photoinitiator reacts with
specific functional groups in the polymer chains, crosslinking them to form the hydrogel.
The reaction is rapid (3-5 minutes) and proceeds at room and body temperature.
Photoinduced gelation enables spatial and temporal control of scaffold formation, permitting
shape manipulation after injection and during gelation in vivo. Cells and bioactive factors
can be easily incorporated into the hydrogel scaffold by simply mixing with the polymer
solution prior to photogelation.

[0102] Alternatively, the reactants can contain complementary reactive groups, as an
imide and an amide, that yield cross-linking without the need of an external initiator.

[0103] Hydrogels of interest can be semi-interpenetrating networks that promote cell,
tissue and organ repair while discouraging scar formation. The hydrogels of interest also are
configured to have a viscosity that will enable the gelled hydrogel to remain affixed on or in
the cell, tissue or organ, or surface. Viscosity can be controlled by the monomers and
polymers used, by the level of water trapped in the hydrogel, and by incorporated thickeners,
such as biopolymers, such as proteins, lipids, saccharides and the like. An example of such a
thickener is hyaluronic acid or collagen.

[0104] “Incorporated,” “encapsulated,” and “entrapped” are art-recognized when used in
reference to a therapeutic agent, dye, or other material and a polymeric composition, such as
a composition of the present invention. In certain embodiments, these terms include
incorporating, formulating or otherwise including such agent into a composition that allows
for sustained release of such agent in the desired application. The terms may contemplate

any manner by which a therapeutic agent or other material is incorporated into a polymer
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matrix, including, for example, attached to a monomer of such polymer (by covalent or other
binding interaction) and having such monomer be part of the polymerization to give a
polymeric formulation, distributed throughout the polymeric matrix, appended to the surface
of the polymeric matrix (by covalent or other binding interactions), encapsulated inside the
polymeric matrix, etc. The term “co-incorporation” or “co-encapsulation” refers to the
incorporation of a therapeutic agent or other material and at least one other therapeutic agent
or other material in a subject composition.

[0105] More specifically, the physical form in which any therapeutic agent or other
material is encapsulated in polymers may vary with the particular embodiment. For example,
a therapeutic agent or other material may be first encapsulated in a microsphere and then
combined with the polymer in such a way that at least a portion of the microsphere structure
is maintained. Alternatively, a therapeutic agent or other material may be sufficiently
immiscible in the polymer of the invention that it is dispersed as small droplets, rather than
being dissolved in the polymer. Any form of encapsulation or incorporation is contemplated
by the present invention, in so much as the sustained release of any encapsulated therapeutic
agent or other material determines whether the form of encapsulation is sufficiently
acceptable for any particular use.

[0106] Pharmaceutically acceptable salts are art-recognized, and include relatively non-
toxic, inorganic and organic acid addition salts of compositions of the present invention,
including without limitation, therapeutic agents, excipients, other materials and the like.
Examples of pharmaceutically acceptable salts include those derived from mineral acids, such
as hydrochloric acid and sulfuric acid, and those derived from organic acids, such as
ethanesulfonic acid, benzenesulfonic acid, p-toluenesulfonic acid, and the like. Examples of
suitable inorganic bases for the formation of salts include the hydroxides, carbonates, and
bicarbonates of ammonia, sodium, lithium, potassium, calcium, magnesium, aluminum, zinc
and the like. Salts may also be formed with suitable organic bases, including those that are
non-toxic and strong enough to form such salts. For purposes of illustration, the class of such
organic bases may include mono-, di-, and trialkylamines, such as methylamine,
dimethylamine, and triethylamine; mono-, di-, or trihydroxyalkylamines such as mono-, di-,
and triethanolamine; amino acids, such as arginine and lysine; guanidine; N-
methylglucosamine; N-methylglucamine; L-glutamine; N-methylpiperazine; morpholine;
ethylenediamine; N-benzylphenthylamine; (trihydroxymethyl) aminoethane; and the like, see,
for example, J. Pharm. Sci., 66: 1-19 (1977).
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[0107] It will be understood that “substitution” or “substituted with” includes the implicit
proviso that such substitution is in accordance with the permitted valency of the substituted
atom and the substituent, and that the substitution results in a stable compound, e.g., which
does not spontaneously undergo transformation, such as by rearrangement, cyclization,
climination, or other reaction.

[0108] The term “substituted” is also contemplated to include all permissible substituents
of organic compounds such as the imide reagent of interest. In a broad aspect, the
permissible substituents include acyclic and cyclic, branched and unbranched, carbocyclic
and heterocyclic, aromatic and nonaromatic substituents of organic compounds. Illustrative
substituents include, for example, those described herein. The permissible substituents
may be one or more and the same or different for appropriate organic compounds. For
purposes of this invention, the heteroatoms such as nitrogen may have hydrogen substituents
and/or any permissible substituents of organic compounds described herein which satisfy the
valences of the heteroatoms. This invention is not intended to be limited in any manner by
the permissible substituents of organic compounds.

[0109] A functional group or a moiety which can be used for substitution is one capable of
mediating formation of a polymer or reaction with a surface or other molecule. Functional
groups include the various radicals and chemical entities taught herein, and include
alkenyl moieties such as acrylates, methacrylates, dimethacrylates, oligoacrylates,
oligomethacrylates, ethacrylates, itaconates or acrylamides. Further functional
groups include aldehydes. Other functional groups may include ethylenically unsaturated
monomers including, for example, alkyl esters of acrylic or methacrylic acid
such as methyl methacrylate, ethyl methacrylate, butyl methacrylate, ethyl acrylate, butyl
acrylate, hexyl acrylate, n-octyl acrylate, lauryl methacrylate, 2-ethylhexyl methacrylate,
nonyl acrylate, benzyl methacrylate, the hydroxyalkyl esters of the same acids such as 2-
hydroxyethyl acrylate, 2-hydroxyethyl methacrylate, and 2-hydroxypropyl methacrylate, the
nitrile and amides of the same acids such as acrylonitrile, methacrylonitrile, and
methacrylamide, vinyl acetate, vinyl propionate, vinylidene chloride, vinyl chloride, and
vinyl aromatic compounds such as styrene, t-butyl styrene and vinyl toluene, dialkyl
maleates, dialkyl itaconates, dialkyl methylene-malonates, isoprene, and butadiene. Suitable
cthylenically unsaturated monomers containing carboxylic acid groups include acrylic
monomers such as acrylic acid, methacrylic acid, ethacrylic acid, itaconic acid, maleic acid,

fumaric acid, monoalkyl itaconate including monomethyl itaconate, monoethyl itaconate, and
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monobutyl itaconate, monoalkyl maleate including monomethyl maleate, monoethyl
maleate, and monobutyl maleate, citraconic acid, and styrene carboxylic acid. Suitable
polyethylenically unsaturated monomers include butadiene, isoprene, allylmethacrylate,
diacrylates of alkyl diols such as butanediol diacrylate and hexanediol diacrylate, divinyl
benzene, and the like.

[0110] In some embodiments, a monomeric unit of a biologically compatible polymer may
be functionalized through one or more thio, carboxylic acid or alcohol moieties located on a
monomer of the biopolymer. For example, in the case of chondroitin sulfate, a carbonyl
group can be derivatized with a imide group using, for example, carbodiimide chemistry. An
alcohol group can be derivatized using, for example, the Mitsunobu reaction, Procter et al.,
Tetra. Lett. 47(29): 5151-5154, 2006.

[0111] In some embodiments, this disclosure is directed to a composition comprising at
least one monomeric unit of a biologically compatible polymer, such as CS, hyaluronic acid,
heparin sulfate, keratan sulfate and the like, functionalized by an imide. Those starting
molecules are natural components of extracellular matrices. However, in general, any
biologically compatible polymer can be used as the polymer, which polymer carries at least
an imide. Other suitable polymers include those which are naturally occurring, such as a
GAG, mucopolysaccharide, collagen or proteoglycan components, such as hyaluronic acid,
heparin sulfate, glucosamines, dermatans, keratans, heparans, hyalurunan, aggrecan, and the
like.

[0112] In some embodiments, this disclosure is directed to a composition comprising at
least one monomeric unit of a saccharide or other biocompatible monomer or polymer,
wherein the monomers have reactive sites that will enable at least inclusion of an imide and
other functional groups, such as chondroitin sulfate. Chondroitin sulfate is a natural
component of cartilage and may be a useful scaffold material for regeneration. Chondroitin
sulfate includes members of 10-60 kDa glycosaminoglycans. The repeat units, or monomeric
units, of chondroitin sulfate consist of a disaccharide, 13(1—>4)-linked D-glucuronyl 13(1—
>3)N-acetyl-D-galactosamine sulfate.

[0113] The imide of the instant invention is not limited to any one reactant as many are
known in the art and are usable in the context of the instant invention, that is, to provide an
intermediate derivative that does not spontaneously degrade rapidly but is stable enough to
react with, for example, an amine on a desired molecule, wherein the imide, if hydroxylated

and the oxygen thereof is the bonding site, is regenerated as a hydroxyimide and replaced by
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a functional group on the desired molecule. Examples of imides, such as succinimide, which
can be used in accordance with the present invention, are provided in Figures 1-20, of U.S.
Patent Application Publication No. US2010/0137241, incorporated by reference herein.
[0114] Cross-linked polymer matrices of the present invention may include and form
hydrogels. The water content of a hydrogel may provide information on the pore structure.
Further, the water content may be a factor that influences, for example, the survival of
encapsulated cells within the hydrogel. The amount of water that a hydrogel is able to absorb
may be related to the cross-linking density and/or pore size. For example, the percentage of
imides on a functionalized macromer, such as chondroitin sulfate, hyaluronic acid, dextran,
carboxy methyl starch, keratin sulfate, or ethyl cellulose, may dictate the amount of water
that is absorbable.

[0115] The compositions of the present invention may comprise monomers, macromers,
oligomers, polymers, or a mixture thereof. The polymer compositions can consist solely of
covalently crosslinkable polymers, or ionically crosslinkable polymers, or polymers
crosslinkable by redox chemistry, or polymers crosslinked by hydrogen bonding, or any
combination thereof. The reagents should be substantially hydrophilic and biocompatible.
[0116] Suitable hydrophilic polymers to serve as the first and second polymers include
synthetic polymers such as poly(ethylene glycol), poly(ethylene oxide), partially or fully
hydrolyzed poly(vinyl alcohol), poly(vinylpyrrolidone), poly(ethyloxazoline), poly(ethylene
oxide)-co-poly(propylene oxide) block copolymers (poloxamers and meroxapols),
poloxamines, carboxymethyl cellulose, and hydroxyalkylated celluloses such as hydroxyethyl
cellulose and methylhydroxypropyl cellulose, and natural polymers such as polypeptides,
polysaccharides or carbohydrates such as Ficoll"™, polysucrose, hyaluronic acid, dextran,
heparan sulfate, chondroitin sulfate, heparin, or alginate, and proteins such as gelatin,
collagen, albumin, or ovalbumin, carboxy methyl starch, or copolymers or blends thereof.

As used herein, “celluloses” includes cellulose and derivatives of the types described above;
“dextran” includes dextran and similar derivatives thereof.

[0117] Polysaccharides or other biologically compatible polymers that are very viscous
liquids or that are thixotropic, and form a gel over time by the slow evolution of structure, are
also useful. For example, hyaluronic acid, which can form an injectable gel with a
consistency like a hair gel, may be utilized. Modified hyaluronic acid derivatives are
particularly useful. As used herein, the term “modified hyaluronic acids” refers to chemically

modified hyaluronic acids. Modified hyaluronic acids may be designed and synthesized with
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preselected chemical modifications to adjust the rate and degree of crosslinking and
biodegradation. For example, modified hyaluronic acids may be designed and synthesized
which are esterified with a relatively hydrophobic group such as propionic acid or benzylic
acid to render the polymer more hydrophobic and gel-forming, or which are grafted with
amines to promote electrostatic self-assembly. Modified hyaluronic acids thus may be
synthesized which are injectable, in that they flow under stress, but maintain a gel-like
structure when not under stress. Hyaluronic acid and hyaluronic derivatives are available
from Genzyme Corp. (Cambridge, MA).

