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TISSUE REACTIVE COMPOUNDS AND COMPOSITIONS AND USES
THEREOF

BACKGROUND OF THE INVENTION

Field of the Invention
This invention relates generally to compositions comprising a
synthetic polymer that contains multiple activated groups and methods of using

such compositions in medical applications as well as in device applications.

Description of the Related Art
U.S. Pat. No. 5,162,430, issued Nov. 10, 1992, to Rhee et al., and

commonly owned by the assignee of the present invention, discloses collagen-
synthetic polymer conjugates prepared by covalently binding coliagen 1o
synthetic hydrophilic polymers such as various derivatives of polyethylene
glycol.

U.S. Pat. No. 5,324,775, issued Jun. 28, 1994, to Rhee et al.,
discloses various insert, naturally occurring, biocompatible polymers (such as
polysaccharides) covalently bound to synthetic, non-immunogenic, hydrophilic
polyethylene glycol polymers.

U.S. Pat. No. 5,328,955, issued Jul. 12, 1994, to Rhee et al.,
discloses various activated forms of polyethylene glycol and various linkages
which can be used to produce collagen-synthetic polymer conjugates having a
range of physical and chemical properties.

U.S. application Ser. No. 08/403,358, filed Mar. 14, 1995,
discloses a crosslinked biomaterial compasition that is prepared using a
hydrophobic crosslinking agent, or a mixture of hydrophilic and hydrophobic
crosslinking agents. Preferred hydrophobic crosslinking agents include any
hydrophobic polymer that contains, or can be chemically derivatized to contain,
two or more succinimidyl groups.

U.S. application Ser. No. 08/403,360, filed Mar. 14, 19953,
discloses a composition useful in the prevention of surgical adhesions

comprising a substrate material and an anti-adhesion binding agent, where the
1
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substrate material preferably comprises collagen and the binding agent
preferably comprises at least one tissue-reactive functional group and at least
one substrate-reactive functional group.

U.S. application Ser. No. 08/476,825, filed Jun. 7, 1995, by Rhee
et al., discloses bioadhesive compositions comprising collagen crosslinked
using a multifunctionally activated synthetic hydrophilic polymer, as well as
methods of using such compositions to effect adhesion between a first surface
and a second surface, wherein at least one of the first and second surfaces is
preferably a native tissue surface.

Japanese patent publication No. 07090241 discloses a
composition used for temporary adhesion of a lens material to a support, to
mount the material on a machining device, comprising a mixture of polyethylene
glycol, having an average molecular weight in the range of 1000-5000, and
poly-N-vinylpyrrolidone, having an average molecular weight in the range of
30,000-200,000.

West and Hubbell, Biomaterials (1995) 16:11563-1156, disclose
the prevention of post-operative adhesions using a photopolymerized
nolyethylene glycol-co-lactic acid diacrylate hydrogel and a physically
crosslinked polyethylene glycol-co-polypropylene glycol hydrogel, Poloxamer
407 (BASF Corporation, Mount Olive, NJ).

US 5,874,500, US 6,051,648 and US 6,312,725 disclose the In-
situ crosslinking or crosslinked polymers. These disclosures describe the use
of synthetic polymers, in particular poly(ethylene glycol) based polymers, o

produce the crosslinked composition.

BRIEF SUMMARY OF THE INVENTION

Briefly stated, the present invention provides compositions that
are reactive with surfaces, particularly in vivo surfaces such as tissue, but also
the surface of a medical device. Various beneficial goals are achieved by
having the synthetic polymer react with the surface. The compositions may or

may not include a drug.
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For example, in one aspect the present invention provides a
composition comprising a) a synthetic polymer comprising multiple activated
groups; and b) an aqueous buffer; wherein the composition is a homogeneous
solution having a pH of less than 6. In a related aspect, the present invention
provides a composition comprising a) a synthetic polymer comprising multiple
activated groups; and b) an aqueous buffer; wherein the composition is a
homogeneous solution having a pH of greater than about 7.8. Preferred
synthetic polymers having multiple activated groups are described below. In
either of these aspects of the invention, in various optional embodiments it may
further be stated, for example, that: the composition does not contain any
polymer that is reactive with the synthetic polymer; and/or the composition
further comprises a drug; the composition further comprises a hydrophobic
drug; the composition further comprises a hydrophilic drug, the composition
further comprises a hydrophobic or hydrophilic drug is association with a
secondary carrier, e.g., a secondary carrier in the form of a micelle,
microsphere or nanosphere; and/or the synthetic polymer comprises alkylene
oxide residues; and/or the synthetic polymer comprises thiol-reactive groups:;
and/or the synthetic polymer comprises N-oxysuccinimidyl groups; and/or the
the synthetic polymer is one of the 4-arm PEG polymers describe herein; and/or
the composition are sterile. These and other embodiments of this aspect of the
present invention are described in further detail below.

In related aspects, the present invention provides a method for
preparing a reactive composition, the method comprising a) providing a
synthetic polymer comprising multiple activated groups; b) combining the
synthetic polymer with a buffer having a pH of less than 6 to form a
homogeneous solution; and c) raising the pH of the homogeneous solution to a
pH of more than about 7.8, thereby rendering the synthethic polymer reactive.
In addition, the present invention provides a method whereby the reactive
synthetic polymer is reacted with tissue. In this aspect, the present invention
provides a method of adhering a synthetic polymer to in vivo tissue, where the

method comprises a) providing a synthetic polymer comprising multiple

3
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activated groups; b) combining the synthetic polymer with a buffer having a pH
of less than 6 to form a homogeneous solution; ¢) raising the pH of the
homogeneous solution to a pH of more than about 7.8, thereby rendering the
synthethic polymer reactive; and d) contacting the reactive synthetic polymer
with /n vivo tissue.

The present invention further provides a method of coating a
device comprising: a) applying a multifunctional hydroxysuccinimidyl PEG
derivative to the surface of the device; and b) allowing the derivative to react
with functional groups on the device surface. In certain embodiments, the
functional surface groups on the device are incorporated into the device using a
surface treatment process (e.g., a plasma treatment process or a surface
treatment process that includes coating the surface of the device with a polymer
having functional groups (e.g., amino groups) that can react with the
mulitfunctional hydroxysuccinimidyl PEG derivative. Representaive examples
of such polymers include chitosan and polyethyleneimine. In one aspect, the
multifunctional hydroxysuccinimidyl PEG derivative is tetra functional
poly(ethylene glycol) succinimidyl glutarate.

Optionally, the synthetic polymer is combined with a drug, e.g., a
hydrophobic drug, where the drug is optionally in association with a secondary
carrier, and the secondary carrier is dispersed in aqueous media. This and
other optional embodiments of these aspects of the present invention are
described in further detail herein. However, in brief summary, some of these
optional embodiments are, without limitation: the synthetic polymer comprises
alkylene oxide residues; the synthetic polymer comprises thiol-reactive groups;
the synthetic polymer comprises N-oxysuccinimidyl groups; the synthetic
polymer is contacted with the tissue prior to raising the pH of the homogeneous
solution to a pH of more than about 7.8; and the synthetic polymer is contacted
with the tissue after raising the pH of the homogeneous solution to a pH of
more than about 7.8.

The compositions of the present invention may be utilized in

various methods. For example, in one aspect, the present invention provides a
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method comprising a) contacting tissue in vivo with a synthetic polymer
comprising multiple activated groups, where the activated groups are tissue-
reactive; and b) reacting the synthetic polymer with the tissue so as to
covalently adhere the synthetic polymer to the tissue. In a related aspect, the
present invention provides a method comprising a) contacting a non-living
surface with a synthetic polymer comprising muitiple activated groups, where
the activated groups are tissue-reactive; and b) reacting the synthetic polymer
with the surface so as to covalently adhere the synthetic polymer to the surface.
When the composition is contacted with tissue, some exemplary tissues
include, without limitation, blood vessel and tissue prone to restenosis. The
addition of the synthetic polymer to the tissue is advantageous, e.g., In
instances where it is desirable that adhesion of the tissue to secondary tissue is
mitigated.

