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(57) ABSTRACT 

Crosslinkable compositions are provided that readily 
crosslink in situ to provide biocompatible, nonimmunogenic 
crosslinked materials that may be used as adhesive composi 
tions. The compositions comprise collagen and a plurality of 
crosslinkable components having reactive functional groups 
thereon, with the functional groups selected so as to enable 
inter-reaction between the components, i.e., crosslinking. 
Methods for preparing and using the compositions are also 
provided. Exemplary uses include tissue augmentation, bio 
logically active agent delivery, bioadhesion, prevention of 
adhesions following Surgery or injury, and coating of Surgi 
cally acceptable patches and Solid implants, the latter includ 
ing Sutures. 
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COMPOSITIONS AND SYSTEMIS FOR 
FORMING CROSSLINKED BOMATERALS 
AND METHODS OF PREPARATION AND USE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a divisional of U.S. application 
Ser. No. 1 1/344,752 filed Jan. 31, 2006 (allowed); which is a 
continuation-in-part of U.S. application Ser. No. 10/971,684 
filed Oct. 22, 2004; which is a divisional of U.S. application 
Ser. No. 10/262,640 filed Sep. 30, 2002 (U.S. Pat. No. 6,833, 
408): which is a continuation-in-part of U.S. application Ser. 
No. 09/883,138 filed Jun. 15, 2001 (U.S. Pat. No. 6,458,889); 
which is a continuation-in-part of U.S. application Ser. No. 
09/733,739 filed Dec. 8, 2000 (U.S. Pat. No. 6,323,278); 
which is a continuation of U.S. application Ser. No. 09/302. 
852 filed Apr. 30, 1999 (U.S. Pat. No. 6,166,130); which is a 
continuation of U.S. application Ser. No. 09/229,851 filed 
Jan. 13, 1999 (U.S. Pat. No. 6,051,648); which is a continu 
ation of U.S. application Ser. No. 08/769,806 filed Dec. 18, 
1996 (U.S. Pat. No. 5,874,500); which is a continuation-in 
part of U.S. application Ser. No. 08/573,799 filed Dec. 18, 
1995 (abandoned). U.S. application Ser. No. 1 1/344,752 is 
also a continuation-in-part of U.S. application Ser. No. 
09/649,337 filed Aug. 28, 2000 (U.S. Pat. No. 6,495,127); 
claiming priority to U.S. Provisional Application No. 60/151, 
273 filed Aug. 27, 1999. The disclosures of the aforemen 
tioned applications are incorporated by reference in their 
entireties. 

TECHNICAL FIELD 

0002 This invention relates generally to compositions and 
systems for forming crosslinked biomaterials, to the 
crosslinked biomaterials prepared thereby, and to methods of 
using such compositions as bioadhesives, for tissue augmen 
tation, in the prevention of Surgical adhesions, for coating 
Surfaces of Solid implants, such as Sutures, drug delivery 
devices, and Surgically acceptable patches. 