[0118] Alternatively, a biologically compatible polymer can be incorporated into a matrix
of interest to form a composite. Hence, a molecule, such as hyaluronic acid or a collagen can
be incorporated into a matrix of interest. Reactivity of that incorporated biopolymer can be
desired. Hence, amine groups on the introduced polymer can be reactive with the matrix
components of interest, which may yield a composite structure of higher modulus.
Alternatively, to gain the benefit of the polymer to the composite properties without
impacting modulus substantially, such as to retain tissue adhesiveness, the introduced
polymer can be functionalized to reduce activity of any reactive functions thereon. Thus, for
example, the amines of a polymer, such as collagen, can be functionalized, for example, to
carry an alkyl group, an acetyl group and so on as taught herein to yield a polymer less
reactive with imide groups.

[0119] Methods for the synthesis of the polymers described above are known to those
skilled in the art, see, e.g., Concise Encyclopedia of Polymer Science and Polymeric Amines
and Ammonium Salts, E. Goethals, editor (Pergamen Press, Elmsford, N.Y. 1980). Many
polymers, such as poly(acrylic acid), are commercially available. Naturally occurring
polymers can be isolated from biological sources as known in the art or are commercially
available. Naturally occurring and synthetic polymers may be modified using chemical
reactions available in the art and described, for example, in March, “Advanced Organic
Chemistry,” 4th Edition, 1992, Wiley-Interscience Publication, New York.

[0120] Representative embodiments of the invention include a method of producing an
imidated saccharide, monomer or polymer moiety (e.g. N-hydroxysuccinimide (NHS)),
where the method can include use of, for example, a carbodiimide intermediate, and an imide
reactant to form the imide-derivatized monomer. Examples of carbodiimides include N,N'-

dicyclohexylcarbodimide (DCC), N,N'-diisopropylcarbodiimide (DIC) and 1-ethyl-3- (3-
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dimethylaminopropyl)carbodiimide hydrochloride (EDC). Other methods for imidating a
molecule are known in the art.

[0121] Numerous chemical options are available for modifying polymers that may then
undergo a radical polymerization. For example, methacrylic anhydride, methacryloyl
chloride and glycidyl methacrylate may be used to add methacrylate groups to one or more
monomers of a polymer chain. Glycidyl methacrylate may be used, for example, for
efficiency of reaction. Further, the modification reagents may be chosen to optimize a lack of
cytotoxic byproducts.

[0122] In some embodiments, the number of each of the functional groups per polymeric
unit may be at least one moiety per about 10 monomeric units, at least about 2 moieties per
about 10 monomeric units up through one or more functional groups per monomer.
Alternatively, the number of functional groups per polymeric unit may be at least one moiety
per about 12 monomeric units, per about 14 monomeric units or more. For example, there
may be at least about one imide group per ten monomeric units.

[0123] Moreover the ratio of each of the imide and other functional group can be 5:1, 9:2,
4:1,7:2,3:1,5:2,2:1, 3:2, 1:1,2:3, 1:2,2:5, 1:3,2:7, 1:4, 2:9 or 1:5 in along the full length of
the polymer. Preferably, each of the imide and other functional group is regularly distributed
along the length of the polymer. However, the arrangement of the functional groups can be
configured to be non-random or regular interposed, for example, to be concentrated at certain
sites of the polymer backbone for an intended use. Hence, the groups can be isolated at
different portions of the polymer. If, aside from the imide there are two or more other
functional groups, the ratio of each of the functional groups to one another can vary from
unity to any other ratio or ratios as a design choice.

[0124] A composition comprising a cross-linked polymer matrix, wherein said cross-
linked polymer matrix comprises at least one amine-reactive proteoglycan is provided. In
some embodiments, said cross-linked polymer matrix further comprises at least two imidated
biocompatible polymers. In other embodiments, a cross-linked polymer matrix further
comprises a second biocompatible polymer comprising one or more functional groups
reactive with the functional groups on said first imidated polymer, such as amine groups,
such as, for example, found on a protein.

[0125] Suitable polymers for the imidated polymer and bridging molecule of interest
include biocompatible monomers with recurring units found in poly(phosphoesters),

poly(lactides), poly(glycolides), poly(caprolactones), poly(anhydrides), poly(amides),
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poly(urethanes), poly(esteramides), poly(orthoesters), poly(dioxanones), poly(acetals),
poly(ketals), poly(carbonates), poly(orthocarbonates), poly(phosphazenes),
poly(hydroxybutyrates), poly(hydroxyl valerates), poly(alkylene oxalates), poly(alkylene
succinates), poly(malic acids), poly(amino acids), polyvinylalcohol, poly(vinylpyrrolidone),
poly(ethylene glycol), poly(hydroxycellulose), chitin, chitosan, and copolymers,
terpolymers or combinations or mixtures of the above materials. For example, a polymer can
be substituted to carry amine groups.

[0126] Other suitable synthetic polymers include polymers containing amine groups, such
as chemically synthesized polypeptides. Such polypeptides may include polynucleophilic
polypeptides that have been synthesized to incorporate amino acids containing primary amino
groups for example, lysine, and/or amino acids containing thiol groups (such as cysteine).
Further suitable synthetic polymers include poly(amino)acids.

[0127] Other compounds that may include amine groups include proteins such as albumin.
Albumin may be of mammalian origin, but other sources of albumin also may be employed.
Bovine serum albumin (BSA) may be used, for example. Alternatively, albumin may be
recombinant albumin, isolated from cells expressing a recombinant albumin gene, using
methods known in the art. Major fragments of albumin, comprising at least 100
residues of an albumin sequence, whether produced by partial proteolysis or by recombinant
means, may also be used instead of intact albumin as a bridging molecule. Alternatively,
useful fragments may contain at least 50 residues, and more preferably at least 75 residues
of an albumin sequence. Finally, mixtures of different forms of albumin (e.g., human,
bovine, recombinant, fragmented), and plasma fractions rich in albumin may also be
employed. Albumin may be purified directly from tissues or cells, using methods well
known in the art.

[0128] Polymerization initiators can also be used and are described, ¢.g., in U.S. Patent
Application Publication No. 2010/0137241, which was previously incorporated by reference in
entirety.

[0129] Altematively, the first imidated polymer may react spontaneously with a surface,
such as a tissue or prosthesis. The first imidated polymer also can react with the second
biocompatible polymer. The two reactants can be mixed prior to application, applied
simultaneously and so on as known in the art to provide polymerization of the two polymers.

An initiator is used, as needed, as a design choice.
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[0130] Cross-linked polymer matrices of the present invention may form and may include
hydrogels. The water content of a hydrogel may provide information on the pore structure.
Further, the water content may be a factor that influences, for example, the survival of
encapsulated cells within the hydrogel. The amount of water that is able to be absorbed may
be related to the cross-linking density pore size. For example, the percentage of methacrylate
groups on a functionalized polymer may dictate the amount of water absorbable.

[0131] For example, poly(ethylene oxide)-diacrylate (PEODA) carrying an imide may be
used in a polymer system for tissue engineering, and cross-linked polymer matrices may
include cogels of CS-I (chondroitin sulfate-imide) and PEODA.

[0132] The mechanical properties of a cross-linked polymer matrix, such as a scaffold,
may also be related to the pore structure. For applications in tissue engineering, scaffolds
with different mechanical properties may be desirable depending on desired clinical
application. For example, scaffolds for cartilage tissue engineering in the articular joint must
survive higher mechanical stresses than a cartilage tissue engineering system in other body
sites. Thus, polymers with mechanical properties that are easily manipulated may be desired,
and can be obtained as a design choice.

[0133] Cytotoxicity of the biopolymer scaffold system may be evaluated with any suitable
cells, such as fibroblasts, by, for example, using a live-dead fluorescent cell assay and MTT,
a compound that actively metabolizing cells convert from yellow to purple, as taught
hercinabove, and as known in the art.

[0134] In one aspect of this invention, a composition comprising a cross-linked polymer
matrix or gel and one or more biologically active agents may be prepared. The biologically
active agent may vary widely with the intended purpose for the composition. The term active
is art-recognized and refers to any moiety that is a biologically, physiologically, or
pharmacologically active substance that acts locally or systemically in a subject. Examples
of biologically active agents, that may be referred to as “drugs”, are described in well-known
literature references such as the Merck Index, the Physicians’ Desk Reference, and The
Pharmacological Basis of Therapeutics, and they include, without limitation, medicaments;
vitamins; mineral supplements; substances used for the treatment, prevention, diagnosis, cure
or mitigation of a disease or illness; substances which affect the structure or function of the
body; or pro-drugs, which become biologically active or more active after they have been
placed in a physiological environment. Various forms of a biologically active agent may be

used which are capable of being released the subject composition, for example, into adjacent
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tissues or fluids upon administration to a subject. In some embodiments, a biologically
active agent may be used in cross-linked polymer matrix of this invention, to, for example,
promote cartilage formation. In other embodiments, a biologically active agent may be used
in cross-linked polymer matrix of this invention, to treat, ameliorate, inhibit, or prevent a
disease or symptom, in conjunction with, for example, promoting cartilage formation.
[0135] Further examples of biologically active agents include, without limitation,
enzymes, receptor antagonists or agonists, hormones, growth factors, autogenous bone
marrow, antibiotics, antimicrobial agents, and antibodies. The term “biologically active
agent” is also intended to encompass various cell types and genes that can be incorporated
into the compositions of the invention.

[0136] In certain embodiments, the subject compositions comprise about 1% to about 75%
or more by weight of the total composition, alternatively about 2.5%, 5%, 10%, 20%, 30%,
40%, 50%, 60% or 70%, of a biologically active agent.

[0137] Non-limiting examples of biologically active agents include following:
adrenergic blocking agents, anabolic agents, androgenic steroids, antacids, anti-
asthmatic agents, anti-allergenic materials, anti-cholesterolemic and anti-lipid agents,
anti-cholinergics and sympathomimetics, anti-coagulants, anti-convulsants, anti-
diarrheal, anti-emetics, anti-hypertensive agents, anti-infective agents, anti-
inflammatory agents such as steroids, non-steroidal anti-inflammatory agents, anti-
malarials, anti-manic agents, anti-nauseants, anti-necoplastic agents, anti-obesity
agents, anti-parkinsonian agents, anti-pyretic and analgesic agents, anti-spasmodic
agents, anti-thrombotic agents, anti-uricemic agents, anti-anginal agents,
antihistamines, anti-tussives, appetite suppressants, benzophenanthridine alkaloids,
biologicals, cardioactive agents, cerebral dilators, coronary dilators, decongestants,
diuretics, diagnostic agents, erythropoictic agents, estrogens, expectorants,
gastrointestinal sedatives, agents, hyperglycemic agents, hypnotics, hypoglycemic
agents, ion exchange resins, laxatives, mineral supplements, mitotics, mucolytic
agents, growth factors, neuromuscular drugs, nutritional substances, peripheral
vasodilators, progestational agents, prostaglandins, psychic energizers, psychotropics,
sedatives, stimulants, thyroid and anti-thyroid agents, tranquilizers, uterine relaxants,
vitamins, antigenic materials, and prodrugs.

[0138]  Specific examples of useful biologically active agents the above categories

include: (a) anti-neoplastics such as androgen inhibitors, antimetabolites, cytotoxic
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agents, and immunomodulators; (b) anti-tussives such as dextromethorphan,
hydrobromide, noscapine, carbetapentane citrate, and chlophedianol hydrochloride; (¢)
antihistamines such as chlorpheniramine phenindamine tartrate, pyrilamine
doxylamine succinate, and phenyltoloxamine citrate; (d) decongestants such as
hydrochloride, phenylpropanolamine hydrochloride, pseudoephedrine hydrochloride,
and ephedrine; (e) various alkaloids such as codeine phosphate, codeine sulfate, and
morphine; (f) mineral supplements such as potassium chloride, zinc chloride, calcium
carbonate, magnesium oxide, and other alkali metal and alkaline earth metal salts; (g)
ion exchange resins such as such as N-acetylprocainamide; (i) antipyretics and
analgesics such as acetaminophen, aspirin and ibuprofen; appetite suppressants such as
phenyl-propanol amine or caffeine; (k) expectorants such as guaifenesin; (1) antacids
such as aluminum hydroxide and magnesium hydroxide; biologicals such as peptides,
polypeptides, proteins and amino acids, hormones, interferons or cytokines and other
bioactive peptidic compounds, such as calcitonin, ANF, EPO and insulin; (n) anti-
infective agents such as anti-fungals, anti-virals, antiseptics and antibiotics; and (m)
desensitizing agents and antigenic materials, such as those useful for vaccine
applications.