When the composition is contacted with a non-living surface, that
surface may be a surface of a medical device, e.g., a catheter or a contact lens.
In either aspect, in various optional embodiments, the surface (tissue or non-
living) is preferably not reacted with any other synthetic polymer; and/or the
synthetic polymer is not in admixture with any other polymer that is reactive with
the synthetic polymer; and/or the synthetic polymer is not in admixture with any
other polymer that is reactive with the surface. Exemplary synthetic polymers
are described in detail herein. However, in brief summary, in various optionél
embodiments of the invention, the synthetic polymer may be characterizered as
comprising alkylene oxide residues; and/or the synthetic polymer is a 4-arm
PEG as described herein; and/or the synthetic polymer comprises a plurality of
thiol-reactive groups and/or a plurality of hydroxyl-reactive groups and/or a
plurality of amine-reactive groups.

In preferred aspects of the invention, compasitions and methods
for drug delivery are provided, where these compositions and methods include
synthetic polymers comprising multiple activated groups. Thus, in one aspect,
the present invention provides a composition comprising a synthetic polymer

and a drug, the polymer comprising muiltiple activated groups.

5



10

15

20

25

30

CA 02511486 2005-06-21

WO 2004/060405 PCT/US2003/041576

In these aspects of the invention that entail drug delivery, the
compositions may be characterized by one or more optional features as
described more fully herein. However, in brief summary, some of those
optional features include (without limitation): the synthetic polymer has a cyclic
core, e.g., a cyclic core that comprises a six-membered carbocyclic group, or a
cyclic core that comprises an inositol, lactitol residue or sorbitol residue; the
synthetic polymer has a branched chain core; the synthetic polymer has a
branched chain core that is a polyhydric compound residue; the synthetic
polymer has a branched chain core that is a glycerol residue; the synthetic
polymer has a branched chain core that is a pentaerythritol residue; the
synthetic polymer has a branched chain core that is a diglycerol residue; the
synthetic polymer has a branched chain core that is a poly(carboxylic acid)
compound residue; the synthetic polymer has a branched chain core that is a
polyamine compound residue; or the synthetic polymer has a branched chain
core that comprises polyamino acid.

In other optional embodiments: the synthetic polymer comprises
poly(alkylene)oxide, the synthetic polymer comprises ethylene oxide residues;
the synthetic polymer comprises propylene oxide residues. The synthetic
polymer has a molecular weight that may be characterized as, e.g., a molecular
weight of about 100 to about 100,000; a molecular weight of about 1,000 to
about 20,000; a molecular weight of about 1,000 to about 15,000; a molecular
weight of about 1,000 to about 10,000; a molecular weight of about 1,000 to
about 5,000; a molecular weight of about 7,500 to about 20,000; a molecular
weight of about 7,500 to about 15,000; a molecular weight of about 7,500 to
about 20,000. The molecular weight may be number average molecular
weight. The molecular weight may be weight average molecular weight.

In other optional embodiments: the synthetic polymer has 2-12
activated groups; for example, has 2 activated groups; or has 3 activated
groups; or has 4 activated groups; or has 6 activated groups; or has 9 activated
groups; or has 12 activated groups. Optionally, but preferably in those

instances where the synthetic polymer is tissue reactive, the activated groups of
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the sythetic polymer are: protein-reactive; are reactive with hydroxyl groups;
are reactive with thiol groups; are reactive with amino groups. As regards the
chemical nature of the activated groups, in various optional embodiments,
those groups may be characterized as: comprising an electrophilic site; being a
carbonyl group; comprising a leaving group, where the leaving group is
optionally an N-oxysuccinimide group or an N-oxymaleimide group; optionally
the activated group comprises an electrophilic site adjacent to a leaving group;
the electrophilic site is a carbonyl group; the leaving group is selected from N-
oxysuccinimide and N-oxymaleimide; the electrophilic group is carbonyl and the
leaving group is selected from N-oxysuccinimide and N-oxymaleimide.

The synthetic polymer comprising multiple activated groups may
contain other moieties as discussed in greater detail below. For example, the
synthetic polymer may comprise the formula (polymer backbone)-(Q-Y)n
wherein Q is a linking group, Y is an activated functional group, and n is an
integer of greater than 1. Optionally, the polymer backbone comprises
poly(alky(lene) oxide; and/or Q is selected from the group consisting of
-G-(CHo2)- wherein G is selected from O, S, NH, S-CO-, -O-CO- and
-O-CO-NH-(CH>)n; O.C-CR'H- wherein R' is selected from hydrogen and alkyl;
and O-R*CO-NH wherein R? is selected from CH» and CO-NH-CH,CH,, where
optionally nis 2-12; Y comprises an electrophilic cite adjacent to a leaving |
group, where optionally, the electrophilic site is a carbonyl group and optionally
the leaving group comprises (N-CO-CHg)g.

As another example, the synthetic polymer may comprise the
formula (polymer backbone)-(Q-Y),, where a chain extender is optionally
located between either (polymer backbone) and Q or between Q and Y. For
instance, the synthetic polymer may be characterized by the formula (polymer
backbone)-(D-Q-Y), wherein D is a biodegradable group, Q is a linking group, Y
is an activated functional group, and n is an integer of-greater than 1.
Optionally, D comprises a chemical group selected from lactide, glycolide,
epsilon-caprolactone and poly(alpha-hydroxy acid), or D comprises a chemical

group selected from poly(amino acid), poly(anhydride), poly(orthoester).

v
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Optionally, Q is selected from the group consisting of —G-(CH>),- wherein G is
selected from O, S, NH, -O-CO- and —O-CO-NH-(CHa),; 0,C-CR"'H- wherein R’
is selected from hydrogen and alkyl; and O-R2-CO-NH wherein R? is selected
from CH, and CO-NH-CH,CH,. |

In one aspect, the present invention provides a composition as
briefly stated above, comprising first and second polymers comprising m.ultiple
activated groups, where the first and second polymers are non-identical. For
example, the first and second polymer may comprise different activated groups;
and/or the first and second polymers have different number average molecular
weights; and/or the first and second polymers have a different number of
activated groups.

The synthetic polymer comprising multiple active groups may be
characterized by its physical properties. In one aspect of the invention, the
synthetic polymer is soluble in water at a concentration of at least 1 grams
polymer/99 grams water at 25°C; while in another aspect the synthetic polymer
IS soluble in water at a concentration of at least 2 grams polymer/99 grams
water at 25°C;' while in another aspect the synthetic polymer is soluble in water
at a concentration of at least 3 grams polymer/99 grams water at 25°C; while in
another aspect the synthetic polymer is soluble in water at a concentration of at
least 4 grams polymer/99 grams water at 25°C; while in another aspect the
synthetic polymer is soluble in water at a concentration of at least 5 grams
polymer/99 grams water at 25°C.