BACKGROUND OF THE INVENTION 

0003 Tissue damage can result from many causes. 
Examples of Such causes include Surgical incisions, such as 
internal and epidermal Surgical incisions; prosthetic 
implants, including injury attendant Surgery Such as hip 
replacements; and wounds, including lacerations, incisions, 
and penetrations. Often Such damage is the result of hernia 
tion wherein the outer layers of the abdominal wall weaken, 
tear, or bulge. The resulting weakened area or hole allows for 
sections of the inner lining of the abdominal cavity, or peri 
toneum, to protrude. This protrusion can be painful and if 
uncorrected can result in Strangulation of the protruding tis 
Sue. Although almost all tissue can become herniated, the 
tissue in the inguinal canal, in the navel, and Surrounding the 
location of former incisions are most common. Since the 
early 1980s, the Surgical techniques used in repairing 
inguinal or groin hernias have undergone a profound trans 
formation. One Such technique incorporates a Surgically 
acceptable patch as part of the groin hernia repair. Goussous, 
“Effectiveness of The Mesh PlugTechnique' (letter), Surgery 
117:600 (1995). Over time, scar tissue forms around the 
reinforcing mesh, creating a Supporting wall to minimize 
future hernias. 
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0004 Various methods for approaching the herniated tis 
Sue and affixing the mesh prosthesis have been developed. 
There are two primary techniques used in hernia repair. In the 
traditional “open Surgery technique, the Surgeon makes a 
three- to four-inch incision in the abdominal wall, pushes the 
hernial sac inside, and uses mesh to reinforce the abdominal 
wall. The other method of hernia repair is the laparoscopic 
technique, wherein three tiny incisions, about the size of 
dime, provide the Surgeon Sufficient access to reposition the 
hernia sac back through its hole and secure a mesh patch over 
the weak area in the muscle wall. The incisions used in the 
laparoscopic technique are sufficiently small so that they can 
be covered by adhesive strips and there is minimal or no 
Scarring. 
0005. The surgically acceptable patch used in both of the 
above-discussed techniques is generally held in place via 
Suturing or Stapling to the Surrounding tissue. Unfortunately, 
the use of Such sutures or staples may increase the patient's 
discomfort and increase the incidences of wound infection, 
vascular injury, and entrapment neuropathy. While hernior 
rhaphies have been conducted without firmly connecting the 
patch to the tissue surface and allowing the pressure of the 
peritoneum to hold the patch against the posterior side of the 
abdominal wall, see, Zieren et al., “Is Mesh Fixation Neces 
sary in Abdominal Hernia Repair?” Lang. Arch Surg. 384:71 
75 (1999), fixation of the patch is generally preferred in order 
to avoid folding, shrinkage, and migration of the patch and is 
usually considered to be essential in laparoscopic procedures. 
0006 Recently cyanoacrylates and fibrin glues have been 
used as fixatives inhernia repair. While Katkhouda et al., Ann. 
Surg. 233:18-25 (2001) present the use of a fibrin sealantas a 
patch fixative, such fibrin products are made from human 
products and are thus Susceptible to contamination. In addi 
tion, fibrin adhesives are difficult to prepare and to store. The 
use of cyanoacrylates as adhesives also presents problems in 
that the adhesive may not be biocompatible and may not 
provide a sufficient degree of elasticity thereby resulting in 
increased patent discomfort and an increased incidence of 
reoccurrence. See, Farouk et al., “Preliminary Experience 
with utyl-2-Cyanoacrylate adhesive in Tension-Free Inguinal 
Hernia Repair.” Brit. J. Surg. 83:1100 (1996) and Jourdan et 
al., “The Use of N-Butyl-2-Cyanoacrylate Glue for the Fixa 
tion of Polypropylene Mesh in Laparoscopic Hernia Repair.” 
6" World Cong of Endo. Surg., 1221-1225 (1998). 
0007. A new method of tissue repair has now been devel 
oped using a Surgically acceptable hydrophilic-based 
crosslinking adhesive. The use of this adhesive composition 
avoids the potential complications inherent in Suture or staple 
based methods of tissue attachment. In addition, as the hydro 
philic polymer-based adhesive does not contain human blood 
products, the danger of contamination present with fibrin 
adhesives is removed. While providing a stronger adhesive 
bond than fibrin adhesives such as TISSEEL(R), the hydro 
philic polymer-based crosslinking adhesive is much more 
flexible than cyanoacrylate adhesives and is completely bio 
compatible. 
0008 U.S. Pat. No. 5,162,430 to Rhee et al. and com 
monly owned by the assignee of the present invention, dis 
closes collagen-synthetic polymer conjugates prepared by 
covalently binding collagen to synthetic hydrophilic poly 
mers such as various derivatives of polyethylene glycol. 
0009 Commonly owned U.S. Pat. No. 5,324,775 to Rhee 
et al. discloses various inert, naturally occurring, biocompat 
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ible polymers (such as polysaccharides) covalently bound to 
synthetic, hydrophilic polyethylene glycol polymers. 
0010 Commonly owned U.S. Pat. No. 5,328,955 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. 
0011 Commonly owned, U.S. application Ser. No. 
08/403,358, filed Mar. 14, 1995, now abandoned, a European 
counterpart of which was published as EP 96102366, dis 
closes a crosslinked biomaterial composition 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. 
0012 Commonly owned U.S. Pat. No. 5,580,923 to Yeung 
et al. discloses a composition useful in the prevention of 
Surgical adhesions. The composition has a Substrate, which is 
preferably collagen and a binding agent, which preferably has 
at least one tissue-reactive functional group and at least one 
Substrate-reactive functional group. 
0013 Commonly owned U.S. Pat. No. 5,614,587 to Rhee 
et al. discloses bioadhesive compositions having collagen 
crosslinked using a multifunctionally activated synthetic 
hydrophilic polymer, as well as methods of using Such com 
positions to effect adhesion between a first surface and a 
second surface. At least one of the first and second surfaces is 
preferably a native tissue surface. 
0014 Japanese patent publication No. 07090241 discloses 
a composition used for temporary adhesion of a lens material 
to a machining device, which contains a mixture of polyeth 
ylene glycol, having an average molecular weight in the range 
of 1000-5000, and poly-N-vinylpyrrolidone, having an aver 
age molecular weight in the range of 30,000-200,000. 
0015 West and Hubbell, Biomaterials 16:1153-1156 
(1995), disclose the prevention of post-operative adhesions 
using a photopolymerized polyethylene glycol-co-lactic acid 
diacrylate hydrogel and a physically crosslinked polyethyl 
ene glycol-co-polypropylene glycol hydrogel, Poloxamer 
4O7(R). 

0016 Each publication cited above and is incorporated 
herein by reference to describe and disclose the subject matter 
for which it is cited. 

0017. The invention is directed to a versatile biocompat 
ible adhesive composition not previously disclosed or envi 
sioned by those in the biomaterial field. The composition has 
a hydrophilic polymer and crosslinkable components that 
may be readily crosslinked upon admixture with an aqueous 
medium to provide a crosslinked composition Suitable for use 
as a bioadhesive. The adhesive composition is biocompatible, 
and does not leave any toxic, inflammatory, or immunogenic 
reaction products at the site of administration. Preferably, the 
composition is not subject to enzymatic cleavage by matrix 
metalloproteinases such as collagenase, and is therefore not 
readily degradable in vivo. As a result, the adhesive compo 
sition will degrade more slowly than either the hydrophilic 
polymer component or the crosslinkable component as the 
two components will serve to mutually protect each other 
from the effects of metalloproteases or hydrolysis. Further, 
the composition may be readily tailored, in terms of the 
selection and quantity of each component, to enhance certain 

Jun. 30, 2011 

properties, e.g., compression strength, Swellability, tack, 
hydrophilicity, optical clarity, and the like. 