[0139] More specifically, non-limiting examples of useful biologically active
agents include the following therapeutic categories: analgesics, such as nonsteroidal
anti-inflammatory drugs, opiate agonists and salicylates; antihistamines, such as H;-
blockers and H,-blockers; anti-infective agents, such as antihelmintics,
antianaerobics, antibiotics, aminoglycoside antibiotics, antifungal antibiotics,
cephalosporin antibiotics, macrolide antibiotics, miscellancous antibiotics, penicillin
antibiotics, quinolone antibiotics, sulfonamide antibiotics, tetracycline antibiotics,
antimycobacterials, antituberculosis antimycobacterials, antiprotozoals, antimalarial
antiprotozoals, antiviral agents, anti-retroviral agents, scabicides, and urinary anti-
infectives; antineoplastic agents, such as alkylating agents, nitrogen mustard
alkylating agents, nitrosourea alkylating agents, antimetabolites, purine analog
antimetabolites, pyrimidine analog antimetabolites, hormonal antineoplastics, natural
antineoplastics, antibiotic natural antineoplastics, and vinca alkaloid natural
antineoplastics; autonomic agents, such as anticholinergics, antimuscarinic
anticholinergics, ergot alkaloids, parasympathomimetics, cholinergic agonist

parasympathomimetics, cholinesterase inhibitor parasympathomimetics,
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sympatholytics, a-blocker sympatholytics, sympatholytics, sympathomimetics, and
adrenergic agonist sympathomimetics; cardiovascular agents, such as antianginals,
antianginals, calcium-channel blocker antianginals, nitrate antianginals,
antiarrthythmics, cardiac glycoside antiarrhythmics, class I antiarrhythmics, class
antiarrhythmics, class antiarrhythmics, class IV antiarrhythmics, antihypertensive
agents, a-blocker antihypertensives, angiotensin-converting enzyme inhibitor (ACE
inhibitor) antihypertensives, 13-blocker antihypertensives, calcium-channel blocker
antihypertensives, central-acting adrenergic antihypertensives, diuretic
antihypertensive agents, peripheral vasodilator antihypertensives, antilipemics, bile
acid sequestrant antilipemics, reductase inhibitor antilipemics, inotropes, cardiac
glycoside inotropes, and thrombolytic agents; dermatological agents, such as
antihistamines, antiinflammatory agents, corticosteroid anti-inflammatory agents,
anesthetics, topical antiinfectives, topical anti-infectives, antiviral topical anti-
infectives, and topical antineoplastics; electrolytic and renal agents, such as acidifying
agents, alkalinizing agents, diuretics, carbonic anhydrase inhibitor diuretics, loop
diuretics, osmotic diuretics, potassium-sparing diuretics, thiazide diuretics, electrolyte
replacements, and uricosuric agents; enzymes, such as pancreatic enzymes and
thrombolytic enzymes; gastrointestinal agents, such as antidiarrheals, antiemetics,
gastrointestinal anti-inflammatory agents, salicylate gastrointestinal antiinflammatory
agents, antacid anti-ulcer agents, gastric acid-pump inhibitor anti-ulcer agents, gastric
mucosal anti-ulcer agents, H2-blocker anti-ulcer agents, cholelitholytic agents,
digestants, emetics, laxatives and stool softeners, and prokinetic agents; general
anesthetics, such as inhalation anesthetics, halogenated inhalation anesthetics,
intravenous anesthetics, barbiturate intravenous anesthetics, benzodiazepine
intravenous anesthetics, and opiate agonist intravenous anesthetics; hematological
agents, such as antianemia agents, hematopoietic antianemia agents, coagulation
agents, anticoagulants, hemostatic coagulation agents, platelet inhibitor coagulation
agents, thrombolytic enzyme coagulation agents, and plasma volume expanders;
hormones and hormone modifiers, such as abortifacients, adrenal agents,
corticosteroid adrenal agents, androgens, anti-androgens, antidiabetic agents,
sulfonylurea antidiabetic agents, antihypoglycemic agents, oral contraceptives,
progestin contraceptives, estrogens, fertility agents, oxytocics, parathyroid agents,

pituitary hormones, progestins, antithyroid agents, thyroid hormones, and tocolytics;
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immunobiologic agents, such as immunoglobulins, immunosuppressives, toxoids, and
vaccines; local anesthetics, such as amide local anesthetics and ester local anesthetics;
musculoskeletal agents, such as anti-gout anti-inflammatory agents, corticosteroid
anti-inflammatory agents, gold compound anti-inflammatory agents,
immunosuppressive anti-inflammatory agents, nonsteroidal antiinflammatory drugs,
salicylate anti-inflammatory agents, skeletal muscle relaxants, neuromuscular blocker
skeletal muscle relaxants, and reverse neuromuscular blocker skeletal muscle
relaxants; neurological agents, such as anticonvulsants, barbiturate anticonvulsants,
benzodiazepine anticonvulsants, anti-migraine agents, anti-parkinsonian agents, anti-
vertigo agents, opiate agonists, and opiate antagonists; ophthalmic agents, such as anti-
glaucoma agents, anti-glaucoma agents, mitotics, anti-glaucoma agents, mydriatics,
adrenergic agonist mydriatics, antimuscarinic mydriatics, ophthalmic anesthetics,
ophthalmic anti-infectives, ophthalmic aminoglycoside anti-infectives, ophthalmic
macrolide anti-infectives, ophthalmic quinolone anti-infectives, ophthalmic
sulfonamide anti-infectives, ophthalmic tetracycline anti-infectives, ophthalmic anti-
inflammatory agents, ophthalmic corticosteroid antiinflammatory agents, and
ophthalmic nonsteroidal anti-inflammatory drugs; psychotropic agents, such as
antidepressants, heterocyclic antidepressants, monoamine oxidase inhibitors selective
serotonin re-uptake inhibitors tricyclic antidepressants, antimanics, anti psychotics,
phenothiazine antipsychotics, anxiolytics, sedatives, and hypnotics, barbiturate
sedatives and hypnotics, benzodiazepine anxiolytics, sedatives, and hypnotics, and
psychostimulants; respiratory agents, such as antitussives, bronchodilators, adrenergic
agonist bronchodilators, antimuscarinic bronchodilators, expectorants, mucolytic
agents, respiratory antiintlammatory agents, and respiratory corticosteroid anti-
intlammatory agents; toxicology agents, such as antidotes, heavy agents, substance
abuse agents, deterrent substance abuse agents, and withdrawal substance abuse
agents; minerals; and vitamins, such as vitamin A, vitamin B, vitamin C, vitamin D,
vitamin E, and vitamin K.

[0140]  Other classes of biologically active agents from the above categories
include: (1) analgesics in general, such as lidocaine, other “caine’ analgesics or
derivatives thereof, and nonsteroidal anti-intlammatory drugs (NSAIDs) analgesics,
including diclofenac, ibuprofen, ketoprofen, and naproxen; (2) opiate agonist

analgesics, such as codeine, fentanyl, hydromorphone, and morphine; (3) salicylate
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analgesics, such as aspirin (ASA) (enteric coated ASA); (4) Hi-blocker antihistamines,
such as clemastine and terfenadine; (5) H,-blocker antihistamines, such as cimetidine,
famotidine, nizadine, and ranitidine; (6) anti-infective agents, such as mupirocin; (7)
antianacrobic anti-infectives, such as chloramphenicol and clindarnycin; (8) antifungal
antibiotic anti-infectives, such as amphotericin b, clotrimazole, fluconazole, and
ketoconazole; (9) macrolide antibiotic anti-infectives, such as azithromycin and
erythromycin; (10) miscellaneous antibiotic anti-infectives, such as and imipenem;
penicillin, (11) antibiotic anti-infectives, such as nafcillin, oxacillin, penicillin G, and
penicillin V; (12) quinolone antibiotic anti-infectives, such as ciprofloxacin and
nortfloxacin; (13) tetracycline antibiotic anti-infectives, such as doxycycline,
minocycline and tetracycline; (14) antituberculosis antimycobacterial anti-infectives
such as isoniazid and rifampin; (15) anti-protozoal anti-infectives, such as atovaquone
and dapsone; (16) antimalarial anti protozoal anti-infectives, such as chloroquine and
pyrimethamine; (17) anti-retroviral anti-infectives, such as ritonavir and zidovudine;
(18) antiviral anti-infective agents, such as acyclovir, ganciclovir, interferon-y, and
rimantadine; (19) alkylating antineoplastic agents, such as carboplatin and cisplatin;
(20) nitrosourea alkylating antineoplastic agents, such as carmustine (BCNU); (21)
antimetabolite antineoplastic agents, such as methotrexate; (22) pyrimidine analog
antineoplastic agents, such as fluorouracil (S-FU) and gemcitabine; (23) hormonal
antineoplastics, such as goserelin, leuprolide, and tamoxifen; (24) natural
antineoplastics, such as aldesleukin, interleukin-2, docetaxel, etoposide, interferon;
paclitaxel, other taxane derivatives, and tretinoin (ATRA); (25) antibiotic natural
antineoplastics, such as bleomycin, dactinomycin, daunorubicin, doxorubicin, and
mitomycin; (26) vinca alkaloid natural antineoplastics, such as vinblastine and
vincristine; (27) autonomic agents, such as nicotine; (28) anticholinergic autonomic
agents, such as benztropine and trihexyphenidyl; (29) antimuscarinic anticholinergic
autonomic agents, such as atropine and oxybutynin; (30) ergot alkaloid autonomic
agents, such as bromocriptine; (31) cholinergic agonist parasympathomimetics, such
as pilocarpine; (32) cholinesterase inhibitor parasympathomimetics, such as
pyridostigmine; (33) a-blocker sympatholytics, such as prazosin; (34) D-blocker
sympatholytics, such as atenolol; (35) adrenergic sympathomimetics, such as albuterol
and dobutamine; (36) cardiovascular agents, such as aspirin (ASA) (enteric coated

ASA); (37) D-blocker antianginals, such as atenolol and propranolol; (38) calcium-
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channel blocker antianginals, such as nifedipine and verapamil; (39) nitrate
antianginals, such as isosorbide dinitrate (ISDN); (40) cardiac glycoside
antiarrhythmics, such as (41) class I antiarrhythmics, such as lidocaine, mexiletine,
phenytoin, procainamide, and quinidine; (42) class antiarrhythmics 11, such as
atenolol, metoprolol, propranolol, and timolol; (43) class III antiarrhythmics, such as
amiodarone; (44) class IV antiarrhythmics, such as diltiazem and verapamil; (45)
antihypertensives, such as prazosin; (46) angiotensin-converting enzyme inhibitor
(ACE inhibitor) antihypertensives, such as captopril and enalapril; (47)
antihypertensives, such as atenolol, metoprolol, nadolol, and propanolol; (48) calcium-
channel blocker antihypertensive agents, such as diltiazem and nifedipine; (49)
central-acting adrenergic antihypertensives, such as clonidine and methyldopa; (50)
diuretic antihypertensive agents, such as amiloride, furosemide, hydrochlorothiazide
(HCTZ), and spironolactone; (51) peripheral vasodilator antihypertensives, such as
minoxidil; (52) antilipemics, such as gemfibrozil and probucol; (53) bile acid
sequestrant antilipemics, such as cholestyramine; (54) reductase inhibitor antilipemics,
such as lovastatin and pravastatin; (55) inotropes, such as amrinone, dobutamine, and
dopamine; (56) cardiac glycoside inotropes, such as (57) thrombolytic agents, such as
alteplase, anistreplase, streptokinase, and urokinase; (58) dermatological agents, such
as colchicine, isotretinoin, methotrexate, minoxidil, tretinoin (59) dermatological
corticosteroid anti-inflammatory agents, such as betamethasone and dexamethasone;
(60) antifungal topical anti-infectives, such as amphotericin clotrimazole, miconazole,
and nystatin; (61) antiviral topical anti-infectives, such as acyclovir; (62) topical
antineoplastics, such as (63) electrolytic and renal agents, such as lactulose; (64) loop
diuretics, such as furosemide; (65) potassium-sparing diuretics, such as triamterene;
(66) thiazide diuretics, such as hydrochlorothiazide (HCTZ); (67) uricosuric agents,
such as probenecid; (68) enzymes and (69) thrombolytic enzymes, such as alteplase,
anistreplase, streptokinase and urokinase; (70) antiemetics, such as prochlorperazine;
(71) salicylate gastrointestinal anti-inflammatory agents, such as sulfasalazine; (72)
gastric acid-pump inhibitor anti-ulcer agents, such as omeprazole; (73) H2-blocker
anti-ulcer agents, such as cimetidine, famotidine, nizatidine, ranitidine; (74) digestants,
such as pancrelipase; (75) prokinetic agents, such as erythromycin; (76) opiate agonist
intravenous anesthetics such as fentanyl; (77) hematopoietic antianemia agents, such