In these aspects of the invention that include a drug, suitable
drugs are described in great detail herein. However, briefly stated, in one
optional aspect, the the drug is efficacious in inhibiting one or a combination of
cellular activities selected from the group consisting of cell division, cell
secretion, cell migration, cell adhesion, inflammatory activator production and/or
release, angiogenesis and free radical formation and/or release. For example,
the drug is an angiogenesis inhibitor; or a 5-Lipoxygenase inhibitor or
antagonist; or a chemokine receptor antagonist; or a cell cycle inhibitor or an

analogue or derivative thereof (e.g., a microtubule stabilizing agent, such as
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paclitaxel, docetaxel, or Peloruside A; a taxane, such as paclitaxel or an
analogue or derivative thereof; an antimetabolite, an alkylating agent, or a vinca
alkaloid (e.g., vinblastine, vincristine, vincristine sulfate, vindesine, vinorelbine,
or an analogue or derivative thereof); camptothecin or an analogue or derivative
thereof; mitoxantrone, etoposide, 5-fluorouracil, doxorubicin, methotrexate,
Mitomycin-C, CDK-2 inhibitors, and analogues and derivatives thereof); or a
cyclin dependent protein kinase inhibitor or an analogue or derivative thereof: or
an EGF (epidermal growth factor) kinase inhibitor or an analogue or derivative
thereof; or an elastase inhibitor or an analogue or derivative thereof: or a factor
Xa inhibitor or an analogue or derivative thereof; or a farnesyitransferase
inhibitor or an analogue or derivative thereof; or a fibrinogen antagonist or an
analogue or derivative thereof; or a guanylate cyclase stimulant or an analogue
or derivative thereof; or a heat shock protein 90 antagonist or an analogue or
derivative thereof; or an HMGCoA reductase inhibitor or an analogue or
derivative thereof; or a hydroorotate dehydrogenase inhibitor or an analogue or
derivative thereof; or an IKK2 inhibitor or an analogue or derivative thereof; or
an IL-1, ICE, or IRAK antagonist or an analogue or derivative thereof: or an IL-4
agonist or an analogue or derivative thereof; or an immunomodulatory agent
(e.g., rapamycin, tacrolimus, everolimus, biolimus) or an analogue or derivative
thereof; or an inosine monophosphate dehydrogenase inhibitor or an analogue
or derivative thereof; or a leukotreine inhibitor or an analogue or derivative
thereof; or a MCP-1 antagonist or an analogue or derivative thereof: or a MMP
inhibitor or an analogue or derivative thereof; or a NF kappa B inhibitor or an
analogue or derivative thereof; or a NO antagonist or an analogue or derivative
thereof; or a P38 MAP kinase inhibitor or an analogue or derivative thereof: or a
phosphodiesterase inhibitor or an analogue or derivative thereof; or a TGF beta
Inhibitor or an analogue or derivative thereof; or a thromboxane A2 antagonist
or an analogue or derivative thereof; or a TNFa Antagonist, a TACE, or an
analogue or derivative thereof; or a tyrosine kinase inhibitor or an analogue or
derivative thereof; or a vitronectin inhibitor or an analogue or derivative thereof;

or a fibroblast growth factor inhibitor or an analogue or derivative thereof; or a
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protein kinase inhibitor or an analogue or derivative thereof; or a PDGF
receptor kinase inhibitor or an analogue or derivative thereof; or an endothelial
growth factor receptor kinase inhibitor or an analogue or derivaiive thereof; or a
retinoic acid receptor antagonist or an analogue or derivative thereof; or a
platelet derived growth factor receptor kinase inhibitor or an analogue or
derivative thereof: or a fibrinogin antagonist or an analogue or derivative
thereof: or an antimycotic agent or an analogue or derivative thereof; or a
bisphosphonate or an analogue or derivative thereof; or a phospholipase Al
inhibitor or an analogue or derivative thereof; or a histamine H1/H2/H3 receptor
antagonist or an analogue or derivative thereof; or a macrolide antibiotic or an
analogue or derivative thereof; or an GPlIb llla receptor antagonist or an
analogue or derivative thereof; or an endothelin receptor antagonist or an
analogue or derivative thereof; or a peroxisome proliferators-activated receptor
:agonist or an analogue or derivative thereof; or an estrogen receptor agent or
an analogue or derivative thereof; or somatostatin or an analogue or derivative
thereof: or a JNK Kinase inhibitor or an analogue or derivative thereof; or a
melanocortin analogue or derivative thereof; or a raf kinase inhibitor or
analogue or derivative thereof; or a lysylhydroxylase inhibitor or an analogue or
derivative thereof: or an IKK 1/2 inhibitor or an analogue or derivative thereot;
or a cytokine modulator; or a cytokine antagonist; or the drug is water-insoluble.
The following are additional specific aspects of the present
invention, which are exemplary only: in one aspect, the compositions and
methods of the invention employ (i.e., include in a composition, or use in a
method) a cell cycle inhibitor; in one aspect, the compositions and methods of
the invention employ paclitaxel; in one aspect, the compositions and methods
of the invention employ doxorubicin; in one aspect, the compositions and
methods of the invention employ mitoxantrone; in one aspect, the compositions
and methods of the invention employ podophyllotoxin (e.g., etoposide); in one
aspect, the compositions and methods of the invention employ an
immunomodulatory agents; in one aspect, the compositions and methods of the

invention employ rapamycin; in one aspect, the compositions and methods of
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the invention employ everolimus; in one aspect, the compositions and methods
of the invention employ tacrolimus; in one aspect, the compositions and
methods of the invention employ biolimus; in one aspect, the compositions and
methods of the invention employ a heat shock protein 90 antagonist; in one
aspect, the compositions and methods of the invention employ geldanamycin;
In one aspect, the compositions and methods of the invention employ a HMG
CoA Reductase inhibitor; in one aspect, the compositions and methods of the
iInvention employ simvastatin; in one aspect, the compositions and methods of
the invention employ an IMPDH [nhibitor; in one aspect, the compositions and
methods of the invention employ mycophenolic acid; in one aspect, the
compositions and methods of the invention employ 1-alpha-25 dihydroxy
vitamin D3; In one aspect, the compositions and methods of the invention
employ an antimycotic agent; in one aspect, the compositions and methods of
the invention employ sulconizole; in one aspect, the compositions and methods
of the invention employ a P38 MAP kinase inhibitor; in one aspect, the
compositions and methods of the invention employ SB220025.

In various aspects, the compositions of the present invention may
be characterized by any one or more of the following criteria: the composition
is in sterile form; the polymer contributes about 0.5-40 percent of the weight of
the composition; the composition further comprises a solvent, e.qg., water; the
composition further comprises a buffer, e.g., a buffer that maintains the pH of
the composition within the range of 4-10, or a buffer that maintains the pH of
the composition within the range of 5-9, or a buffer that maintains the pH of the
composition within the range of 6-8; or a buffer that maintains the pH of the
composition at less than 6. Optionally, the buffer comprises phosphate.

In an optional embodiment, the compositions of the present
invention, which may or may not include a drug, may include protein. In various
aspects, which are exemplary only: the protein is collagen; the protein contains
primary amino groups. Rather than contain protein, the compositions of the

present invention may further compris polysaccharide, e.g., glysoaminoglycan.
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Further details regarding the compositions of the present
invention, and their method of manufacture, as described in further detail
herein. In addition, and as also described in further detail herein, the present
invention provides various methods of affecting biological processes in vivo.
For example, in one aspect, the present invention provides a method of
affecting biological processes in vivo comprising a) selecting an in vivo -
biological tissue comprising functional groups X; b) providing a composition
comprising a synthetic polymer and a drug, the polymer comprising multiple
activated groups Y, where Y is reactive with X; ¢) contacting the tissue of step
a) with the composition of step b) under conditions where i) X reacts with Y and
it) biological processes in the vicinity of the tissue are affected by the drug.
Optionally, the biological tissue has undergone surgical trauma prior to being
contacted with the composition of step b), thereby placing the tissue at risk of
adhesion formation. Adhesion formation is an undesired by-product of
abdominal surgery, or the adhesion formation is an undesired by-product of
cardiac surgery, or the adhesion formation is an undesired by-product of spinal
surgery, or the adhesion formation is an undesired by-product of nasal surgery,
or the adhesion formation is an undesired by-product of throat surgery, or the
adhesion formation is an undesired by-product of breast implant.

In other optional embodiments of the methods for affecting
biological processes in vivo, the biological tissue has undergone surgical
trauma prior to being contacted with the composition of step b), the surgery
being performed to excise tumor. Optionallly, the surgery is breast surgery; the
surgery is breast tumor lumpectomy; the surgery is brain surgery; the surgery is
hepatic resection surgery; the surgery is colon tumor resection surgery:; or the
surgery Is neurosurgical tumor resection, where these types of surgery are
exemplary only.