SUMMARY OF THE INVENTION 

0018. There is provided a composition for coating a solid 
implant comprising a hydrophilic polymer, a crosslinkable 
component A having m nucleophilic groups, wherein m22; 
and a crosslinkable component B having n electrophilic 
groups capable of reaction with the m nucleophilic groups to 
form covalent bonds, wherein ne2 and m+ne4. In the com 
position, each of components A and B is biocompatible and 
nonimmunogenic, at least one of components A and B is a 
hydrophilic polymer, and admixture of components A and B 
in an aqueous medium result in crosslinking of the composi 
tion to give a biocompatible, nonimmunogenic, crosslinked 
matrix. Component A may be represented with the structural 
formula (I) R'(-IQ' -X), and component B may be repre 
sented with the structural formula (II) R(-Q-Y). The 
composition may further comprise a biologically active 
agent. 
0019. In addition to the foregoing, the composition of the 
present invention may also comprise an optional third bio 
compatible and nonimmunogenic crosslinkable component 
C having at least one functional group selected from (i) 
nucleophilic groups capable of reacting with the electrophilic 
groups of component B and (ii) electrophilic groups capable 
of reacting with the nucleophilic groups of component A. The 
number of functional groups on component C is represented 
by p, Such that m+n+p 5. Component C may have the struc 
tural formula (III) R(-IQ l-Fn). 
0020 Each of the crosslinkable components may be poly 
meric, in which case at least two crosslinkable components 
are generally although not necessarily composed of a syn 
thetic polymer rather than a naturally occurring or semi 
synthetic polymer, wherein “semi-synthetic' refers to a 
chemically modified naturally occurring polymer. The Syn 
thetic hydrophilic polymers may be linear, branched, den 
drimeric, hyperbranched, or star polymers. Alternatively, one 
or two of crosslinkable components A and B may be a low 
molecular weight crosslinking agent, typically an agent com 
prised of a hydrocarbyl moiety containing 2 to 14 carbon 
atoms and at least two functional groups, i.e., nucleophilic or 
electrophilic groups, depending on the component. For con 
venience, the term “polynucleophilic' will be used herein to 
refer to a compound having two or more nucleophilic moi 
eties, and the term “polyelectrophilic' will be used to refer to 
a compound having two or more electrophilic moieties. 
0021. The composition of the present invention is useful 
for coating Solid implants, which may be selected from the 
group consisting of Sutures, Surgically acceptable patches, 
artificial blood vessels, artificial heart valves, vascular grafts, 
vascular stents, vascular stent/graft combinations, bone 
implants, cartilage implants, artificial joints, bone prostheses, 
retaining pins, cranial plates, ophthalmic shields, corneal len 
ticules, breast implants, and drug delivery devices. 
0022. Where the solid implant is a suture, the suture may 
be used for dermal or internal use as well as generally for 
external use. Where the solid implant is a Surgically accept 
able patch, the Surgically acceptable patch may be selected 
from implantable Surgical membranes and implantable Sur 
gical meshes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

(0023 FIGS. 1 to 10 schematically illustrate reaction of 
various polyelectrophilic components with Substituted poly 
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ethylene glycol (PEG) as a representative polynucleophile. In 
FIGS. 1-10, the polyelectrophilic components are composed 
of a pentaerythritol core with each of the four hydroxyl 
groups substituted with PEG, and with each PEG branch 
terminated with a reactive electrophilic group. 
0024 FIG. 11 presents the results of a comparative peel 
strength test for an adhesive composition of the invention in a 
2x2 cm polypropylene mesh/collagen membrane test. 
0025 FIG. 12 graphically illustrates the results of peel 
strength testing for various adhesives when used to adhere lab 
grade polypropylene mesh to a collagen membrane Surface as 
described in Example 3. 
0026 FIG. 13 graphically illustrates the changes in peel 
strength over a 24-hour period when an adhesive of the inven 
tion was used to affix lab grade polypropylene mesh to a 
cowhide strip as described in Example 4. 
0027 FIG. 14 graphically illustrates the results of an adhe 
sive composition comprised of pentaerythritol polyethylene 
glycol ether tetra-Succinimidyl glutarate, pentaerythritol 
polyethylene glycol ether tetra-sulfhydryl, and methylated 
collagen, an adhesive composition comprised of pentaeryth 
ritol polyethylene glycol ether tetra-Succinimidylglutarate, 
pentaerythritol polyethylene glycol ether tetra-sulfhydryl, 
poly(L-lactic acid) fiber, and methylated collagen, KRAZY 
GLUER (Toagosei Co., Ltd., Tokyo Japan) and TISSEEL(R) 
(Immuno, Aktiengesellschaft fur Chemischmedizinische 
Produkte. Postfach Austria) when used to affix a 2x2 cm 
polypropylene mesh strip onto a cowhide Strip. 
0028 FIG. 15 graphically illustrates the results of com 
parative pull strength testing for an adhesive composition 
comprised of pentaerythritol polyethylene glycol ether tetra 
Succinimidyl glutarate, pentaerythritol polyethylene glycol 
ether tetra-sulfhydryl, and methylated collagen and an adhe 
sive composition comprised of pentaerythritol polyethylene 
glycol ether tetra-Succinimidyl glutarate, pentaerythritol 
polyethylene glycol ether tetra-sulfhydryl, poly(L-lactic 
acid) fiber, and methylated collagen when used to affix a 2x2 
cm patch of BARDR (C. R. BARD, INC., Murray Hill, N.J.) 
polypropylene mesh to a cowhide strip as described in 
Example 6. 

DETAILED DESCRIPTION OF THE INVENTION 

Definitions and Nomenclature 

0029. Before describing the present invention in detail, it 
is to be understood that unless otherwise indicated this inven 
tion is not limited to particular compositional forms, 
crosslinkable components, crosslinking techniques, or meth 
ods of use, as Such may vary. It is also to be understood that 
the terminology used herein is for the purpose of describing 
particular embodiments only, and is not intended to be limit 
1ng. 
0030. It must be noted that, as used in this specification 
and the appended claims, the singular forms “a” “an and 
“the include plural referents unless the context clearly dic 
tates otherwise. Thus, for example, "a crosslinkable compo 
nent” refers not only to a single crosslinkable component but 
also to a combination of two or more different crosslinkable 
components, “a hydrophilic polymer refers to a combination 
of hydrophilic polymers as well as to a single hydrophilic 
polymer, and the like. 
0031. Unless defined otherwise, all technical and scien 