as (G-CSF), and (GM-CSF); (78) coagulation agents, such as factors 1-10 (AlIF 1-10);
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(79) anticoagulants, such as warfarin; (80) thrombolytic enzyme coagulation agents,
such as alteplase, anistreplase, streptokinase and urokinase; (81) hormones and
hormone modifiers, such as bromocriptine; (82) abortifacients, such as methotrexate;
(83) antidiabetic agents, such as insulin; (84) oral contraceptives, such as estrogen and
progestin; (85) progestin contraceptives, such as levonorgestrel and norgestrel; (86)
estrogens such as conjugated estrogens, diethylstilbestrol (DES), estrogen (estradiol,
estrone, and estropipate); (87) fertility agents, such as clomiphene, human chorionic
gonadotropin (HCG), and menotropins; (88) parathyroid agents such as calcitonin;
(89) pituitary hormones, such as desmopressin, goserelin, oxytocin, and vasopressin
(ADH); (90) progestins, such as medroxyprogesterone, norethindrone, and
progesterone; (91) thyroid hormones, such as levothyroxine; (92) immunobiologic
agents, such as interferon beta-1b and interferon gamma-Ib; (93) immunoglobulins,
such as immune globulin 1M, IMIG, IGIM and immune globulin IVIG; (94) amide
local anesthetics, as lidocaine; (95) ester local anesthetics, such as benzocaine and
procaine; (96) musculoskeletal corticosteroid anti-inflammatory agents, such as
beclomethasone, betamethasone, cortisone, dexamethasone, hydrocortisone, and
prednisone; (97) musculoskeletal anti-inflammatory immunosuppressives, such as
azathioprine, cyclophosphamide, and methotrexate; (98) musculoskeletal nonsteroidal
anti-inflammatory drugs such as diclofenac, ibuprofen, ketoprofen, ketorlac, and
naproxen; (99) skeletal muscle relaxants, such as and diazepam; (100) reverse
neuromuscular blocker skeletal muscle relaxants, such as pyridostigmine; (101)
neurological agents, such as nimodipine, riluzole, tacrine and ticlopidine; (102)
anticonvulsants, such as carbamazepine, gabapentin, lamotrigine, phenytoin, and
valproic acid; (103) barbiturate anticonvulsants, such as phenobarbital and primidone;
(104) benzodiazepine anticonvulsants, such as clonazepam, diazepam, and lorazepam;
(105) anti-agents, such as bromocriptine, levodopa, carbidopa, and pergolide; (106)
anti-vertigo agents, such as meclizine; (107) opiate agonists, such as codeine, fentanyl,
hydromorphone, methadone, and morphine; (108) opiate antagonists, such as
naloxone; (109) anti-glaucoma agents, such as timolol; (110) mitotic anti-glaucoma
agents, such as pilocarpine; (111) ophthalmic aminoglycoside anti-infectives, such as
gentamicin, neomycin, and tobramycin; (112) ophthalmic quinolone anti-infectives,
such as ciprofloxacin, norfloxacin, and ofloxacin; (113) ophthalmic corticosteroid anti-

agents, such as dexamethasone and prednisolone; (114) ophthalmic nonsteroidal anti-
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inflammatory drugs such as diclofenac; (115) antipsychotics, such as clozapine,
haloperidol, and risperidone; (116) benzodiazepine anxiolytics, sedatives and
hypnotics, such as clonazepam, diazepam, lorazepam, oxazepam, and prazepam; (117)
psychostimulants, such as methylphenidate and pemoline; (118) such as codeine; (119)
bronchodilators, such as (120) adrenergic agonist bronchodilators, such as albuterol;
(121) respiratory corticosteroid anti-inflammatory agents, such as dexamethasone;
(122) antidotes, such as flumazenil and naloxone; (123) heavy metal agents, such as
penicillamine; (124) deterrent substance abuse agents, such as disulfiram, naltrexone,
and nicotine; (125) withdrawal substance abuse agents, such as bromocriptine; (126)
minerals, such as iron, calcium, and magnesium; (127) vitamin B compounds, such as
cyanocobalamin (vitamin B12) and niacin (vitamin B3); (128) vitamin C compounds,
such as ascorbic acid; and (129) vitamin D such as calcitriol.

[0141]  Further, recombinant or cell-derived proteins may be used, such as
recombinant beta-glucan; bovine immunoglobulin concentrate; bovine superoxide
dismutase; formulation comprising fluorouracil, epinephrine, and bovine collagen,;
recombinant hirudin (r-Hir), HIV-l immunogen; recombinant human growth hormone
recombinant EPO (r-EPO); gene-activated EPO (GA-EPOQO); recombinant human
hemoglobin (r-Hb); recombinant human mecasermin (r-1GF-1); recombinant interferon
a; lenograstim (G-CSF); olanzapine; recombinant thyroid stimulating hormone (r-
TSH); and topotecan.

[0142]  Still further, the following listing of peptides, proteins, and other large
molecules may also be used, such as interleukins 1 through 18, including mutants and
analogues; interferons a, y, and which may be useful for cartilage regeneration,
hormone releasing hormone (LHRH) and analogues, gonadotropin releasing hormone
transforming growth factor (TGF); fibroblast growth factor (FGF); tumor necrosis
factor-a); nerve growth factor (NGF); growth hormone releasing factor (GHRF),
epidermal growth factor (EGF), connective tissue activated osteogenic factors,
fibroblast growth factor homologous factor (FGFHF); hepatocyte growth factor
(HGF); insulin growth factor (IGF); invasion inhibiting factor-2 (IIF -2); bone
morphogenetic proteins 1-7 (BMP 1-7); somatostatin; thymosin-a-y-globulin;
superoxide dismutase (SOD); and complement factors, and biologically active

analogs, fragments, and derivatives of such factors, for example, growth factors.
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[0143] Members of the transforming growth factor (TGF) supergene family, which
are multifunctional regulatory proteins, may be incorporated in a polymer matrix of
the present invention. Members of the TGF supergene family include the beta
transforming growth factors (for example, TGF-131, TGF-132, TGF-133); bone
morphogenetic proteins (for example, BMP-1, BMP-2, BMP-3, BMP-4, BMP-5,
BMP-6, BMP-7, BMP-8, BMP-9); heparin-binding growth factors (for example,
fibroblast growth factor (FGF), epidermal growth factor (EGF), platelet-derived
growth factor (PDGF), insulin-like growth factor (1GF)), (for example, Inhibin A,
Inhibin B), growth differentiating factors (for example, GDF-1); and Activins (for
example, Activin A, Activin B, Activin AB). Growth factors can be isolated from
native or natural sources, such as from mammalian cells, or can be prepared
synthetically, such as by recombinant DNA techniques or by various chemical
processes. In addition, analogs, fragments, or derivatives of these factors can be used,
provided that they exhibit at least some of the biological activity of the native
molecule. For example, analogs can be prepared by expression of genes altered by
site-specific mutagenesis or other genetic engineering techniques.

[0144]  Various forms of the biologically active agents may be used. These
include, without limitation, such forms as uncharged molecules, molecular
complexes, salts, ethers, esters, amides, prodrug forms and the like, which are
biologically activated when implanted, injected or otherwise placed into a subject.
[0145]  In certain embodiments, other materials may be incorporated into subject
compositions in addition to one or more biologically active agents. For example,
plasticizers and stabilizing agents known in the art may be incorporated in
compositions of the present invention. In certain embodiments, additives such as
plasticizers and stabilizing agents are selected for their biocompatibility or for the
resulting physical properties of the reagents, the setting or gelling matrix or the set or
gelled matrix.

[0146] A composition of this invention may further contain one or more adjuvant
substances or the like. Such additional materials may affect the characteristics of the
resulting composition. For example, fillers, such as bovine serum albumin (BSA) or
mouse serum albumin (MSA), may be associated with the polymer composition. In
certain embodiments, the amount of filler may range from about 0.1 to about 50% or

more by weight of the composition. Incorporation of such fillers may affect the
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sustained release rate of any encapsulated substance. Other fillers known to those of
skill in the art, such as carbohydrates, sugars, starches, saccharides, celluloses and
polysaccharides, including and sucrose, may be used in certain embodiments in the
present invention.

[0147]  Buffers, acids and bases may be incorporated in the compositions to adjust
pH. Agents to increase the diffusion distance of agents released from the composition
may also be included.

[0148] The charge, lipophilicity or hydrophilicity of a composition may be
modified by employing an additive. For example, surfactants may be used to enhance
miscibility of poorly miscible liquids. Examples of suitable surfactants include
dextran, polysorbates and sodium lauryl sulfate. In general, surfactants are used in
low concentrations, generally less than about 5%.

[0149] The specific method used to formulate the novel formulations described
herein is not critical to the present invention and can be selected from a physiological
buffer (Feigner et al., U.S. Pat. No. 5,589,466 (1996)).

[0150] Therapeutic formulations of the product may be prepared for storage as
lyophilized formulations or aqueous solutions by mixing the product having the
desired degree of purity with optional pharmaceutically acceptable carriers, diluents,
excipients or stabilizers typically employed in the art, i.e., buffering agents,
stabilizing agents, preservatives, isotonifiers, non-ionic detergents, antioxidants and
other miscellancous additives, see Remington's Pharmaceutical Sciences, 16th ed.,
Osol, ed. (1980). Such additives are generally nontoxic to the recipients at the
dosages and concentrations employed, hence, the excipients, diluents, carriers and so
on are pharmaceutically acceptable.

[0151] The compositions can take the form of solutions, suspensions, emulsions,
powders, sustained-release formulations, depots and the like. Examples of suitable
carriers are described in “Remington's Pharmaceutical Sciences,” Martin. Such
compositions will contain an effective amount of the biopolymer of interest,
preferably in purified form, together with a suitable amount of carrier so as to provide
the form for proper administration to the patient. As known in the art, the formulation
will be constructed to suit the mode of administration.

[0152] Buffering agents help to maintain the pH in the range which approximates

physiological conditions. Buffers are preferably present at a concentration ranging
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from about 2 mM to about 50 mM. Suitable buffering agents for use with the instant
invention include both organic and inorganic acids, and salts thereof, such as citrate
buffers (e.g., monosodium citrate-disodium citrate mixture, citric acid-trisodium
citrate mixture, citric acid-monosodium citrate mixture etc.), succinate buffers (e.g.,
succinic acid monosodium succinate mixture, succinic acid-sodium hydroxide
mixture, succinic acid-disodium succinate mixture etc.), tartrate buffers (e.g., tartaric
acid-sodium tartrate mixture, tartaric acid-potassium tartrate mixture, tartaric acid-
sodium hydroxide mixture etc.), fumarate buffers (e.g., fumaric acid-monosodium
fumarate mixture, fumaric acid-disodium fumarate mixture, monosodium fumarate-
disodium fumarate mixture etc.), gluconate buffers (e.g., gluconic acid-sodium
glyconate mixture, gluconic acid-sodium hydroxide mixture, gluconic acid-potassium
gluconate mixture etc.), oxalate buffers (e.g., oxalic acid-sodium oxalate mixture,
oxalic acid-sodium hydroxide mixture, oxalic acid-potassium oxalate mixture etc.),
lactate buffers (e.g., lactic acid-sodium lactate mixture, lactic acid-sodium hydroxide
mixture, lactic acid-potassium lactate mixture etc.) and acetate buffers (e.g., acetic
acid-sodium acetate mixture, acetic acid-sodium hydroxide mixture etc.). Phosphate
buffers, carbonate buffers, histidine buffers, trimethylamine salts, such as Tris,
HEPES and other such known buffers can be used.