In one aspect, the present invention provides a method of
reducing surgical adhesions comprising applying a multifunctional
hydroxysuccinimidyl PEG derivative to a tissue surface. The multifunctional

hydroxysuccinimidyl PEG derivative (e.g., tetra functional poly(ethylene glycol)
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succinimidyl glutarate) may be in the form of a solution, wherein the solution
has a basic pH (e.g., pH of greater than 8). In one aspect, the multifunctional
hydroxysuccinimidyl PEG derivative is not in admixture with any other tissue
reactive compound. In another aspect, the multifunctional hydroxysuccinimidyl
PEG derivative is not in admixture with any component that will react with the
derivative. In one aspect, a method of reducing surgical adhesions is provided
comprising applying a tissue reactive composition consisting essentially of a
multifunctional hydroxysuccinimidyl PEG derivative to a tissue surface. In
another aspect, a method of reducing surgical adhesions is provided
comprising applying a tissue reactive compaosition consisting of a multifunctional
hydroxysuccinimidyl PEG derivative to a tissue surface.

In various aspects of the invention, the tissue being contacted
with the synthetic polymer having multiple activated groups is: the interior
surface of a physiological lumen; a blood véssel; a Fallopian tube; or any tissue
that has undergone balloon catheterization. These and other tissues that are
advantageously contacted with a composition of the present invention are
described in further detail herein.

These and related aspects of the present invention are described
in greater detail by reference to the following Dawings and Detailed Description.
Each publication cited above and herein is incorporated herein by reference in

its entirety to describe and disclose the subject matter for which it is cited.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)

Figure 1. Tetrafunctionally activated PEG succinimidyl glutarate
(ester linkage) (SG-PEG).

Figure 2. Tetrafunctionally activated propoxy succinimidyl PEG
(ether linkage) (SP-PEG).

Figure 3. Tetrafunctionally activated ethoxy succinimidyl PEG
(ether linkage) (SE-PEG).

Figure 4. Tetrafunctionally activated methoxy succinimidyl PEG
(ether linkage) (SM-PEG).
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Figure 5. Tetrafunctionally activated succinamide succinimidyl
PEG (amide linkage) (SSA-PEG).

Figure 6. Tetrafunctionally activated carbonate succinimidyl PEG
(ether linkage) (SC-PEG).

Figure 7. Tetrafunctionally activated propion aldehyde PEG (A-
PEG).

Figure 8. Tetrafunctionally activated giycidyl ether PEG (E-PEG).

Figure 9. Tetrafunctionally activated vinyl sulfone PEG (V-PEG).

Figure 10. Tetrafunctionally activated Isocyanate PEG (I-PEG).

Figure 11. Tetrafunctionally activated Maleimide PEG (Mal-PEG).

Figure 12 is a plot of data showing the effect of 4-arm NHS PEG
concentration on efficacy (percent adhesion) in the rat cecal sidewall surgical
adhesions model.

Figure 13 is a plot of data showing the effect of 4-arm NHS PEG
concentration on efficacy (adhesion tenacity) in the rat cecal sidewall surgical
adhesions model.

Figure 14 is a plot of data showing the effect of buffer pH on the
4-arm NHS PEG efficacy (percent adhesion) in the rat cecal sidewall surgical
adhesions model.

Figure 15 is a plot of data showing the effect of buffer pH on the

4-arm NHS PEG efficacy (adhesion tenacity) in the rat cecal sidewall surgical

adhesions model.

Figure 16 is a schematic illustration showing sites of action within
a biological pathway where Cell Cycle Inhitors may act to inhibit the cell cycle.
The diagram shows locations where cell cycle inhibitors may exhibit their in vivo
effect.

Figure 17 is a graph showing % inhibition of human fibroblast cell
proliferation as a function of Mitoxantrone concentration.

Figure 18 is a graph showing % inhibition of nitric oxide

production in RAW 264.7 cells.as a function of Mitoxantrone concentration.
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- Figure 19 is a graph showing % inhibition of TNFo production by

THP-1 cells as a function of Bay 11-7082 concentration.

DETAILED DESCRIPTION OF THE INVENTION

In accordance with the present invention, synthetic polymers that
contain multiple activated groups can be used in various medical applications
and medical device applications. More specifically, the present invention
provides that a synthetic polymer containing multiple activated groups can be
applied to a substrate that comprises functional groups that can react with the
activated groups of the synthetic polymer. The substrate can be of biological or
synthetic origin. Surfaces of biological origin include, but are not limited to, skin
tissue, muscle tissue, vascular tissue occular tissue, epidermal tissue, epithelial
tissue, adventitial tissue, abdominal tissue, brain tissue, nasal tissue,
esophogeal tissue, lung tissue, spinal tissue, tendons and ligaments or any
other class of tissue found in a mammal. Surfaces of synthetic origin include,
but are not limited to, materials used to manufacture medical devices, materials
used to coat medical devices, metals, plastics, ceramics, glass efc.

The present invention recognizes that a synthetic polymer
containing one or more activated functional (electrophilic) groups (represented
below as "Y”) will react with a surface containing one or more functional groups
(nucleophilic groups; represented below as "X") that are able to react with the
activated functional groups of the synthetic polymer, resulting in the synthetic

polymer being covalently bound to the surface, as follows:

Surface-X, + polymer-Y,, — polymer-Z-surface

wherein m=1, n=1, and m+n =2;

X=-NHs, -SH, -OH, -PH,, -CO-NH-NH,, etc., and can be the
same or different;

Y=~CO2N(COCH,),, ~CO,;H, -CHO, —-CHOCH,, —-N=C=0,

~S02-CH=CH,, -N(COCHy,),, -CO-O-CO-R, ~S-S—(CsHsN), etc.,

and can be the same or different; and
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Z=functional group resulting from the union of an activated
functional group [electrophilic)(Y) and the corresponding functional group
[nucleophilic] (X) that is capable of reacting with the activated functional group.

As noted above, it is also contemplated by the present invention

5 that X and Y may be the same or different, i.e., the polymer may have two
different activated functional groups, and the surface may have two or more
different functional groups that are capable of reacting with the activated
functional groups of the polymer.

The backbone of each polymer preferably includes the

10 polymerization residue of an alkylene oxide, particularly, ethylene oxide,
propylene oxide, and mixtures thereof. Furthermore, the backbone of each
polymer preferably includes a poly(alkylene oxide) moiety, e.g., the
polymerization or copolymerization product of ethylene oxide, propylene oxide
and the like.

15 Examples of difunctional alkylene oxides can be represented by:

Y-polymer-Y

wherein Y is as defined above, and the term "polymer" represents
~(CH2CH20),~ or |(CH(CH3)CH,0),—~ or -(CH,CH,0),,~(CH(CH3)CH,0),—.

Examples of polymers
20 The required activated functional group Y is commonly coupled to
the polymer backbone by a linking group (represented below as "Q"), many of

which are known or possible.
Polymer - (Q —-Y),

There are many ways to prepare the various functionalized

25 polymers, some of which are listed below:

.

wherein Q - _Wwhole structure = -
~O—(CH?)~ polymer — O—(CH,)—Y

~S—(CHa)p— | polymer — S—(CHo)—Y

~NH-(CH>)— polymer — NH—(CHy)—Y
“‘OQC""NH‘“‘(CHQ){]"” polymer — O,C—N H~(CH2)—Y
—(0,C~(CH>)— polymer — O,C—(CHbs)—Y
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—0,C-CR'H- nolymer — 0,C—CRH-Y
—O-R*~CO-NH- polymer — O—~R—CO-NH-Y

wherein n=1-12 In each case;

R' =H, CH,, C.Hs, etc.:

R, =CH,, CO-NH-CH,CH,.