tific terms used herein have the meaning commonly under 
stood by one of ordinary skill in the art to which the invention 
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pertains. Although any methods and materials similar or 
equivalent to those described herein may be useful in the 
practice or testing of the present invention, preferred methods 
and materials are described below. All patents, patent appli 
cations and other publications mentioned herein are incorpo 
rated herein by reference. Specific terminology of particular 
importance to the description of the present invention is 
defined below. 
0032. As used herein, the terms “bioadhesive”, “biologi 
cal adhesive’, and 'surgical adhesive' are used interchange 
ably to refer to biocompatible compositions capable of effect 
ing temporary or permanent attachment between the Surfaces 
of two native tissues, or between a native tissue surface and 
either a non-native tissue surface or a surface of a solid 
implant. 
0033. As used herein, the term “native tissue' refers to 
biological tissues that are native to the body of the patient 
being treated. As used herein, the term “native tissue' is 
intended to include biological tissues that have been elevated 
or removed from one part of the body of a patient for implan 
tation to another part of the body of the same patient (Such as 
bone autografts, skin flap autografts, etc.). 
0034. As used herein, the term “non-native tissue' refers 
to biological tissues that have been removed from the body of 
a donor patient (who may be of the same species or of a 
different species than the recipient patient) for implantation 
into the body of a recipient patient (e.g., tissue and organ 
transplants). 
0035. As used herein, the terms “bioadhesive”, “biologi 
cal adhesive’, and 'surgical adhesive' are used interchange 
ably to refer to biocompatible compositions capable of effect 
ing temporary or permanent attachment between the Surfaces 
of two native tissues, or between a native tissue surface and 
either a non-native tissue surface or a Surface of a synthetic 
implant. 
0036. The term "solid implant” refers to any solid object 
that is designed for insertion and use within the body, and 
includes Sutures generally and for dermal or internal use, drug 
delivery devices (including monolithic implants, pumps, and 
controlled release devices such as Alzet(R) minipumps, steroid 
pellets for anabolic growth or contraception, and the like), 
Surgically acceptable patches including implantable Surgical 
membranes (e.g., monofilament polypropylene) and meshes 
(e.g., for use in hernia repair), bone and cartilage implants 
(e.g., artificial joints, bone prostheses, retaining pins, cranial 
plates, and the like, of metal, plastic and/or other materials), 
breast implants (e.g., silicone gel envelopes, foam forms, and 
the like); catheters and cannulas intended for long-term use 
(beyond about three days); artificial organs and vessels (e.g., 
artificial hearts, artificial heart Valves, vascular grafts, Stents, 
and graft/stent combinations, artificial pancreases, kidneys, 
blood vessels, and the like); periodontal membranes, oph 
thalmic shields, corneal lenticules, and the like. Solid 
implants are usually, though not necessarily, synthetic 
implants and are always biocompatible. 
0037. The term “suitable fibrous material as used herein, 
refers to a fibrous material which is substantially insoluble in 
water, non-immunogenic, biocompatible, and immiscible 
with the crosslinkable compositions of the invention. The 
fibrous material may comprise any of a variety of materials 
having these characteristics and may be combined with 
crosslinkable compositions herein in order to form and/or 
provide structural integrity to various implants or devices 
used in connection with medical and pharmaceutical uses. 
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For example, the crosslinkable compositions of the invention 
can be coated on the "suitable fibrous material” which can 
then be wrapped around a bone to provide structural integrity 
to the bone; thus, the "suitable fibrous material' is useful in 
forming the “solid implants” of the invention. 
0038. The term “in situ'as used herein means at the site of 
administration; thus, the injectable reaction mixture compo 
sitions are injected or otherwise applied to a specific site 
within a patient's body, e.g., the locus of the herniated tissue 
or a sit in need of augmentation, and allowed to crosslink at 
the site of injection. Suitable sites will generally be intrader 
mal or Subcutaneous regions for augmenting dermal Support, 
at a bone fracture site for bone repair, within sphincter tissue 
for sphincter augmentation (e.g., for restoration of conti 
nence), within a wound or Suture, to promote tissue regrowth; 
and within or adjacent to vessel anastomoses, to promote 
vessel regrowth. 
0039. The term “surgically acceptable” refers to those 
items, e.g., patches, that are biocompatible, and are otherwise 
acceptable for Surgical use. 
0040. The term “crosslinked herein refers to a composi 
tion containing intermolecular crosslinks and optionally 
intramolecular crosslinks as well, arising from the formation 
of covalent bonds. Covalent bonding between two crosslink 
able components may be direct; in which case an atom in one 
component is directly bound to an atom in the other compo 
nent, or it may be indirect, through a linking group. A 
crosslinked matrix may, in addition to covalent bonds, also 
include intermolecular and/or intramolecular noncovalent 
bonds such as hydrogenbonds and electrostatic (ionic) bonds. 
The term “crosslinkable” refers to a component or compound 
that is capable of undergoing reaction to form a crosslinked 
composition. 
0041. The terms “nucleophile” and “nucleophilic” refer to 
a functional group that is electron rich, has an unshared pair of 
electrons acting as a reactive site, and reacts with a positively 
charged or electron-deficient site, generally present on 
another molecule. 
0042. The terms “electrophile” and “electrophilic” refer to 
a functional group that is susceptible to nucleophilic attack, 
i.e., Susceptible to reaction with an incoming nucleophilic 
group. Electrophilic groups herein are positively charged or 
electron-deficient, typically electron-deficient. 
0043. The term “activated’ refers to a modification of an 
existing functional group to generate or introduce a new reac 
tive functional group from the prior existing functional group, 
wherein the new reactive functional group is capable of 
undergoing reaction with another functional group to form a 
covalent bond. For example, a component containing car 
boxylic acid (-COOH) groups can be activated by reaction 
with N-hydroxysuccinimide or N-hydroxysulfo-succinimide 
using known procedures, to form an activated carboxylate 
(which is a reactive electrophilic group), i.e., an N-hydrox 
ySuccinimide ester or an N-hydroxysulfoSuccinimide ester, 
respectively. In another example, carboxylic acid groups can 
be activated by reaction with an acyl halide, e.g., an acyl 
chloride, again using known procedures, to provide an acti 
vated electrophilic group in the form of an anhydride. 
0044) The terms “hydrophilic' and “hydrophobic” are 
generally defined in terms of a partition coefficient P, which is 
the ratio of the equilibrium concentration of a compoundinan 
organic phase to that in an aqueous phase. A hydrophilic 
compound has a log Pvalue less than 1.0, typically less than 
about -0.5, where P is the partition coefficient of the com 
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pound between octanol and water, while hydrophobic com 
pounds will generally have a log P greater than about 3.0, 
typically greater than about 5.0. Preferred crosslinkable com 
ponents herein are hydrophilic, although as long as the 
crosslinkable composition as a whole contains at least one 
hydrophilic component, crosslinkable hydrophobic compo 
nents may also be present. 
0045. The term “polymer is used not only in the conven 
tional sense to refer to molecules composed of repeating 
monomerunits, including homopolymers, block copolymers, 
random copolymers, and graft copolymers, but also, as indi 
cated in parent application Ser. No. 09/733,739, now U.S. Pat. 
No. 6,323,728, to refer to polyfunctional small molecules that 
do not contain repeating monomer units but are "polymeric' 
in the sense of being "polyfunctional. i.e., containing two or 
more functional groups. Accordingly, it will be appreciated 
that when the term “polymer is used, difunctional and poly 
functional Small molecules are included. Such moieties 
include, by way of example: the difunctional electrophiles 
disuccinimidyl suberate (DSS), bis(sulfosuccinimidyl) sub 
erate (BS), dithiobis(succinimidylpropionate) (DSP), bis(2- 
succinimidooxy-carbonyloxy)ethyl sulfone (BSOCOES), 
3,3'-dithiobis(sulfosuccinimidylpropionate (DTSSP); and 
the di- and polyfunctional nucleophiles ethylenediamine 
(HN CH-CH NH), tetramethylene diamine (HN 
ICHI NH), pentamethylene diamine (cadaverine) 
(HN CHIs NH), hexamethylene diamine (HN 
ICHI NH), bos(2-aminoethyl)amine (HN CH 
CH-NH), and tris(2-aminoethyl)amine (N-ICH2— 
CH-NH2). All Suitable polymers herein are nontoxic, 
non-inflammatory, and nonimmunogenic, and will preferably 
be essentially nondegradable in vivo over a period of up to 30 
days in vivo. 
0046. The term “synthetic' to refer to various polymers 
herein is intended to mean “chemically synthesized.” There 
fore, a synthetic polymer in the present compositions may 
have a molecular structure that is identical to a naturally 
occurring polymer, but the polymer perse, as incorporated in 
the compositions of the invention, has been chemically syn 
thesized in the laboratory or industrially. “Synthetic' poly 
mers also include semi-synthetic polymers, i.e., naturally 
occurring polymers, obtained from a natural Source, that have 
been chemically modified in some way. Generally, however, 
the synthetic polymers herein are purely synthetic, i.e., they 
are neither semi-synthetic nor have a structure that is identical 
to that of a naturally occurring polymer. 
0047. The term “synthetic hydrophilic polymer as used 
herein refers to a synthetic polymer composed of molecular 
segments that render the polymeras a whole “hydrophilicas 
defined above. Preferred polymers are highly pure or are 
purified to a highly pure state such that the polymer is or is 
treated to become pharmaceutically pure. Most hydrophilic 
polymers can be rendered water-soluble by incorporating a 
Sufficient number of oxygen (or less frequently nitrogen) 
atoms available for forming hydrogen bonds in aqueous solu 
tions. Hydrophilic polymers useful herein include, but are not 
limited to: polyalkylene oxides, particularly polyethylene 
glycol and poly(ethylene oxide)-poly(propylene oxide) 
copolymers, including block and random copolymers; poly 
ols such as glycerol, polyglycerol (particularly highly 
branched polyglycerol), propylene glycol and trimethylene 
glycol Substituted with one or more polyalkylene oxides, e.g., 
mono-, di- and tri-polyoxyethylated glycerol, mono- and di 
polyoxy-ethylated propylene glycol, and mono- and di-poly 