[0153] Preservatives may be added to retard microbial growth, and may be added
in amounts ranging from 0.2%-1 % (w/v). Suitable preservatives for use with the
present invention include phenol, benzyl alcohol, m-cresol, octadecyldimethylbenzyl
ammonium chloride, benzyaconium halides (¢.g., chloride, bromide and iodide),
hexamethonium chloride, alkyl parabens, such as, methyl or propyl paraben, catechol,
resorcinol, cyclohexanol and 3-pentanol.

[0154]  Isotonicifiers are present to ensure physiological isotonicity of liquid
compositions of the instant invention and include polhydric sugar alcohols, preferably
trihydric or higher sugar alcohols, such as glycerin, erythritol, arabitol, xylitol, sorbitol
and mannitol. Polyhydric alcohols can be present in an amount of between about 0.1 %
to about 25%, by weight, preferably 1% to 5% taking into account the relative amounts
of the other ingredients.

[0155]  Stabilizers refer to a broad category of excipients which can range in
function from a bulking agent to an additive which solubilizes the therapeutic agent or

helps to prevent denaturation or adherence to the container wall. Typical stabilizers
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can be polyhydric sugar alcohols; amino acids, such as arginine, lysine, glycine,
glutamine, asparagine, histidine, alanine, ornithine, L-leucine, 2-phenylalanine,
glutamic acid, threonine etc.; organic sugars or sugar alcohols, such as lactose,
trehalose, stachyose, arabitol, erythritol, mannitol, sorbitol, xylitol, ribitol, myoinisitol,
galactitol, glycerol and the like, including cyclitols such as inositol; polyethylene
glycol; amino acid polymers; sulfur containing reducing agents, such as urea,
glutathione, thioctic acid, sodium thioglycolate, thioglycerol, a-monothioglycerol and
sodium thiosulfate; low molecular weight polypeptides (i.e., <10 residues); proteins,
such as human serum albumin, bovine serum albumin, gelatin or immunoglobulins;
hydrophilic polymers, such as polyvinylpyrrolidone, saccharides, monosaccharides,
such as xylose, mannose, fructose or glucose; disaccharides, such as lactose, maltose
and sucrose; trisaccharides, such as raffinose; polysaccharides, such as, dextran and so
on. Stabilizers can be present in the range from 0.1 to 10,000 w/w per part of
biopolymer.

[0156]  Additional miscellaneous excipients include bulking agents, (e.g., starch),
chelating agents (e.g., EDTA), antioxidants (e.g., ascorbic acid, methionine or vitamin
E) and cosolvents.

[0157] Non-ionic surfactants or detergents (also known as “wetting agents”) may
be added to help solubilize the therapeutic agent, as well as to protect the therapeutic
protein against agitation-induced aggregation, which also permits the formulation to
be exposed to shear surface stresses without causing denaturation of the protein.
Suitable non-ionic surfactants include polysorbates (20, 80 etc.), polyoxamers (184,
188 etc.), Pluronic® polyols and polyoxyethylene sorbitan monocthers (TWEEN-
20®, TWEEN-80® etc.). Non-ionic surfactants may be present in a range of about
0.05 mg/ml to about 1.0 mg/ml, preferably about 0.07 mg/ml to about 0.2 mg/ml.
[0158] The present invention provides liquid formulations of a biopolymer having
a pH ranging from about 5.0 to about 7.0, or about 5.5 to about 6.5, or about 5.8 to
about 6.2, or about 6.0, or about 6.0 to about 7.5, or about 6.5 to about 7.0.

[0159] The incubation of the amine-reacting proteoglycan with blood or tissue
product can be carried out a specific pH in order to achieve desired properties. E.g.,
the incubation can be carried out at between a pH of 7.0 and 10.0 (e.g., 7.5, 8.0, 8.5,
9.0, and 9.5). Furthermore, the incubation can be carried out for varying lengths of

time in order to achieve the desired properties.
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[0160] The instant invention encompasses formulations, such as, liquid
formulations having stability at temperatures found in a commercial refrigerator and
freezer found in the office of a physician or laboratory, such as from about 20° C to
about 5° C, said stability assessed, for example, by microscopic analysis, for storage
purposes, such as for about 60 days, for about 120 days, for about 180 days, for about
a year, for about 2 years or more. The liquid formulations of the present invention
also exhibit stability, as assessed, for example, by particle analysis, at room
temperatures, for at least a few hours, such as one hour, two hours or about three
hours prior to use.

[0161] Examples of diluents include a phosphate buffered saline, buffer for
buffering against gastric acid in the bladder, such as citrate buffer (pH 7.4) containing
sucrose, bicarbonate buffer (pH 7.4) alone, or bicarbonate buffer (pH 7.4) containing
ascorbic acid, lactose, or aspartame. Examples of carriers include proteins, e.g., as
found in skim milk, sugars, ¢.g., sucrose, or polyvinylpyrrolidone. Typically these
carriers would be used at a concentration of about 0.1-90% (w/v) but preferably at a
range of 1-10%

[0162] The formulations to be used for in vivo administration must be sterile. That
can be accomplished, for example, by filtration through sterile filtration membranes.
For example, the formulations of the present invention may be sterilized by filtration.
[0163] The biopolymer composition will be formulated, dosed and administered in
a manner consistent with good medical practice. Factors for consideration in this
context include the particular disorder being treated, the particular mammal being
treated, the clinical condition of the individual patient, the cause of the disorder, the
site of delivery of the agent, the method of administration, the scheduling of
administration, and other factors known to medical practitioners. The
“therapeutically effective amount™ of the biopolymer to be administered will be
governed by such considerations, and can be the minimum amount necessary to
prevent, ameliorate or treat a disorder of interest. As used herein, the term “effective
amount” is an equivalent phrase refers to the amount of a therapy (e.g., a prophylactic
or therapeutic agent), which is sufficient to reduce the severity and/or duration of a
disease, ameliorate one or more symptoms thereof, prevent the advancement of a
disease or cause regression of a disease, or which is sufficient to result in the

prevention of the development, recurrence, onset, or progression of a disease or one
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or more symptoms thereof, or enhance or improve the prophylactic and/or therapeutic
effect(s) of another therapy (e.g., another therapeutic agent) useful for treating a
disease. For example, a treatment of interest can increase the use of a joint in a host,
based on baseline of the injured or diseases joint, by at least 5%, preferably at least
10%, at least 15%, at least 20%, at least 25%, at least 30%, at least 35%, at least 40%,
at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at
least 75%, at least 80%, at least 85%, at least 90%, at least 95%, or at least 100%. In
another embodiment, an effective amount of a therapeutic or a prophylactic agent of
interest reduces the symptoms of a disease, such as a symptom of arthritis by at least
5%, preferably at least 10%, at least 15%, at least 20%, at least 25%, at least 30%, at
least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at
least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 95%, or at least
100%. Also used herein as an equivalent is the term, “therapeutically effective amount.”
[0164] Where necessary, the composition may also include a solubilizing agent and a
local anesthetic such as lidocaine or other “caine” anesthetic to ease pain at the site of the
injection.

[0165] Generally, the ingredients are supplied either separately or mixed together in unit
dosage form, for example, as a dry lyophilized powder or water-free concentrate in a sealed
container, such as an ampule or sachet indicating the quantity of active agent. Where the
composition is to be administered by infusion, it can be dispensed with an infusion bottle
containing sterile pharmaceutical grade water or saline. Where the composition is
administered by injection, an ampule of sterile water for injection or saline can be provided,
for example, in a kit, so that the ingredients may be mixed prior to administration.

[0166] An article of manufacture containing materials useful for the treatment of the
disorders described above is provided. The article of manufacture comprises a container and
a label. Suitable containers include, for example, bottles, vials, syringes and test tubes. The
containers may be formed from a variety of materials such as glass or plastic. The container
holds a composition which is effective for preventing or treating, for example, a wound or a
joint disease and may have a sterile access port (for example, the container may be a vial
having a stopper pierceable by a hypodermic injection needle). The label on or associated
with the container indicates that the composition is used for treating the condition of choice.
The article of manufacture may further comprise a second container comprising a

pharmaceutically acceptable buffer, such as phosphate-buffered saline, Ringer’s solution and
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dextrose solution. It may further include other materials desirable from a commercial and
user standpoint, including buffers, diluents, filters, needles, syringes and package inserts with
instructions for use.

[0167] Biologically active agents and other additives may be incorporated into the cross-
linked synthetic polymer composition by admixture or added to a reagent preparation.
Alternatively, the agents may be incorporated into the cross-linked polymer composition by
admixture or added to a reagent preparation. Alternatively, the agents may be incorporated
into the cross-linked polymer matrix by binding these agents to the functional groups on the
polymers of interest. Such compositions may include linkages that can be easily
biodegraded, for example as a result of enzymatic degradation, resulting in the release of the
active agent or additive into the target tissue, where it will exert its desired therapeutic effect.
[0168] A simple method for incorporating biologically active agents containing
nucleophilic groups into the cross-linked polymer composition involves mixing the active
agent with a polyelectrophilic component. By varying the relative molar amounts of the
different components of the reactive composition, it is possible to alter the net charge of the
resulting cross-linked polymer composition, in order to prepare a matrix for the delivery of a
charged compound such as a protein or ionizable drug. As such, the delivery of charged
proteins or drugs, which would normally diffuse rapidly out of a neutral carrier matrix, can be
controlled.

[0169] For example, if a molar excess of a component that is polynucleophilic is used, the
resulting matrix may have a net positive charge and can be used to ionically bind and deliver
negatively charged compounds. Examples of negatively charged compounds that can be
delivered from these matrices include various drugs, cells, proteins, and polysaccharides.
[0170] If a molar excess of a component that is polyelectrophilic is used, the resulting
matrix has a net negative charge and can be used to ionically bind and deliver positively
charged compounds. Examples of positively charged compounds that can be delivered from
these matrices include various drugs, cells, proteins, and polysaccharides.

[0171] The cross-linked polymer matrix compositions of the present invention can also
be used to deliver various types of living cells (e.g., a mesenchymal stem cell, a cardiac stem
cell, a liver stem cell, a retinal stem cell, and an epidermal stem cell) or genes to a desired site
of administration to form new tissue. The term “genes” as used herein is intended to
encompass genetic material from natural sources, synthetic nucleic acids, DNA, antisense

DNA and RNA.
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[0172] For example, mesenchymal stem cells can be delivered using polymer matrices to
produce cells of the same type as the tissue into which they are delivered. Mesenchymal
stem cells may not be differentiated and therefore may differentiate to form various types of
new cells due to the presence of an active agent or the effects (chemical, physical, etc.) of the
local tissue environment. Examples of mesenchymal stem cells include osteoblasts,
chondrocytes, and fibroblasts. For example, osteoblasts can be delivered to the site of a bone
defect to produce new bone; chondrocytes can be delivered to the site of a cartilage defect to
produce new cartilage; fibroblasts can be delivered to produce collagen wherever new
connective tissue is needed; neurectodermal cells can be delivered to form new nerve tissue;
epithelial cells can be delivered to form new epithelial tissues, such as liver, pancreas etc.
[0173] The cells may be either allogeneic or xenogeneic in origin. The compositions can
be used to deliver cells of species that are genetically modified.

[0174] In some embodiments, the compositions of the invention may not easily be
degraded in vivo. Thus, cells entrapped within the cross-linked polymer matrix compositions
will be isolated from the host cells and, as such, will not provoke or will delay an immune
response in the host.

[0175] To entrap the cells or genes within a cross-linked polymer matrix, the cells or
genes may, for example, be premixed with a reagent composition or optionally with a mixture
prior to forming a cross-linked polymer matrix, thereby entrapping the cells or genes within
the matrix.

[0176] In some embodiments, compositions disclosed herein may be positioned in a
surgically created defect that is to be reconstructed, and is to be left in that position after the
reconstruction has been completed. The present invention may be suitable for use with local
tissue reconstructions, pedicle flap reconstructions, corneal flap sealings or free flap
reconstructions.

[0177] The kits disclosed herein will include a container means for an imidated polymer
of interest. The kit may include a deliver device. The kit optionally will include a container
means for a second polymer of interest. Instructions for their use can be included.