For example, when Q =OCH,CHg; Y=—CO2N(COCH); and
X=-NH,, —SH, or —OH, the resulting reactions and Z groups would be as

follows:
surface-NH, + polymer-OCH,CH,CO2-N(COCHz).
—  Polymer-OCH,CH,CO-NH-surface (amide)
surface-SH + polymer-OCH,CH2CO2>-N(COCH3).
— Polymer-OCH,CH,CO-S-surface (thioester)
surface-OH + polymer-OCH,CH.CO2-N(COCHy)-
—  Polymer-OCH,CH,CO-O-surface (ester)

An additional group, represented below as "D", can be inserted
between the polymer and the linking group to alter the degradation profile and
release of the surface attached polymer.

surface-X + polymer-D-Q-Y — surface-Z-Q-D-polymer
Some useful biodegradable groups "D" include lactide, glycolide, .c-
caprolactone, poly(.alpha.-hydroxy acid), poly(amino acids), poly(anhydride),
noly(orthoesters), polyesters comprising residues from one or more monomers
selected from lactide, lactic acid , glycolide, glycolic acid, e-caprolactone,
trimethylene carbonate, 1,4-dioxane-2-one, and 1,5-dioxepan-2one, peptides,
carbohydrates and various di- or tripeptides.

In another preferred embodiment, the compounds each have 12
functional groups. Such compounds are formed from reacting a first
tetrafunctionally activated polymer with a four tetrafunctionally activated
polymers, wherein the functional groups of each of the two compounds are a
reaction pair, to form "12-arm" functionally activated polymers. An example of
asuch a " 2-arm” compound is dodeca-sulfhydryl-PEG, 50,000 mol. wt., which
is constructed from a core tetra-functional succinimide ester PEG coupled o
four (exterior) tetra-functional sulfhydryl-PEG molecules. Such polymers range

in size from over 10,000 mol. wt. to greater than 100,000 mol. wt. depending on
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the molecular weight of the tetra-functionally activated polymer starting
materials.

Other types of multifunctional polymers can easily be synthesized
using routine synthesis. However, care should be taken to produce multi-arm
products with consistent arm lengths to avoid steric hindrance:of the reactive
groups. Accordingly, activated polymers that are suitable for use in the present
invention may have a variety of geometric shapes and configurations.
Exemplary polymers according to the present invention, as well as methods of
their manufacture and use, are described in U.S. Patent Nos. 5,874,500;
6,051,648, 6,166,130; 6,312,725; 6,323,278; and 6,458,889.

Compound Core
As described above, each of the compounds has multiple

activated functional groups, either succinimidyl groups or maleimide reactive
groups. The non-reactive remainder of the compound is considered to be its
"core’.

The polymer core may be a synthetic polyamino acid, a
polysaccharide, or a synthetic polymer. A preferred polymer core material is a
synthetic hydrophilic polymer. Suitable synthetic hydrophilic polymers include,
Inter alia, polyalkylene oxide, such as polyethylene oxide ((CH.CH20),),
polypropylene oxide ((CH(CH3)CH,Q0),) or a polyethylene/polypropylene oxide
mixture ((CH,CH,0),~(CH(CH3)CH,0),). A particularly preferred synthetic
hydrophilic polymer is a polyethylene glycol (PEG) having a molecular weight
(number average or weight average) within the range of about 100 to about
100,000 mol. wt., more preferably about 1,000 to about 20,000 mol. wt. More

preferably still, when the polymer core is polyethylene glycol, it generally has a

J molecular weight within the range of about 7,500 to about 20,000 mol. wt. Most

preferably, the polyethylene glycol has a molecular weight of approximately
10,000 mol. wt.

Polyalkylene oxides that have multiple activated functional groups
are commercially available, and are also easily prepared using known methods.

For example, see Chapter 22 of Poly(ethylene Glycol) Chemistry: Biotechnical
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and Biomedical Applications, J. Milton Harris, ed., Plenum Press, NY (1992);
The PEG Shop online catalogue; and Shearwater Polymers, Inc. Catalog,
Polyethylene Glycol Derivatives, Huntsville, AL (2000-2001).

As described in further detail herein, a compound having multiple
activatable groups can be applied to tissue, whereupon the compound will react
and form covalent bonds with reactive functional groups of the tissue. In a
preferred embodiment, the compound having multiple activatable groups is the
only tissue-reactive compound being added to the tissue, and furthermore, the
compound is not combined with or otherwise reacted with any other compound,
l.e., it reacts only with the tissue and/or the proteins associated with the tissue.
Thus, in a preferred embodiment, tissue is reacted with a compound having
multiple activatable groups, and neither that tissue nor that compound is
reacted with any other chemical. These compounds having multiple activated
groups, upon reaction with tissue, impart desirable properties to the tissue, and
are particularly useful in instances where reduced adhesion of the tissue to
other tissue is desired.

In another aspect, the compounds are reacted with tissue in
Instances where restenosis is a concern. Restenosis refers to a re-narrowing
or blockage of an artery at the same site where treatment, such as an
angloplasty or stent procedure, has already taken place. The end result of
restenosis is a narrowing in the artery caused by a build-up of substances that
may eventually block the flow of blood. The adhesion of a compound having
multiple activatable groups to tissue where restenosis is a concern may be
used to mitigate the build-up of undesirable substances at the tissue site.

In another aspect, the compounds are reacted with tissue in
instances where enhanced lubricity is desired. In other words, the compounds
are useful in instances where it is desired that the treated tissue adhere less
readily to other tissue. In a related aspect, the compounds are reacted with the
surface of a medical device, thereby imparting increased lubricity to the device.

Again, in a preferred aspect, the surface (either tissue surface or device
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surface) is reacted with a complound having muitiple activatable groups, and
neither that surface nor that compound is reacted with any other chemical.

For use in a composition for the prevention of surgical adhesions,
or to address concerns of restenosis, or wherever enhanced lubricity on the
surface of tissue or a medical device is desired, a preferred activated polymer is
as follows: the activated functional group-containing compound is the
tetrafunctional PEG, pentaerythritol poly(ethylene glycol) ether tetra-
succinimidyl glutarate (10,000 mol. wt.). This "four-arm” PEGs is formed by
ethoxylation of pentaerythritol, where each of the four chains is approximately
2,500 mol. wt., and then derivatized to introduce the functional groups onto
each of the four arms. Also preferred are analogous poly(ethylene glycol)-like
compounds polymerized from di-glycerol instead of pentaerythritol.

Multifunctionally active small organic molecule can also be use in
these applications. Such compounds include the di-functional di-succinimidyi
esters and di-maleimidyl compounds, as well as other well known commercially
available compounds (Pierce Chemical Co., Rockford, IL). In addition, one of
skill in the art could easily synthesize a low molecular weight multi-functional
reactive compound using routine organic chemistry techniques. On such
compound Is a penta-erythritol coupled to four glutarates, with each arm
capped with N-hydroxy-succinimidyl esters (NHS). Analogous compounds can
be synthesized from inositol (radiating 6 arm), lactitol (9 arm) or sorbitol (linear
6-arm). The end-capped reactive group can just as easily be maleimidyl, vinyl-

sulfone, etc., instead of NHS.

Reactive Groups and Matrix Linkages

In the present invention, the most preferable linkage, Z, comprises
a covalent bond between a sulfur, oxygen or nitrogen atom in the surface
compound and the carbon or sulfur atom in the activated functional group
containing compound. Accordingly, the linkage may be an amide, a thioester, a
thioether, a disulfide, or the like. A wide variety of sulfhydryl-reactive groups
and the types of linkages they form when reacted with sulfhydryl groups are

well known in the scientific literature. For example, see Bodanszky, M.,
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Principles of Peptide Synthesis, 2nd ed., pages 21 to 37, Springer-Verlog,
Berlin (1993); and Lundbland, R. L., Chemical Reagents for Protein
Modification, 2nd ed., Chapter 6, CRC Press, Boca Raton, Fla. (1991).