US 2011/0159075A1 

oxyethylated trimethylene glycol; polyoxyethylated sorbitol, 
polyoxyethylated glucose: acrylic acid polymers and analogs 
and copolymers thereof. Such as polyacrylic acid perse, poly 
methacrylic acid, poly(hydroxyethylmethacrylate), poly(hy 
droxyethylacrylate), poly(methylalkylsulfoxide methacry 
late), poly(methylalkylsulfoxide acrylate) and copolymers of 
any of the foregoing, and/or with additional acrylate species 
Such as aminoethyl acrylate and mono-2-(acryloxy)-ethyl 
Succinate; polymaleic acid; poly(acrylamides) such as poly 
acrylamide per se, poly(methacrylamide), poly(dimethy 
lacrylamide), and poly(N-isopropyl-acrylamide); poly(ole 
finic alcohol)s such as poly(vinyl alcohol); poly(N-vinyl 
lactams) such as poly(vinyl pyrrolidone), poly(N-vinyl 
caprolactam), and copolymers thereof; polyoxazolines, 
including poly(methyloxazoline) and poly(ethyloxazoline); 
and polyvinylamines. 
0048 Hydrophobic polymers, including low molecular 
weight polyfunctional species, can also be used in the 
crosslinkable compositions of the invention. Hydrophobic 
polymers 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. Generally, “hydrophobic polymers' herein contain a 
relatively small proportion of oxygen and/or nitrogen atoms. 
Preferred hydrophobic polymers for use in the invention gen 
erally 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 aque 
ous solutions and, as such, have very long reaction times 
when mixed with aqueous solutions of synthetic polymers 
containing multiple nucleophilic groups. 
0049. The term “collagen' as used herein refers to all 
forms of collagen, including those, which have been pro 
cessed or otherwise modified. Preferred collagens do not 
posses telopeptide regions (“atelopeptide collagen'), are 
soluble, and may be in fibrillar or non-fibrillar form. Type I 
collagen is best Suited to most applications involving bone or 
cartilage repair; however, other forms of collagen are also 
useful in the practice of the invention, and are not excluded 
from consideration here. Collagen crosslinked using heat, 
radiation, or chemical agents such as glutaraldehyde may also 
be used to form particularly rigid crosslinked compositions. 
Collagen used in connection with the preferred embodiments 
of the invention is in a pharmaceutically pure form Such that 
it can be incorporated into a human body for the intended 
purpose. 