[0178] Uses for such kits include, for example, therapeutic applications. The invention
provides kits for use in treating a disease or condition. For example, the kit may comprise an
imidated biologically compatible polymer, such as imidated chondroitin sulfate, and a

biocompatible polymer or a compound comprising an amine moiety, such as PEG-amine.



WO 2012/135808 PCT/US2012/031795

43

[0179] In certain embodiments, a polymer of interest can be formed into desired
structures, such as films, foams, scaffolds or other three-dimensional structures of interest. In
such circumstances, other materials may be incorporated into subject compositions, in
addition to one or more biologically active agents. For example, plasticizers and stabilizing
agents known in the art may be incorporated in compositions of the present invention. The
solid structure can be a component of a kit. Thus, an imidated biologically compatible
polymer of interest may be applied to a biological surface as a solid structure and enabled to
react with the biological surface. The bridging molecule then can be brought into proximity
with the affixed biologically compatible polymer to react therewith.

[0180] The compositions disclosed herein may be used in any number of tissue repair
applications, such as, but not limited to, seroma and hematoma prevention, skin and muscle
flap attachment, repair and prevention of endoleaks, aortic dissection repair, lung volume
reduction, neural tube repair, sealing of corneal incisions, reattaching a retina, a wound (e.g.,
a gunshot wound) and the making of microvascular and neural anastomoses.

[0181] In one embodiment, the repair of damaged tissue may be carried out within the
context of any standard surgical process allowing access to and repair of the tissue, including
open surgery and laparoscopic techniques. Once the damaged tissue is accessed, a
composition of the invention is placed in contact with the damaged tissue along with any
surgically acceptable patch or implant, if needed.

[0182] For example, the hydrogels of the invention can be used to block or fill various
lumens and voids in the body of a mammalian subject. The hydrogels can also be used as
biosealants to seal fissures or crevices within a tissue or structure (such as a vessel), or
junctures between adjacent tissues or structures to prevent leakage of blood or other
biological fluids.

[0183] The hydrogels can also be used as a large space-filling device for organ
displacement in a body cavity during surgical or radiation procedures, for example, to protect
the intestines during a planned course of radiation to the pelvis.

[0184] The hydrogels of the invention can also be used for augmentation of soft or hard
tissue within the body of a mammalian subject. Examples of soft tissue augmentation
applications include sphincter (e.g., urinary, anal, esophageal) augmentation and the
treatment of rhytids and scars. Examples of hard tissue augmentation applications include the

repair and/or replacement of bone and/or cartilaginous tissue.
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[0185] The invention now being generally described, it will be more readily understood
by reference to the following examples which are included merely for purposes of illustration
of certain aspects and embodiments of the present invention, and are not intended to limit the
invention. Further information related to imidated proteoglycans and adhesives can be found,
¢.g., in U.S. Patent Application Publication No. 2010/0137241, which was previously

incorporated by reference in its entirety.

EXAMPLES

[0186] Synthesis of Chondroitin Sulfate Succinimidyl Succinate (CS-NHS). CS-NHS
was synthesized as described previously (Strehin et al J. Cataract Refract. Surg., 2009;
35:567-576). Briefly, CS (7% w/v) (CS-A, 25 kDa, New Zealand Pharmaceuticals Ltd,
Palmerston North, New Zealand), 1-cthyl-3[3-dimethylaminopropyl]carbodiimide (10% w/v)
and N-hydroxysuccinimide (3.75% w/v) were mixed together in phosphate buffered saline
(PBS) and allowed to react for 10 minutes at 37 °C. The product was frozen at -80 °C for 30
minutes and precipitated using -20 °C ethanol (EtOH). Following 12 washes with -20 °C
EtOH, residual solvent was removed using a stream of argon air and the product was dried
under high vacuum overnight.

[0187] Preparation of CS-blood hydrogels. To prepare the CS-blood hydrogels, CS-NHS
(dissolved in PBS) was mixed with human whole blood (hWB) and allowed to react at room
temperature. For hydrogels where blood content was varied, 50 parts of 10% (w/v), 40 parts
of 12.5% (w/v) and 25 parts of 20% (w/v) CS-NHS were mixed with 50 parts, 60 parts and
75 parts hWB to yield 50, 60 and 75% (v/v) hWB gels, respectively. The two components
were allowed to react for 10 minutes and the hydrogel was then hydrated in either PBS or
medium. For hydrogels where CS-NHS concentration was varied but blood content
maintained constant, 50 parts 10, 20 and 30 % (w/v) CS-NHS were mixed with 50 parts hWB
to yield 5, 10 and 15% (w/v) CS-NHS hydrogels, respectively. For encapsulation studies,
cells were first suspended in the blood component before mixing with the CS-NHS
component. hWB for all in vitro experiments contained 15 USP/ml heparin and was drawn
from a single male volunteer and frozen at -20 °C until needed.

[0188] Measurement of Young’s modulus, viscosity and adhesive strength. The Young’s
modulus, viscous properties, and adhesive strength of the material were measured using an
Electroforce 3200 testing instrument (Bose, Eden Prairie, MN). The Young’s modulus and

viscous properties in uniaxial compression were measured using 100 pl cylindrical hydrogel
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constructs. For measuring the Young’s modulus, samples were placed between two plates
such that the top and bottom faces of the cylinder were in contact with the plates. The
hydrogels were compressed between 0 and 10% strain with increments of one percent. At
each strain, the stress was allowed to reach equilibrium before going onto the next strain.

The equilibrium stress was plotted against strain, and the Young’s modulus was equal to the
slope of the curve. To quantify the viscous properties of the material, the hydrogels were pre-
strained to 6% and the stress and strain were recorded as strain oscillated between 5 and 7%
at 1 Hz. Tan delta was calculated as described previously (Menard, Dynamic Mechanical
Analysis: A Practical Introduction. Boca Raton, Fla.: CRC Press, 1999) and was used as a
measure of the viscous properties of the material.

[0189] The adhesive strength of the glue was quantified using a modification of ASTM
standard F2255-05. Briefly, processed porcine skin (Brennen Medical Inc., St. Paul, MN)
was cut into rectangular sections, and for each sample, two sections of tissue were glued
together and allowed to cure for 10 minutes. The glued tissues were then incubated in PBS at
room temperature until their adhesive strength was tested. Samples were clamped down on
both sides and then pulled apart at 50 um/second while recording displacement and stress
over time. The highest stress recorded before bond failure was designated as the adhesive
strength of the material. Dermabond® (Ethicon, Somerville, NJ) and Tisseel fibrin glue
(Baxter, Deerfield, IL) were used as controls.

[0190] Cell culture. Human mesenchymal stem cells (hMSCs) were purchased
(Millipore, Billerica, MA) and expanded up to passage 6 before being used. The expansion
medium was composed of low glucose (1 g/l) DMEM supplemented with 110 mg/1 sodium
pyruvate, 876 mg/l L-glutamine, 10% FBS, 100,000 U/L penicillin, 10 mg/1 streptomycin,
and 8 pg/l basic fibroblast growth factor (Invitrogen, Carlsbad, CA). Tissue culture treated
polystyrene coated with type A gelatin from porcine skin (Sigma, St. Louis, MO) was used to
expand cells. The cell culture medium was changed three times weekly.

[0191] Following encapsulation of the hMSCs in the CS-blood hydrogels, the cells were
cultured with either expansion or chondrogenic medium. Chondrogenic medium contained
high glucose (4.5 g/l) DMEM, 584 mg/l L-Glutamine, 100,000 U/l penicillin, 10 mg/1
streptomycin, 40 mg/l L-proline, 50 mg/1 ascorbic acid, 100 nM dexamethazone, 900 uM
sodium pyruvate, 1% (v/v) ITS Premix (BD, Franklin Lakes, NJ), and 10 pg/L TGF-B1 (RDI,

Itasca, IL). The medium was changed three times weekly.



WO 2012/135808 PCT/US2012/031795

46

[0192] Staining of live and dead cells and quantification of viability. Live and dead cells
were stained using the LIVE-DEAD Viability/Cytotoxicity Kit *for mammalian cells
(Invitrogen, Carlsbad, CA) as described by the manufacturer. Briefly, hydrogel encapsulated
cells were stained with live-dead solution for 30 minutes at 371°C and 5% CO,. They were
then washed with PBS three times and imaged using a fluorescent microscope equipped with
a 485 = 10 nm optical filter for calcein AM (live cells) and a 530 = 12.5 nm optical filter for
ethidium homodimer-1 (dead cells). The images were merged, and live and dead cells were
quantified using ImagelJ (National Institute of Health, Bethesda, MD). Live-dead solution
was composed of culture medium supplemented with 4 uM calcein-AM and 4 uM ethidium
homodimer-1.

[0193] Cell spreading of hMSCs in 3D. Cell spreading was evaluated for hydrogels
containing different concentrations of blood. hMSCs (3 x 10° cells/mlIL) were encapsulated
in 5% (w/v) CS-NHS containing either 60 or 75% (v/v) hWB. Briefly, 40 ul 12.5% (w/v)
CS-NHS and 25 ul 20% (w/v) CS-NHS were mixed with 60 uL of hWB containing 5 x 10°
hMSCs/ml and 75 pul of hWB containing 4 x 10° hMSCs/ml to yield 60 and 75% (v/v) hWB
hydrogels, respectively. Following gelation, the cell laden hydrogels were covered with
expansion medium and cultured for 4 days before staining and imaging.

[0194] hMSC expansion and differentiation in the CS-blood hydrogels. hMSCs (20 x 10°
cells/ml) were encapsulated in CS-blood hydrogels containing 5% (w/v) CS-NHS and 50%
(v/v) hWB and expanded for up to 3 weeks in expansion medium. After three weeks, the
medium was changed to chondrogenic medium and the constructs were cultured for an
additional week. The cells were stained with live and dead solution and imaged at 2, 3 and 4
weeks.

[0195] Evaluation of the chondrogenic potential of hMSCs in the CS-blood hydrogels.
hMSCs were encapsulated at 20 x 10° cells/ml in 100 ul CS-blood hydrogels containing 5%
(w/v) CS-NHS and 50% (v/v) blood. The hydrogels were transferred directly to
chondrogenic medium, and at various time points, seven constructs were washed with PBS
and used for biochemical assays (n = 3), gene expression (n = 3) and histology (n = 1). Cell
free hydrogels (n = 3) were used as controls to subtract biochemical molecules already
present in the blood.

[0196] Biochemical assays. Biochemical assays were performed as described previously
(Strehin et al., Methods Mol. Biol., 2009;522:349-362). Briefly, each construct was

homogenized in papain containing buffer using a pellet pestle (Kontes, Vineland, NJ).
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Following digestion for 16 hours at 60 °C, the constructs were vortexed and then centrifuged
to form a pellet of the undigested scaffold. The supernatant was used to complete the DNA,
glycosaminoglycan and collagen assays.

[0197] For the DNA assay, papain digest was mixed with Hoechst dye and fluorescence
was read (ex/em, 365/460) using a DyNA Quant 200 Fluorometer (Hofer, Holliston, MA).
The standard solution used was made with calf thymus DNA (Invitrogen, Carlsbad, CA). For
the glycosaminoglycan assay, papain digest was mixed with 1,9-dimethylmethylene blue dye
and absorbance was read at 525 nm using a DU5S00 UV-Vis Spectrophotometer (Beckman,
Brea, CA). CS-A (25kDa, New Zealand Pharamceuticals Ltd, Palmerston North, New
Zealand) was used as a standard. For the collagen assay, papain digest was hydrolyzed with
HCl at 115 °C for 18 hours. The samples were neutralized using NaOH. Chloramine T
solution (0.5 ml) was added to each sample and incubated at room temperature for 20
minutes. Then 4-(Dimethylamino)benzaldehyde was added and the solution was incubated at
60 °C for an additional 30 minutes. The samples were cooled and the absorbance was read at
557 nm using a DUS00 UV-Vis Spectrophotometer (Beckman, Brea, CA). Hydroxyproline
was used as a standard.