For most applications, activated functional groups that react with
sulfhydryl groups to form thioester linkages or amine groups to form amides are
preferred. Such compounds are depicted in FIG. 1 and include, inter alia, the
following compounds, with the numbers Iin parentheses corresponding to the
structures shown in FIG. 1: mixed anhydrides, such as PEG-glutaryl-acetyl-
anhydride (1), PEG-glutaryl-isovaleryl-anhydride (2), PEG-glutaryl-pivalyl-
ajnhydride (3) and related compounds as presented in Bodanszky, p. 23; Ester
derivatives of phosphorus, such as structures (4) and (5); ester derivatives of p-
nitrophenol (6) of p-nitrothiophenol (7), of pentafluorophenol (8), of structure (9)
and related active esters as presented by Bodanszky, pp. 31-32, and Table 2;
esters of substituted hydroxylamines, such as those of N-hydroxy-phthalimide
(10), N-hydroxy-succinimide (11), and N-hydroxy-glutarimide (12), as well as
related structures in Bodanszky; Table 3; esters of 1-hydroxybenzotriazole (13),
3-hydroxy-3,4-dihydro-benzotriazine-4-one (14) and 3-hydroxy-3,4-dihydro-
quinazoline-4-one; derivatives of carbonylimidazole; and isocyanates. With
these compounds, auxiliary reagents can also be used to facilitate bond
formation, such as 1-ethyl-3-(3-dimethylaminopropyljcarbodiimide can be used
to facilitate coupling of carboxyl groups (i.e., glutarate and succinate) with
sulfhydryl groups.

In addition to the sulfhydryl reactive compounds that form
thioester linkages, various other compounds can be utilized that form other
types of linkages. For example, compounds that contain methyl imidate
derivatives form imido-thioester linkages with sulfhydryl groups. Alternatively,
sulfhydryl reactive groups can be employed that form disulfide bonds with
sulfhydryl groups, such as ortho pyridyi disulfide, 3-nitro-2-pyridenesulfenyl, 2-
nitro-5-thiocyanobenzoic acid, 5,5"-dithio-bis(2-nitrobenzoic acid), derivatives of

methane-thiosulfate, and 2,4-dinitrophenyl cysteinyl disulfides. In such
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instances, auxiliary reagents, such as the hydrogen peroxide or di-tert-butyl
ester of azodicarboxylic acid, can be used to facilitiate disulfide bvond formation.
Yet another class of sulfhydryl reactive groups form thioether
bonds with sulthydryl groups. Such groups include, inter alia, iodoacetamide,
N-ethylmaleimide and other maleimides, including dextran maleimides, mono-
bromo-bimane and related compounds, vinylsulfones, epoxides, derivatives of
O-methyl-isourea, ethyleneimines, aziridines, and 4-(aminosulfonyl-)7-fluoro-

2,1,3-benzoxadiazole.

Chain Extenders

Functional groups may be directly attached to the compound core,
or they may be indirectly attached through a chain extender. Such chain
extenders are well known in the art. See, for example, PCT WO 97/22371,
which describes "linking groups” that would be suitable for use as chain
extenders in the compositions of the present invention. Chain extenders are
useful to avoid stearic hindrance problems that are sometimes associated with
the formation of direct linkages between molecules. Alternatively, chain
extenders may be used to link several multifunctionally activated compounds
together to make larger molecules. In a particularly preferred embodiment, the
chain extender can also be used to alter the degradative properties of the
compositions after administration and resultant gel formation. For exampile,
chain extenders can be incorporated into the activated polymers to promote
hydrolysis, to discourage hydrolysis, or to provide a site for enzymatic
degradation. Chain extenders can also activate or suppress activity of the
amine reactive or sulfhydryl-reactive groups. For example, bulky nearby groups
for the activated functional groups are anticipated to diminish coupling rates,
due to steric hindrance. Electron-withdrawing groups adjacent to the reactive
carbonyl of glutaryl-N-hydroxysuccinimidyl would be anticipated to make this
carbonyl carbon even more reactive with a surface amino or sulfhydryl group
partner.

Chain extenders may provide sites for degradation, i.e.,

hydrolysable sites. Examples of hydrolysable chain extenders include, inter
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alia, alpha-hydroxy acids such as lactic acid and glycolic acid; poly(lactones)
such as caprolactone, valerolactone, gamma butyl lactone and p-dioxanone;
poly(amino acids); poly(anhydrides) such as glutarate and succinate;
poly(orthoesters); poly(orthocarbonates) such as trimethylene carbonate; and
poly(phosphoesters). Examples of non-degradable chain extenders include,
inter alia, succinimide, propionic acid and carboxymethylate. See, for example,
PCT WO 99/07417. Examples of enzymatically degradable chain extenders
include Leu-Gly-Pro-Ala, which is degraded by collagenase; and Gly-Pro-Lys,
which is degraded by plasmin.

Synthetic Polymers
In order to prepare the compositions of the present invention, it is

first necessary to provide a first synthetic polymer containing two or more
activated functional groups, such as succinimidyl groups or malemide groups.
As used herein, the term "polymer” refers inter alia to polypoiyalkyls, polyamino
acids and polysaccharides. Additionally, for device, implant, external or oral
use, the polymer may be polyacrylic acid or carbopol.

As used herein, the term "synthetic polymer" refers to polymers
that are not naturally occurring and that are produced via chemical synthesis.
As such, naturally occurring proteins such as collagen and naturally occurring
polysaccharides such as hyaluronic acid are specifically excluded. Synthetic
collagen, and synthetic hyaluronic acid, and their derivatives, are included.
Synthetic polymers containing electrophilic groups are also referred to herein as
"multifunctionally activated synthetic polymers”. The term "multifunctionally
activated” (or, simply, "activated") refers to synthetic polymers which have, or
have been chemically modified to have, two or more electrophilic groups which
are capable of reacting with nucleophilic groups to form covalent bonds. Types
of multifunctionally activated synthetic polymers include difunctionally activated,
tetrafunctionally activated, and star-branched polymers.

Multifunctionally activated synthetic polymers for use in the
present invention must contain at least two, more preferably, at least three, |

functional groups
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Synthetic Polymers Containing Multiple Activated Functional Groups

Synthetic polymers containing multiple activated functional groups
are also referred to herein as "activated polymers." For use in the present
invention, the activated muiltifunctionally synthetic polymers must contain at
least two, more preferably, at least three, activated functional groups and most
preferably, at least four activated functional groups.

Preferred activated polymers for use In the compositions of the
invention are polymers‘which contain two or more succinimidyl groups capable
of forming covalent bonds with electrophilic groups on other molecules.
Succinimidyl groups are highly reactive with materials containing primary amino
(-NH2) groups, such as tissue surfaces, poly(lysine), amino functionalized
polymers or collagen. Succinimidyl groups are slightly less reactive with
materials containing thiol (-SH) groups, such as muiti-thiol PEG, tissue
surfaces, thiol functionalized polymers or synthetic polypeptides containing
multiple cysteine residues.

As used herein, the term "containing two or more succinimidyl
groups” is meant to encompass polymers that are commercially available
containing two or more succinimidyl groups, as well as those that must be
chemically derivatized to contain two or more succinimidyl groups. As used
herein, the term "succinimidyl group” is intended to encompass
sulfosuccinimidyl groups and other such variations of the "generic" succinimidyl
group. The presence of the sodium sulfite moiety on the sulfosuccinimidy!

group serves to increase the solubility of the polymer.

Hydrophilic Polymers
Hydrophilic polymers and, in particular, various polyethylene

glycols, are preferred for use in the compositions of the present invention. As
used herein, the term "PEG" refers to polymers having the repeating structure
(OCH,CH)).