0050 Those of ordinary skill in the art will appreciate that 
synthetic polymers such as polyethylene glycol cannot be 
prepared practically to have exact molecular weights, and that 
the term “molecular weight’ as used herein refers to the 
weight average molecular weight of a number of molecules in 
any given sample, as commonly used in the art; thus, a sample 
of PEG 2,000 might contain a statistical mixture of polymer 
molecules ranging in weight from, for example, 1,500 to 
2,500 daltons with one molecule differing slightly from the 
next over a range. Specification of a range of molecular 
weights indicates that the average molecular weight may be 
any value between the limits specified, and may include mol 
ecules outside those limits; thus, a molecular weight range of 
about 800 to about 20,000 indicates an average molecular 
weight of at least about 800, ranging up to about 20 kDa. 
0051. The term “cytokine' is used to describe biologically 
active molecules including growth factors and active pep 
tides, which aid in healing or regrowth of normal tissue. The 
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function of cytokines is two-fold: 1) they can incite local cells 
to produce new collagen or tissue, or 2) they can attract cells 
to the site in need of correction. As such, cytokines serve to 
encourage “biological anchoring of the collagen implant 
within the host tissue. As previously described, the cytokines 
can either be admixed with the collagen-polymer conjugate 
or chemically coupled to the conjugate. For example, one 30 
may incorporate cytokines Such as epidermal growth factor 
(EGF), transforming growth factor (TGF)-O, TGF-B (includ 
ing any combination of TGF-Bs), TGF-31, TGF-32, platelet 
derived growth factor (PDGF-AA, PDGF-AB, PDGF-BB), 
acidic fibroblast growth factor (FGF), basic FGF, connective 
tissue activating peptides (CTAP), B-thromboglobulin, insu 
lin-like growth factors, tumor necrosis factors (TNF), inter 
leukins, colony Stimulating factors (CSFs), erythropoietin 
(EPO), nerve growth factor (NGF), interferons (IFN) bone 
morphogenic protein (BMP), osteogenic factors, and the like. 
Incorporation of cytokines and appropriate combinations of 
cytokines can facilitate the regrowth and remodeling of the 
implant into normal bone tissue, or may be used in the treat 
ment of wounds. 
0052. The term “effective amount refers to the amount of 
composition required in order to obtain the effect desired; 
thus, a “tissue growth-promoting amount of a composition 
refers to the amount needed in order to stimulate tissue 
growth to a detectable degree. Tissue, in this context, includes 
connective tissue, bone, cartilage, epidermis and dermis, 
blood, and other tissues. The actual amount that is determined 
to be an effective amount will vary depending on factors such 
as the size, condition, sex, and age of the patient and can be 
more readily determined by the caregiver. 
0053. The term “aqueous medium' includes solutions, 
Suspensions, dispersions, colloids, and the like containing 
Water. 