[0198] Gene expression. The mRNA of cells encapsulated in the hydrogels was
extracted and cDNA synthesized as described previously (Id.). Briefly, the mRNA was
extracted with 1 ml trizol per construct and then precipitated, washed and resuspended in
isopropanol, 75% EtOH, and DEPC H,O0, respectively. To resuspend the mRNA in DEPC
H,O, the solution was incubated at 60°C for 10 minutes and then immediately transferred to
ice to keep the mRNA denatured. mRNA concentration was quantified using a DU500 UV-
Vis Spectrophotometer (Beckman, Brea, CA). The mRNA was then converted to cDNA
using the manufacturer’s protocol for the Superscript 1% Strand System Kit (Invitrogen,
Carlsbad, CA). The cDNA was used for real time PCR analysis with the primers listed in
Table 1 and with SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA). The
StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA) was used for
real time PCR analysis.

[0199] Histology for in vitro culture. The constructs were cut in half and each half was
incubated in 4% paraformaldehyde at 4 °C overnight. Each sample was dehydrated with a
series of ethanol solutions, cleared in xylene and embedded in paraffin overnight at 60 °C.
Once the paraffin was frozen into blocks, 5 um sections were cut, mounted onto microscope

slide and incubated on a 40 °C plate for at least one hour. The sections were then cleared
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with xylene and rehydrated immediately before staining. The samples were stained with
H&E, Safranin O and Masson’s trichrome.

[0200] Subcutaneous injections in a rat model. All procedures were performed with prior
approval from the Johns Hopkins Animal Care and Use Committee. An eight-week-old male
Sprague-Dawley rat received subcutaneous injections dorsally with 200 ul of CS-blood
containing 5% (w/v) CS-NHS and 50% (v/v) rat whole blood. The animal received 2
injections and was sacrificed following one month. Once the animal was sacrificed the
implants were located, and a gross image was taken. Following excision, the samples were
transferred to a 4% parafolmaldehyde solution and prepared for histology similar to the in
vitro samples. The rat whole blood used contained 15 USP/ml heparin.

[0201] Statistical analysis. Statistical analysis was performed using SPSS v.19. One way
ANOVA was used to determine if there were any statistically significant differences in means
among groups. If differences existed, they were analyzed using Tukey’s post-hoc test for
samples with equal variances and sample size, while the Games-Howell post hoc test was
used for samples with unequal variances and unequal sample size. A p value of less than or

equal to 0.05 was considered significant.

EXAMPLE 1

[0202] The method of CS-NHS synthesis using carbodiimide was as known in the art.
The imide derivative significantly improved efficacy and biocompatibility. A CS-amine to
act as the amine donor also was synthesized. For example, an about 3:3:1 ratio of CS,
succinimide and diimide, respectively, can be reacted in a small volume of saline for a short
period of time. A suitable ratio of the three reagents can be about 75:100:38, as a design
choice.

[0203] In another embodiment, CS (750 mg) was dissolved in 6 ml: PBS (phosphate
buffered saline). 1-Ethyl-3-[3-dimethylamino-propyljcarbodiimide (EDC, 1.572 g, 8.2
mmol) was dissolved in 1.5 ml PBS. A 3.3 mmol solution of N-hydroxysuccinimide (NHS)
was made by dissolving 380 mg in 1.5 ml PBS. The NHS solution and the EDC were added
to the CS solution, vortexed, and allowed to react for 10 minutes at 37 °C. The reaction was
then chilled for 30 minutes at -80 °C and precipitated with ethanol. The solution was then
centrifuged for 5 min and the supernatant was removed and washed.

[0204] Crosslinked CS networks were synthesized with varying ratios of NHS: NH; as

listed in the Table below. Polymer solutions with a concentration of 10% (w/v) were made
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with 1:1, 1:2, and 2:1 ratios of CS-NHS to PEG-(NH,)s. PEG-(NH>)s and CS-NHS were
dissolved in DMEM to yield 3 different concentrations: 13.3%, 10% and 6.67% (w/v). CS-
NHS (50 pl) was added to a mold followed by the addition of 50 uL. PEG-(NH,)s and mixing.
After 10 minutes, the networks were removed from the molds and transferred to PBS for
swelling ratio measurements.

[0205] The crosslinked networks were then evaluated with respect to swelling and
cytocompatibility (cells encapsulated in the networks or cultured adjacent). The swelling
properties are critical to ocular adhesive applications since excess swelling can open the
sealed wound or cause stigmatism. The networks were created with and without
encapsulated cells. The potential delivery of cells within the adhesive has applicability for
larger corneal wounds that require some new tissue formation in addition to sealing of the
wound. The CS networks were comparable to the PEG control networks in all reports.
[0206] Fibroblasts were encapsulated in a CS-PEG amine network at varying ratios, 1:1,
1:2, and 2:1. Control PEG networks were produced at a concentration of 5%, 10% and 20%
w/v. Cells were stained for viability using a commercially available kit. The amount of live
cells in all gels was comparable, indicating the CS-I based gels were biocompatible.

[0207] In another experiment, the CS-NHS and armed PEG were dissolved in PBS
carrying differing amounts of HEPES buffer, for example, 10 mM, 100 mM, 500 mM and
1000 mM HEPES. The reagents were mixed until gelation occurred and pipetting of the
reagents was no longer possible. It was noted that gelation time plateaued at about 100 mM
HEPES. A slight decrease in gel volume was noted with increasing HEPES concentration
suggesting increasing crosslinking with increasing HEPES concentration. Modulus, or gel
stiffness, generally also increased with increasing HEPES concentration. At 500 mM, the
modulus retreated a small amount, with a greater standard error.

[0208] Cells from nucleus pulposus, annulus fibrosus, chondrocytes, keratocytes, cornca
endothelial cells, cornea epithelia cells and mesenchymal stem cells were tested for
cytotoxicity with various gels of the instant invention. Cells also were encapsulated in
various gels of interest. Cells were monitored for at least over a 21 day period. As a control,
cells were exposed to 5% PEG diacrylate. Gels contained a 1:2, 1:1 or 2:1 ratio of CS to
PEG. Some gels contained hyaluronic acid (HA) or glucosamine (GIcN), generally a 1:1 CS
to PEG gel containing an equal part of HA or GlcN. In all circumstances, cell viability was
maintained over the 21 day testing period. Cornea endothelia cells on day 8 presented with a

level of cell proliferation, an anti-apoptotic effect was observed.
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[0209] In another set of experiments, collagen was added to the CS-PEG gels constructed
as described above to a final concentration of about 0.15% (w/v). A 1.7540.08 fold increase
of modulus was observed as compared to CS-PEG gels without collagen. It was
contemplated that the collagen acts as a particulate in the gel matrix and thus endows the gel
with composite properties.

[0210] The primary amines of collagen interact with the CS-NHS groups in the gel of
interest. Hence, collagen can crosslink with the gel matrix via covalent bonding. Such an
increase in crosslinking leads to a decrease in adhesiveness of the gel, because of the decrease
in the number of available CS-NHS groups. One approach to avoid covalent interaction
between collagen and the gel matrix is to use a functionalized collagen, such as one in which
the amine group is substituted, to minimize the reactivity of the amine group. For example,
the amine group can be modified to contain and acetyl group, and alkyl group, and so on, as
taught hereinabove, and provides a gel with increased modulus without sacrificing tissue
adhesiveness.

[0211] Contemplated equivalents of the polymers, polymeric matrices, subunits and other
compositions described herein include such materials which otherwise correspond thereto,
and which have the same general properties thereof wherein one or more simple variations of
substituents are made which do not adversely affect the efficacy of such molecule or
composition to achieve its intended purpose. In general, the compounds of the present
invention may be prepared by the methods illustrated in the general reaction schemes as, for
example, described above, or by modifications thereof, using readily available starting
materials, reagents and conventional synthesis procedures. In these reactions, it is also

possible to make use of variants which are in themselves known, but are not mentioned here.

EXAMPLE 2

[0212] In this example, a chemically modified glycosaminoglycan (GAG) was used in
combination with blood to create a tissue adhesive with tunable physical and biological
properties. The mechanical properties and biological composition of the adhesive were
varied to control physical and biological interactions. Finally, the ability of stem cells to
form new tissue in the hydrogel was evaluated.

[0213] Cell spreading and cell migration through materials is important for regenerating

the surrounding tissue and facilitating tissue integration. Commonly, integrin-binding
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peptides (IBP) such as YRGDS or proteins containing such peptides (i.c., fibronectin and
collagen) are added to scaffolds to improve cell spreading and cell migration. However,
purified extracellular matrix proteins are relatively expensive and can be difficult to
incorporate into scaffolds at high concentrations. Blood, on the other hand, is rich in many
proteins with IBP motifs, is readily available, and is naturally in a liquid state. Additionally,
blood contains many growth factors that maintain cell viability. Thus, using blood as a
component in a biomaterial improves cell migration while at the same time provide growth
factors required for growth and remodeling. The reaction of CS-NHS with blood also
suggests haemostatic behavior of the adhesive. Here it was demonstrated that cell spreading
increases with an increasing concentration of blood in the scaffold suggesting that the cells
are adhering to the material. Additionally, cells were observed infiltrating into the material irn
vivo. Therefore, the CS-blood hydrogels support cell migration through the bulk of the
scaffold. The ability of the adhesive to react with multiple blood derivatives such as bone
marrow, plasma and platelets has more widespread applicability. This adhesive hydrogel
scaffold technology enables the efficient application of intraoperative biological solutions to
specific defect or disease areas where the biomaterial is placed, allowing local, controlled
delivery of the regenerative factors.

[0214] In addition to cell binding, the porosity of scaffolds is important for the migration
of cells. The crosslinking density and therefore porosity of the CS-blood material can be
controlled by varying blood content while keeping the CS-NHS concentration constant. The
crosslinking density of the material decreases with increasing blood concentration because
the number of blood proteins forming an amide bond with CS will remain unchanged, but the
number of blood proteins interacting with two or more CS molecules will decrease. In other
words, in the presence of more proteins, the probability of each protein reacting with more
than one CS molecule will decrease, thus, leading to a higher percentage of proteins
remaining in the hydrogel without forming a crosslink. Hence, a lower crosslinking density,
a lower modulus and therefore a larger pore size can be achieved. Thus, blood content can be
used to vary cell interactions and binding as well as the scaffold’s porosity both of which
affect cell spreading and migration.

[0215] Scaffold adhesion to tissue is critical for clinical utility in reconstructing tissues as
well as scaffold integration with the surrounding tissue. One mechanism to accomplish direct
adhesion of a biomaterial to tissue is to chemically crosslink the material to the tissue. The

chemistry used in the adhesive disclosed here crosslinks the blood proteins to form a
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hydrogel, suggesting that CS-NHS should also react with proteins in tissue. The CS-NHS
reaction with tissue proteins was confirmed as the adhesive strength increased with higher
crosslinker concentration independent of the material’s modulus. Thus, the greater number of
activated groups rather than the change in modulus led to an increase in the adhesive strength.
As a result, more covalent crosslinks with tissue proteins occurred which increased adhesion.
[0216] Tissue regeneration with stem cells requires that differentiation be controlled and
that the cells be effectively delivered to the area of interest. Many factors play a role in cell
differentiation including soluble factors, ECM—cell interactions, mechanical stimulation, and
the mechanical properties of scaffolds. It was observed that in the absence of soluble
chondrogenic factors, hMSCs proliferated in the CS-blood adhesive without obvious signs of
differentiation. Once chondrogenic factors were added, the cells migrated through the
scaffold, clustered, and adapted a rounded morphology, which is normally observed during
chondrogenesis of MSCs. Previous work supports that cell clustering occurs with the
incorporation of CS-A in scaffolds due to the expression of cadherin receptors on the cell
surface. Additionally, CS-A incorporation into the scaffold accelerated the chondrogenic
process and reduced the expression of type X collagen (an osteogenic marker). As a result,
the addition of the ECM component creates a scaffold supportive for chondrogenesis but may
not be adequate alone to stimulate chondrogenesis. Previous work suggests that the ability of
CS to bind to and activate or inactivate proteins as well as ions is partially responsible for the
observed bioactivity of the molecule. Thus, by using other types of CS which can each
uniquely modulate biological activity, cell behavior can be guided in the presence of the
appropriate soluble factors.