Structures for some specific, tetrafunctionally activated forms of
PEG are shown in FIGS. 1 to 11. As depicted in the figures, the succinimidyl

group is a five-member ring structure represented as —-N(COCH5)s.
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F1G. 1 shows the structure of tetrafunctionally activated PEG
succinimidyl glutarate, referred {0 herein as SG-PEG. Another activated form of
PEG is referred to as PEG succinimidyl propionate (SE-PEG). The structural
formula for tetrafunctionally activated SE-PEG is shown in FIG. 2. In a general
structural formula for the compound, the subscript 3 is replaced with an "m". In
the embodiment shown in FIG. 4, m=3, In that there are three repeating CHo-
groups on either side of the PEG.

The structure in FIG. 2 results in a conjugate which includes an
"ether" linkage which is less subject to hydrolysis. This is distinct from the
conjugate shown in FIG. 1, wherein an ester linkage Is provided. The ester
linkage is subject to hydrolysis under physiological conditions.

Yet another functionally activated form of polyethylene glycol is
shown in FIG. 3.

Another functionally activated PEG similar to the compounds of
FIGS. 2 and 3 is provided in FIG. 4.

Another functionally activated form of PEG is referred to as PEG
succinimidyl succinamide (SSA-PEG is shown in FIG. 5. In the structure shown
in FIG. 5, m=2; however, related compounds, wherein m=1 or m=3-10, may
also be used in the compositions of the invention.

The structure in FIG. 5 resulfs in a conjugate which includes an
"amide” linkage which, like the ether linkage previously described, is less
subject to hydrolysis and is therefore more stable than an ester linkage.

Yet another activated form of PEG is provided when m=0. This
compound is referred to as PEG succinimidyl carbonate (SC-PEG). The -
structural formula of tetrafunctionally activated SC-PEG is shown in FIG. 6.

As discussed above, preferred activated polyethylene glycol
derivatives for use in the invention contain succinimidyl groups as the reactive
group. However, different activating groups can be attached at sites along the
length of the PEG molecule. For example, PEG can be derivatized o form

functionally activated PEG propion aldehyde (A-PEG), the tetrafunctionally
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activated form of which is shown in FIG. 7. The linkage shown in FIG. 5 is
referred to as a —(CH»)n—NH-linkage, where m=1-10.

Yet another form of activated polyethylene glycol is functionally
activated PEG glycidyl ether (E-PEG), of which the tetrafunctionally activated
compound is shown in FIG. 8.

Another activated derivative of polyethylene glycol is functionally
activated PEG-vinylsulfone (V-PEG), which is shown in FIG. 9. Another
activated derivative of polyethylene glycol is functionally activated PEG-
isocyanate (I-PEG), which is shown in FIG. 10. Another activated polyethylene
glycol is functionally activated vinyl sulfone PEG, which is shown in FIG. 11.

Preferred multifunctionally activated polyethylene glycols for use
in the compositions of the present invention are polyethylene glycols containing
succinimidyl groups, such as SG-PEG and SE-PEG (shown in FIGS. 1-4),
preferably in trifunctionally or tetrafunctionally activated form.

Many of the activated forms of polyethylene glycol described
above are now available commercially from SunBio PEG-SHOP, Anyang City,

South Korea, Shearwater Polymers, Huntsville, AL, and Union Carbide, South
Charleston, WV.

Hydrophobic Polymers
Hydrophobic polymers can also be used to prepare the

compositions of the present invention. Hydrophobic polymers for use in the
present invention preferably contain, or can be derivatized to contain, two or
more electrophilic groups, such as succinimidyl groups, most preferably, two,
three, or four electrophilic groups. As used herein, the term "hydrophobic
polymer" refers to polymers that contain a relatively small proportion of oxygen
or nitrogen atoms.

Hydrophobic polymers which already contain two or more
succinimidyl groups include, without limitation, disuccinimidyl suberate (DSS),
bis(sulfosuccinimidyl) suberate (BS®), dithiobis(succinimidylpropionate) (DSP),
bis(2-succinimidooxycarbonyloxy) ethyl sulfone (BSOCOES), and 3,3'-

dithiobis(sulfosuccinimidylpropionate (DTSPP), and their analogues and
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derivatives. The above-referenced polymers are commercially available from
Pierce (Rockford, IL), under Catalogue #s. 21555, 21579, 22585, 21554, and
21577, respectively.
Preferred hydrophobic polymers for use in the invention generally
5 have a carbon chain that is no longer than about 14 carbons. Polymers having
carbon chains substantially longer than 14 carbons generally have very poor
solubility in aqueous solutions and, as such, have very long reaction times

when mixed with aqueous solutions of synthetic polymers containing mulitiple

nucieophilic groups.

10  Derivatization of Polymers to Contain Functional Groups
Certain polymers, such as polyacids, can be derivatized to contain

two or more functional groups, such as succinimidyl groups. Polyacids for use
in the present invention include, without limitation, trimethylolpropane-based
tricarboxylic acid, di(trimethylol propane)-based tetracarboxylic acid,

15 heptanedioic acid, octanedioic acid (suberic acid), and hexadecanedioic acid
(thapsic acid). Many of these polyacids are commercially available from
DuPont Chemical Company (Wilmington, DE).

According to a general method, polyacids can be chemically
derivatized to contain two or more succinimidyl groups by reaction with an

20 appropriate molar amount of N-hydroxysuccinimide (NHS) in the presence of
N,N'-dicyclohexylcarbodiimide (DCC).

Polyalcohols such as trimethylolpropane and di(trimethylol
propane) can be converted to carboxylic acid form using various methods, then
further derivatized by reaction with NHS in the presence of DCC to produce

25 trifunctionally and tetrafunctionally activated polymers, respectively, as
described in U.S. application Ser. No. 08/403,358. Polyacids such as
heptanedioic acid (HOOC—(CH,)s—COOH), octanedioic acid (HOOC—(CH,)s—
COOH), and hexadecanedioic acid (HOOC—(CH,)1,—~COOQOH) are derivatized by
the addition of succinimidyl groups to produce difunctionally activated polymers.

30 Polyamines such as ethylenediamine (HoN-CH,CH,—NH,),

tetramethylenediamine (HoN—(CH,)s—NH,), pentamethylenediamine
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(cadaverine) (H2N—(CH.)s—NHz), hexamethylenediamine (HoN—(CH2)g—NH>),
bis(2-hydroxyethyl)amine (HN— (CH, CH, OH),), bis(2)aminoethyl)amine (HN—
(CH2CH,NHS3),), and tris(2-aminoethyl)amine (N—(CH,CHsyNH,)3) can be
chemically derivatized to polyacids, which can then be derivatized to contain
two or more succinimidyl groups by reacting with the appropriate molar
amounts of N-hydroxysuccinimide in the presence of DCC, as described in U.S.
application Ser. No. 08/403,358. Many of these polyamines are commercially

available from DuPont Chemical Company.

Preparation of compositions

In general, the concentrations of the activated polymer used to
prepare the compositions of the present invention will vary depending upon a
number of factors, including the types and molecular weights of the particular
synthetic polymers used and the desired end use application.

In general, we have found that when using multi-succinimidyl PEG
as the synthetic polymer, it is preferably used at a concentration in the range of
about 0.5 to about 40 percent by weight of the final composition. For example,
a final composition having a total weight of 1 gram (1000 milligrams) would
contain between about 5 to about 400 milligrams of multi succinimidy! PEG.