0054 The term “substantially immediately” means within 
less than five minutes, preferably within less than two min 
utes, and the term “immediately” means within less than one 
minute, preferably within less than 30 seconds. 
0055. The terms “active agent, and “biologically active 
agent” are used interchangeably herein to refer to a chemical 
material or compound suitable for administration to a patient 
and that induces a desired effect. The terms include agents 
that are therapeutically effective as well as prophylactically 
effective. Also included are derivatives and analogs of those 
compounds or classes of compounds specifically mentioned 
that also induce the desired effect. 
0056. The term “hydrogel' is used in the conventional 
sense to refer to water-swellable polymeric matrices that can 
absorb a Substantial amount of water to form elastic gels, 
wherein “matrices” are three-dimensional networks of mac 
romolecules held together by covalent or noncovalent 
crosslinks. Upon placement in an aqueous environment, dry 
hydrogels swell to the extent allowed by the degree of cross 
linking. 
0057 With regard to nomenclature pertinent to molecular 
structures, the following definitions apply: 
0058. The term “alkyl” as used herein refers to a branched 
or unbranched Saturated hydrocarbon group typically 
although not necessarily containing 1 to about 24 carbon 
atoms, such as methyl, ethyl, n-propyl, isopropyl. n-butyl, 
isobutyl, t-butyl, octyl, decyl, and the like, as well as 
cycloalkyl groups such as cyclopentyl, cyclohexyl and the 
like. Generally, although again not necessarily, alkyl groups 
herein contain 1 to about 12 carbon atoms. The term “lower 
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alkyl intends an alkyl group of one to six carbon atoms, 
preferably one to four carbon atoms. “Substituted alkyl 
refers to alkyl substituted with one or more substituent 
groups. “Alkylene.” “lower alkylene' and “substituted alky 
lene' refer to divalent alkyl, lower alkyl, and substituted alkyl 
groups, respectively. 
0059. The term “arylas used herein, and unless otherwise 
specified, refers to an aromatic Substituent containing a single 
aromatic ring or multiple aromatic rings that are fused 
together, linked covalently, or linked to a common group Such 
as a methylene or ethylene moiety. The common linking 
group may also be a carbonyl as in benzophenone, an oxygen 
atom as in diphenylether, or a nitrogen atom as in dipheny 
lamine Preferred aryl groups contain one aromatic ring or two 
fused or linked aromatic rings, e.g., phenyl, naphthyl, biphe 
nyl, diphenylether, diphenylamine, benzophenone, and the 
like. “Substituted aryl” refers to an aryl moiety substituted 
with one or more Substituent groups, and the terms "heteroa 
tom-containing aryland "heteroaryl” refer to aryl in which 
at least one carbon atom is replaced with a heteroatom. The 
terms “arylene' and “substituted arylene' refer to divalent 
aryland Substituted aryl groups as just defined. 
0060. The term "heteroatom-containing as in a "heteroa 
tom-containing hydrocarbyl group' refers to a molecule or 
molecular fragment in which one or more carbon atoms is 
replaced with an atom other than carbon, e.g., nitrogen, oxy 
gen, Sulfur, phosphorus or silicon. 
0061 “Hydrocarbyl refers to univalent hydrocarbyl radi 
cals containing 1 to about 30 carbon atoms, preferably 1 to 
about 24 carbon atoms, most preferably 1 to about 12 carbon 
atoms, including branched or unbranched, Saturated or unsat 
urated species, such as alkyl groups, alkenyl groups, aryl 
groups, and the like. The term “lower hydrocarbyl intends a 
hydrocarbyl group of one to six carbonatoms, preferably one 
to four carbon atoms. The term “hydrocarbylene' intends a 
divalent hydrocarbyl moiety containing 1 to about 30 carbon 
atoms, preferably 1 to about 24 carbon atoms, most prefer 
ably 1 to about 12 carbon atoms, including branched or 
unbranched, saturated or unsaturated species, or the like. The 
term “lower hydrocarbylene' intends a hydrocarbylene group 
of one to six carbon atoms, preferably one to four carbon 
atoms. “Substituted hydrocarbyl refers to hydrocarbyl sub 
stituted with one or more Substituent groups, and the terms 
"heteroatom-containing hydrocarbyl and "heterohydrocar 
by1' refer to hydrocarbyl in which at least one carbon atom is 
replaced with a heteroatom. Similarly, “substituted hydrocar 
bylene' refers to hydrocarbylene substituted with one or 
more Substituent groups, and the terms "heteroatom-contain 
ing hydrocarbylene' and "heterohydrocarbylene' refer to 
hydrocarbylene in which at least one carbon atom is replaced 
with a heteroatom. If not otherwise indicated, “hydrocarbyl 
indicates unsubstituted hydrocarbyl, substituted hydrocarbyl, 
heteroatom-containing hydrocarbyl, and Substituted heteroa 
tom-containing hydrocarbyl. Unless otherwise indicated, the 
terms “hydrocarbyl and “hydrocarbylene' include substi 
tuted hydrocarbyl and substituted hydrocarbylene, heteroa 
tom-containing hydrocarbyl and heteroatom-containing 
hydrocarbylene, and Substituted heteroatom-containing 
hydrocarbyl and Substituted heteroatom-containing hydro 
carbylene, respectively. 
0062 By “substituted” as in “substituted hydrocarbyl,” 
“substituted alkyl, and the like, as alluded to in some of the 
aforementioned definitions, is meant that in the hydrocarbyl, 
alkyl, or other moiety, at least one hydrogen atom bound to a 
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carbonatom is replaced with one or more substituents that are 
functional groups such as alkoxy, hydroxy, halo, nitro, and the 
like. Unless otherwise indicated, it is to be understood that 
specified molecular segments can be substituted with one or 
more Substituents that do not compromise a compound's util 
ity. For example, “succinimidyl is intended to include 
unsubstituted Succinimidyl as well as SulfoSuccinimidyl and 
other Succinimidyl groups Substituted on a ring carbon atom, 
e.g., with alkoxy Substituents, polyether Substituents, or the 
like. 
0063 Repair of Damaged Tissue 
0064. While the adhesive composition taught 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 and the making of microvasuclar and neural anasto 
moses, the focus of the invention is the use of the adhesive 
composition in the repair of damaged tissue. 
0065. In the method of the invention, the repair of dam 
aged 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, the adhesive composi 
tion of the invention is placed in contact with the damaged 
tissue along with any Surgically acceptable patch or implant, 
if needed. When used to repair lacerated or separated tissue, 
Such as by joining two or more tissue Surfaces, the adhesive 
composition is applied to one or more of the tissue surfaces 
and then the Surfaces are placed in contact with each other and 
adhesion occurs therebetween. 
0066. When used to repair herniated tissue, a surgically 
acceptable patch can be attached to the area of tissue Sur 
rounding the herniated tissue so as to cover the herniated area, 
thereby reinforcing the damaged tissue and repairing the 
defect. When attaching the patch to the Surrounding tissue, 
the adhesive composition may be applied to either the patch, 
to the Surrounding tissue, or to the patch after the patch has 
been placed on the herniated tissue. Once the patch and tissue 
are brought into contact with each other, adhesion occurs 
therebetween. 
0067 Preferably, all reactive components of the adhesive 
composition are first mixed to initiate crosslinking, then 
delivered to the desired tissue or surface before substantial 
crosslinking has occurred. The Surface or tissue to which the 
adhesive composition has been applied is then contacted with 
the remaining Surface, i.e. another tissue surface or implant 
surface, preferably immediately, to effect adhesion. 
0068. The surfaces to be adhered may be held together 
manually, or using other appropriate means, while the 
crosslinking reaction is proceeding to completion. Crosslink 
ing is typically sufficiently complete for adhesion to occur 
within about 5 to 60 seconds after mixing the components of 
the adhesive composition; however, the time required for 
complete crosslinking to occur is dependent on a number of 
factors, including the type and molecular weight of each 
reactive component, the degree of functionalization, and the 
concentration of the components in the crosslinkable compo 
sitions (e.g., higher component concentrations result in faster 
crosslinking times). 
0069 Coating Material for Solid Implants 
0070 The crosslinked polymer compositions of the inven 
tion may be used as a coating material for Solid implants. In a 
general method for coating a surface of a synthetic implant, 
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the reactive components of the crosslinkable composition are 
mixed with an aqueous medium, and a thin layer of the 
reaction mixture is then applied to a surface of the implant 
before Substantial crosslinking has occurred. In order to mini 
mize cellular and fibrous reaction to the coated implant, the 
reaction mixture is preferably prepared to have a net neutral 
charge. Application of the reaction mixture to the implant 
Surface may be by extrusion, brushing, spraying (as described 
above), or by any other convenient means. Following appli 
cation of the reaction mixture to the implant Surface, 
crosslinking is allowed to continue until complete crosslink 
ing has been achieved. 
0071. The method can be used to coat the surface of any 
type of solid implant. While the method is particularly useful 
for implants where reduced thrombogenicity is an important 
consideration, Such as artificial blood vessels and heart 
valves, vascular grafts, vascular stents, and stent/graft com 
binations, the method may also be used to coat implantable 
Surgical membranes (e.g., monofilament polypropylene) and 
meshes (e.g., for use in hernia repair) as well as Sutures 
generally, including Sutures for internal or dermal use. Breast 
implants may also be coated using the above method in order 
to minimize capsular contracture. The compositions of the 
present invention may also be used to coat lenticules, which 
are made from either naturally occurring or synthetic poly 
CS. 