[0217] The rate of scaffold degradation is critical for an adhesive designed to support
tissue regeneration and should be adjusted depending on the rate of new tissue formation.
The desired rate of degradation will also depend on the final clinical application. Therefore,
an ideal tissue adhesive system would have a tunable rate of degradation. Both components
of'the CS-blood biomaterial are biodegradable; CS is degraded both via hydrolysis and
enzymatically while blood proteins are degradable by enzymes secreted from cells such as
hMSCs and human dermal fibroblasts. Thus, the cells should be able to degrade the CS-
blood adhesive as they are rebuilding the tissue. By tuning the concentration and relative

ratios of both components, the degradation rate of the material can be varied.
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EXAMPLE 3

[0218] Mechanism of gelation and adhesion. A two component, iz situ forming
biomaterial was created by combining chemically modified chondroitin sulfate (CS-NHS)
with blood (Fig. 1). The CS-NHS component reacts with primary amines found on proteins
in blood and tissues. Hence, the material is a bioadhesive due to reaction of the CS-NHS
with proteins in tissue that covalently anchors the hydrogel to the tissue. Gelation is initiated
once the two components are mixed together, and the crosslinks are stabilized via amide
bonds (Fig. 2). Thus, a hydrogel forms within a minute and becomes progressively stiffer
over a period of 10 minutes. In addition to whole blood, it was observed that the CS-NHS
molecule can react with proteins in bone marrow and plasma to form adhesive hydrogels.
Therefore, any biological solution containing an adequate number of primary amine bearing

polymers (i.e., proteins) can potentially form a bioadhesive when combined with CS-NHS.

EXAMPLE 4

[0219] Modulus, viscosity, and adhesive strength of the CS-blood biomaterial. The CS-
blood hydrogel has moderate adhesive strength, in between the currently available rigid
cyanoacrylates and weaker fibrin glues. To quantify adhesive strength, ASTM standard
F2255-05 was used. Briefly, two pieces of tissue were glued together and pulled apart in
tensile shear while stress was recorded (Fig. 4A). The stress at which the bond failed was
designated as the adhesive strength of the material. The CS-blood material was able to
adhere tissues together with 5.6 times the strength of fibrin glue and 0.58 times the strength
of Dermabond® (Fig. 4B). Thus, the material has intermediate adhesive strength compared
to currently available tissue adhesives.

[0220] The adhesive properties of CS-blood can be attributed to both physical and
covalent interactions. The entanglement of the hydrogel throughout the pores of the
extracellular matrix can adhere tissues together, but the covalent interactions formed with
proteins in tissue also play a role. When the concentration of CS-NHS was increased from 10
to 20%, while maintaining other variables constant, the adhesive strength increased while the
modulus of the material remained unchanged (Figure 4C). When the concentration of CS-
NHS was further increased from 20 to 30%, both modulus and adhesion decreased while tan

delta (a parameter directly proportional to viscosity) increased (Fig. 4C and 4D). There is a
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limit to how much the CS-NHS concentration can be increased without significantly affecting
the bulk mechanical properties of the CS-blood glue. Therefore, the adhesive strength is
dependent both on the modulus of the material and the covalent bonds formed with tissue.
[0221] Varying the blood content of the hydrogel changed the mechanical properties of
the scaffold. When the volume of blood in the formulation was increased, the compressive
modulus of the material decreased (Fig. 4E). The viscous properties of the adhesive were
also affected and tended to increase, but the change was insignificant (Fig. 4F). Thus the
physical properties of the CS-blood hydrogels can also be varied by changing the

concentration of blood.

EXAMPLE 5

[0222] hMSC viability, spreading and expansion in the CS-blood material. The
spreading and differentiation of hMSCs encapsulated in the hydrogel can be controlled by the
amount of blood combined with the CS-NHS. Specifically, the blood concentration was
varied from 50 to 75% (v/v) and cell spreading in the CS-blood material increased when the
blood concentration was raised (Fig. SA and 5B). Additionally, when the encapsulated
hMSCs were cultured in expansion medium for three weeks, the cells retained a fibroblastic,
MSC-like morphology (Fig. 5C). Cell clusters formed when the medium was changed from
expansion to chondrogenic medium, typical of chondrogenic differentiation (Fig. SD). Ina
high magnification view of a cluster of cells, the hMSCs had a round, chondrocyte-like,
morphology and were synthesizing matrix (Fig. SE-5G). In addition, following two weeks of

culture, viability of hMSCs in the scaffolds was 98.4 &+ 2.7%.

EXAMPLE 6

[0223] Chondrogenic differentiation of hMSCs encapsulated in the CS-blood hydrogel.
Gene expression, biochemical analysis and histology supported chondrogenic differentiation
of hMSCs encapsulated in the CS-blood adhesive and cultured in the presence of pro-
chondrogenic soluble factors. Gene expression of chondrogenic markers such as Type 2
collagen, aggrecan and Sox-9 increased while Type 1 collagen expression remained
unchanged or decreased at various time points (Fig. 6A-6D). As expected, the ratio of Type
2 to Type 1 collagen expression was very high at each time point. Biochemical assays also

supported chondrogenic differentiation. An increase in cell number and collagen synthesis
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was observed over time, and GAGs were also synthesized by the cells (Fig. 6E-6G). Finally,
we observed histologically that at one-week post encapsulation, tiny pores were visible in the
hydrogel, little ECM was present, and there was cell clustering (Fig. 7A-7C). At three weeks
post encapsulation deposition of newly synthesized extracellular matrix was observed (Fig.
7D-7F). At five weeks post encapsulation, cells were well integrated into the material and

had synthesized collagen and other extracellular matrix components (Fig. 7G-71).

EXAMPLE 7

[0224] In vivo cell migration, neovascularization and matrix deposition in the material.
To evaluate the biological response in vivo, the CS-blood material was injected
subcutaneously in a rodent model, allowing reaction with the surrounding tissue. One month
following implantation, cells from the surrounding tissue were observed migrating into the
bulk of the adhesive (Fig. 7] and 7K). In addition to cell migration, neovascularization was
observed in the CS-blood hydrogels. Finally, Masson’s trichrome staining demonstrated
collagen deposition in the bulk of the material, especially around the newly formed
vasculature (Fig. 7K).

[0225] All references, including publications, patent applications, and patents, cited
herein are hereby incorporated by reference to the same extent as if each reference were
individually and specifically indicated to be incorporated by reference and were set forth in
its entirety herein.

[0226] The use of the terms “a” and “an” and “the” and similar referents in the context of
describing the invention (especially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless otherwise indicated herein or
clearly contradicted by context. The terms “comprising,” “having,” “including,” and
“containing” are to be construed as open-ended terms (i.e., meaning “including, but not
limited to,”) unless otherwise noted. Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring individually to each separate value
falling within the range, unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually recited herein. All methods
described herein can be performed in any suitable order unless otherwise indicated herein or
otherwise clearly contradicted by context. The use of any and all examples, or exemplary
language (e.g., “such as”) provided herein, is intended merely to better illuminate the

invention and does not pose a limitation on the scope of the invention unless otherwise
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claimed. No language in the specification should be construed as indicating any non-claimed
element as essential to the practice of the invention.

[0227] Preferred embodiments of this invention are described herein, including the best
mode known to the inventors for carrying out the invention. Variations of those preferred
embodiments may become apparent to those of ordinary skill in the art upon reading the
foregoing description. The inventors expect skilled artisans to employ such variations as
appropriate, and the inventors intend for the invention to be practiced otherwise than as
specifically described herein. Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-described elements in all possible
variations thereof is encompassed by the invention unless otherwise indicated herein or

otherwise clearly contradicted by context.
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Claims:

1. An isolated hydrogel composition comprising a blood product and an amine-

reacting proteoglycan.

2. An isolated hydrogel composition produced by incubating an isolated blood

product with an amine-reacting proteoglycan.

3. The isolated hydrogel composition of claim 2, wherein said hydrogel is further

hydrated after said blood product is contacted with said amine-reacting proteoglycan.

4. The isolated hydrogel composition of any one of claims 1-3, wherein said

composition has an adhesive strength of greater than 5 kPa.

5. The isolated hydrogel composition of any one of claims 1-4, wherein said amine-

reacting proteoglycan is imidated.

6. The isolated hydrogel composition of any one of claim 1-5, wherein said amine-
reacting proteoglycan is chondroitin sulfate, hyaluronic acid, dextran, carboxy methyl starch,

keratin sulfate, or ethyl cellulose.

7. The isolated hydrogel composition of any one of claims 1-4, wherein said amine-
reacting proteoglycan is chondroitin sulfate succinimidyl succinate or N-hydroxysuccinimide

(NHS) hyaluronic acid.

8. The isolated hydrogel composition of any one of claims 1-7, wherein said blood

product is present at between 25% and 75% volume to volume (v/v).

9. The isolated hydrogel composition of any one of claims 1-8, wherein said amine-

reacting proteoglycan is present at between 5% and 20% weight to volume (w/v).

10. The isolated hydrogel composition of any one of claims 1-9, further comprising

heparin.

11. The isolated hydrogel composition of any one of claims 1-10, wherein said

composition has a Young’s modulus of between 5 and 50 kPa.
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12. The isolated hydrogel composition of any one of claims 1-11, wherein said blood
product is selected from the group consisting of whole blood, bone marrow, platelet rich

plasma, and serum.

13. A method of filling a void on or in a subject, said method comprising contacting

said void with the isolated hydrogel composition of any one of claims 1-12.

14. The method of claim 13, wherein the blood product of said isolated hydrogel is

autologous to said subject.

15. The method of claim 13, wherein the blood product of said isolated hydrogel is

allogeneic to said subject.

16. The method of claim 13, wherein said isolated hydrogel is shaped to fill the void

in said subject.

17. The method of claim 13, wherein said isolated hydrogel has a Young’s modulus

within 50% of tissue surrounding said void.

18. A method of filling a void in a subject, said method comprising obtaining a blood
product from said subject, incubating said blood product in a mixture with an amine-reacting
proteoglycan, wherein said incubation is conducted in, or packed into, a mold shaped to

produce an isolated hydrogel that fills said void in said subject.

19. The method of claim 18, wherein said blood product is selected from the group

consisting of whole blood, bone marrow, platelet rich plasma, and serum.

20. The method of claim 18 or 19, wherein said amine-reacting proteoglycan is

chondroitin sulfate succinimidyl succinate or NHS-hyaluronic acid.

21. The method of any one of claims 18-20, wherein said blood product is present in

said mixture at between 25% and 75% volume to volume (v/v).

22. The method of any one of claims 18-21, wherein said amine-reacting

proteoglycan is present in said mixture at between 5% and 20% weight to volume (w/v).
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23. The method of any one of claims 18-22, wherein said blood product comprises

heparin.

24. The method of claim 18, wherein said isolated hydrogel has a Young’s modulus

within 50% of tissue surrounding said void.

25. A method of generating an isolated hydrogel comprising incubating an isolated

blood product with an amine-reacting proteoglycan.

26. The method of claim 25, wherein said incubation is for between 5 and 15

minutes.
27. The method of claim 25, wherein said mixture further comprises a buffer.
28. The method of claim 25, wherein said isolated blood product comprises heparin.

29. The method of claim 25, wherein said incubation occurs at a pH between 7.0 and
10.0.

30. An isolated hydrogel composition comprising a tissue product and an amine-

reacting proteoglycan.

31. The isolated hydrogel composition of claim 30, wherein said tissue product is
selected from the group consisting of heart, kidney, liver, fat, cartilage, and deminerlized

bone.

32. The isolated hydrogel composition of claim 30, wherein said chemically-

modified proteoglycan is chondroitin sulfate succinimidyl succinate.

33. An isolated hydrogel composition comprising a blood product, an amine-reacting

proteoglycan, and a living cell.

34. The isolated hydrogel composition of claim 33, wherein said cell is selected from
the group consisting of a mesenchymal stem cell, a cardiac stem cell, a liver stem cell, a

retinal stem cell, and an epidermal stem cell.

35. The isolated hydrogel composition of claim 33 or 34, wherein said amine-

reacting proteoglycan is imidated.
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36. The isolated hydrogel composition of any one of claim 33-35, wherein said

amine-reacting proteoglycan is chondroitin sulfate or hyaluronic acid.

37. The isolated hydrogel composition of any one of claims 33-36, wherein said
amine-reacting proteoglycan is chondroitin sulfate succinimidyl succinate or NHS-hyaluronic

acid.
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FIGURE 6
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FIGURE 7
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