Because polymers containing multiple activated functional groups
also have the potential to react with water, the activated polymer is generally
prepared, packaged and stored in a dry form to prevent the loss of activity of
the activated functional groups due to reaction with water which typically occurs
upon exposure of such activated groups to aqueous media. Processes for
preparing synthetic hydrophilic polymers containing multiple electrophylic

groups in sterile, dry form are set forth U.S. application Ser. No. 08/497,573,

: filed Jun. 30, 1995. For example, the dry synthetic polymer may be

compression molded into a thin sheet or membrane, which can then be
sterilized using gamma or, e-beam irradiation. The resulting dry membrane or

sheet can be cut to the desired size or chopped into smaller size particulates.
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Incorporation of Other Components into the aclivated Synthetic Polymer

Naturally occurring proteins, such as collagen, and derivatives of
various naturally occurring polysaccharides, such as glycosaminoglycans, can
additionally be incorporated into the compositions of the invention. When these
other components also contain functional groups that will react with the
functional groups on the synthetic polymers, their presence during mixing
and/or crosslinking of the first and second synthetic polymer will result in
formation of a crosslinked synthetic polymer-naturally occurring polymer matrix.
In particular, when the naturally occurring polymer (protein or polysaccharide)
also contains nucleophilic groups such as primary amino groups, the
electrophilic groups on the second synthetic polymer will react with the primary
amino groups on these components, as well as the nucleophilic groups on the
first synthetic polymer, to cause these other components to become part of the
polymer matrix.

In general, glycosaminoglycans must be chemically derivatized by
deacetylation, desulfation, or both in order to contain primary amino groups
available for reaction with electrophilic groups on synthetic polymer molecules.
Glycosaminoglycans that can be derivatized according to either or both of the
aforementioned methods include the following: hyaluronic acid, chondroitin
sulfate A, chondroitin sulfate B (dermatan sulfate), chondroitin suifate C, chitin
(can be derivatized to chitosan), keratan sulfate, keratosulfate, and heparin.
Derivatization of glycosaminoglycans by deacetylation and/or desulfation and
covalent binding of the resulting glycosaminoglycan derivatives with synthetic
hydrophilic polymers is described in further detail in commonly assigned,
allowed U.S. patent application Ser. No. 08/146,843, filed Nov. 3, 1993.

Similarly, electrophilic groups on the second synthetic polymer will
react with primary amino groups on lysine residues or thiol groups on cysteine
residues of certain naturally occurring proteins. Lysine-rich proteins such as
collagen and its derivatives are especially reactive with electrophilic groups on
synthetic polymers. As used herein, the term "collagen” is intended to

encompass coilagen of any type, from any source, including, but not limited to,
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collagen extracted from tissue or produced recombinantly, collagen analogues,
collagen derivatives, modified collagens, and denatured collagens such as
gelatin. Covalent binding of collagen to synthetic hydrophilic polymers is
described in detail in commonly assigned U.S. Pat. No. 5,162,430, issued Nov.
10, 1992, to Rhee et al.

In general, collagen from any source may be used in the
compositions of the invention; for example, coliagen may be extracted and
purified from human or other mammalian source, such as bovine or porcine
corium and human placenta, or may be recombinantly or otherwise produced.
The preparation of purified, substantially non-antigenic collagen in solution from
bovine skin is well known in the art. U.S. Patent No. 5,428,022, issued Jun. 27,
19995, to Palefsky et al., discloses methods of extracting and purifying collagen
from the human placenta. U.S. application Ser. No. 08/183,648, filed Jan. 18,
1994, discloses methods of producing recombinant human collagen in the milk
of transgenic animals, including transgenic cows. The term "collagen” or
"collagen material” as used herein refers to all forms of collagen, including
those which have been processed or otherwise modified.

Collagen of any type, including, but not limited to, types I, I, llI, 1V,
or any combination thereof, may be used in the compositions of the invention,
althdugh type 1 is generally preferred. Either atelopeptide or telopeptide-
containing collagen may be used; however, when collagen from a xenogeneic
source, such as bovine collagen, is used, atelopeptide collagen is generally
preferred, because of its reduced immunogenicity compared to telopeptide-
containing collagen.

Collagen that has not been previously crossiinked by methods
such as heat, irradiation, or chemical crosslinking agents is preferred for use in
the compositions of the invention, although previously crosslinked collagen may
be used. Non-crosslinked atelopeptide fibrillar collagen is commercially
available from Inamed Aesthetics (Santa Barbara, CA) at collagen
concentrations of 35 mg/ml and 65 mg/ml under the trademarks ZYDERM |
Collagen and ZYDERM Il Collagen, respectively. Glutaraldehyde crosslinked
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atelopeptide fibrillar collagen is commercially available from Inamed Aesthetics
at a collagen concentration of 35 mg/ml under the trademark ZYPLAST
Collagen.

Collagens for use in the present invention are generally in
aqueous suspension at a concentration between about 20 mg/ml to about 120
mg/ml; preferably, between about 30 mg/ml o about 90 mg/mi.

Although intact collagen is preferred, denatured collagen,
commonly known as gelatin, can also be used in the compositions of the
invention. Gelatin may have the added benefit of being degradable faster than
collagen.

Because of its tacky consisténcy, nonfibrillar collagen is generally
preferred for use in compositions of the invention that are intended for use as
bioadhesives. The term "nonfibrillar collagen" refers to any modified or
unmodified collagen material that is in substantially nonfibrillar form at pH 7, as
indicated by optical clarity of an aqueous suspension of the collagen.

Collagen that is already in nonfibrillar form may be used in the
compositions of the invention. As used herein, the term "nonfibrillar collagen” is
intended to encompass collagen types that are nonfibrillar in native form, as
well as collagens that have been chemically modified such that they are In
nonfibrillar form at or around neutral pH. Collagen types that are nonfibrillar (or
microfibrillar) in native form include types IV, VI, and Vil.

Chemically modified collagens that are in nonfibrillar form at
neutral pH include succinylated collagen and methylated collagen, both of
which can be prepared according to the methods described in U.S. Pat. No.
4,164,559, issued Aug. 14, 1979, to Miyata et al., which is hereby incorporated
by reference in its entirety. Due to its inherent tackiness, methylated collagen is
particularly preferred for use in bioadhesive compositions, as disclosed in U.S.
application Ser. No. 08/476,823.

Collagens for use in the crosslinked polymer compositions of the
present invention may start out in fibrillar form, then be rendered nonfibrillar by

the addition of one or more fiber disassembly agent. The fiber disassembly
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agent must be present in an amount sufficient to render the collagen
substantially nonfibrillar at pH 7, as described above. Fiber disassembly agents
for use in the present invention include, without limitation, various biocompatible
alcohols, amino acids, inorganic salts, and carbohydrates, with biocompatible
alcohols being particularly preferred. Preferred biocompatible alcohols include
glycerol and propylene glycol. Non-biocompatible alcohols, such as ethanol,
methanol, and isopropanol, are not preferred for use in the present invention,
due to their potentially deleterious effects on the body of the patient receiving
them. Preferred amino acids include arginine. Preferred inorganic salts include
sodium chloride and potassium chloride. Although carbohydrates, such as
various sugars including sucrose, may be used in the practice of the present
invention, they are not as preferred as other types of fiber disassembly agents
because they can have cytotoxic effects in vivo.

Because it is opaque and less tacky than nonfibillar collagen,
fibrillar collagen is less preferred for use in bioadhesive compositions.

However, as disclosed in U.S. application Ser. No. 08/476,825, fibrillar
collagen, or mixtures of nonfibrillar and fibrillar collagen, may be preferred for
use in adhesive compositions intended for long-term persistence in vivo, if
optical clarity is not a requirement.

For compositions intended for use in tissue augmentation, fibrillar
collagen is preferred because it tends to form stronger crosslinked gels having
greater long-term persistency in vivo than those prepared using nonfibrillar
collagen.

In general, the collagen is added to the first synthetic polymer,
then the collagen and first synthetic polymer are mixed thoroughly to achieve a
homogeneous composition. The second synthetic polymer is then added and
mixed into the collagen/first synthetic polymer mixture, where it will covalently
bind to primary amino groups or thiol groups on the first synthetic polymer and
primary amino groups on the collagen, resulting in the formation of a

homogeneous crosslinked network. Various deacetylated and/or desulfated
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