0072 Bioadhesives 
0073. In a general method for effecting the attachment of 
a first surface to a second surface, the crosslinkable compo 
sition is applied to a first surface, which is then contacted with 
a second surface to effect adhesion therebetween. Preferably, 
all reactive components of the crosslinkable composition are 
first mixed to initiate crosslinking, and then delivered to the 
first surface before substantial crosslinking has occurred. The 
first surface is then contacted with the second surface, pref 
erably immediately, to effect adhesion. At least one of the first 
and second Surfaces is preferably a native tissue Surface. 
0074 The two surfaces may be held together manually, or 
using other appropriate means, while the crosslinking reac 
tion is proceeding to completion. Crosslinking is typically 
sufficiently complete for adhesion to occur within about 5 to 
60 minutes after mixing of the first and second synthetic 
polymers; however, the time required for complete crosslink 
ing to occur is dependent on a number of factors, including the 
type and molecular weight of each reactive component, the 
degree of functionalization, and the concentration of the 
crosslinkable composition (i.e., higher concentrations result 
in faster crosslinking times). 
0075. At least one of the first and second surfaces is pref 
erably a native tissue surface. The other surface may be a 
native tissue Surface, a non-native tissue Surface, or a Surface 
of a synthetic implant. For example, the compositions of the 
invention can be used to adhere a piece of skin from one part 
of a patient’s body to another part of the body, as in the case 
ofa burn victim (i.e., adhering native tissue to native tissue) or 
the crosslinkable polymer compositions of the present inven 
tion can be used to adhere a donor cornea to the eye of a 
recipient patient (i.e., adhering non-native tissue to native 
tissue). 
0076 Surgically Acceptable Patches 
0077. When the adhesive composition of the invention is 
used to repair damaged tissue, it may be used in conjunction 
with a Surgically acceptable patch. The Surgically acceptable 
patch may be selected from any conventional patch type that 
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is suitable for use in hernia repair. Many types of patches are 
currently available and will be well know to one of skill in the 
art. Exemplary patch materials include nonabsorbable mate 
rials such as tantalum mesh, stainless steel mesh, polyester 
cloth, polyester sheeting, nylon mesh, Dacron mesh, acrylic 
cloth, polyvinyl sponge, polytetrafluoroethylene (PTFE), 
expanded PTFE, polyvinyl cloth, polypropylene mesh. Of 
these, polypropylene mesh, commercially available as MAR 
LEXR (Phillips Petroleum Company, Bartlesville, Okla.) or 
PROLENE(R) (Ehticon, Inc., Somerville, N.J.), is preferred. 
Exemplary absorbable meshes include collagen, polyglycolic 
acid, polyglactin, and carbon fiber mesh. 
0078. The patch may be in the form of a single flat sheet or 
may be folded into a “plug as is customarily used in tension 
free hernia repair methods. Plug/patch combinations are also 
suitable for use with the adhesive composition. For example, 
the Prolene Hernia SystemTM (Ethicon, Somerville, N.J.), 
uses two sheets of polypropylene joined at a center plug that 
are placed against the anterior and posterior Surfaces of the 
herniated abdominal wall with the center plug passing 
through the area of herniation. Other types of acceptable 
patches are well known to one of skill in the art. U.S. Pat. No. 
6,258,124 to Darois, U.S. Pat. No. 5,147,374 to Fernadex and 
U.S. Pat. No. 5,176,692 to Wilk et al. disclose several varia 
tions of hernia repair patches and methods. 
007.9 The density, porosity, permeability, and thickness of 
the patch will vary for different patch types and different 
Surgical applications. In general, a clean, dry, non-oily, rough 
surface is preferred. The patch need not be functionalized as 
the patch may be entrapped in the adhesive composition 
matrix that is bound to the tissue surface. If desired, the patch 
may however be functionalized with nucleophilic groups 
Such as, but not limited to, amines, sulfhydryls, and the like. 
Such functional groups may serve to enhance the bonding 
strength of the adhesive composition. The patch may also be 
coated with the adhesive composition components in dry 
form. When such a coated patch is used, the adhesive com 
position begins to crosslink once exposed to moisture, such as 
body fluids, and so forth. 
0080 
I0081. The adhesive compositions of the present invention 
may be applied to any tissue Surface and may be used in any 
customary method of tissue repair. The adhesive composi 
tion, as discussed below, is preferably applied before 
crosslinking of the various components of the composition 
has reached “equilibrium. The point at which crosslinking 
has reached equilibrium is defined hereinas the point at which 
the composition no longer feels tacky or Sticky to the touch. 
The adhesive compositions of the present invention are gen 
erally delivered to the site of administration in such away that 
the individual components of the composition come into con 
tact with one another for the first time at the site of adminis 
tration, or within one hour preceding administration. 
I0082. Thus, in one embodiment the compositions of the 
present invention are delivered to the site of administration 
using an apparatus that allows the components to be delivered 
separately. Such delivery systems usually involve a multi 
compartment spray device. Alternatively, the components can 
be delivered separately using any type of controllable extru 
sion system, or they can be delivered manually in the form of 
separate pastes, liquids or dry powders, and mixed together 
manually at the site of administration. Many devices that are 
adapted for delivery of multi-component tissue sealants/he 
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mostatic agents are well known in the art and can also be used 
in the practice of the present invention. 
0083. Yet another way of delivering the adhesive compo 
sitions of the present invention is to prepare the reactive 
components in inactive form as either a liquid or powder. 
Such compositions can then be activated after application to 
the tissue site, or immediately beforehand, by applying an 
activator. In one embodiment, the activator is a buffer solution 
having a pH that will activate the composition once mixed 
therewith. Still another way of delivering the compositions is 
to prepare preformed sheets, and apply the sheets as Such to 
the site of administration. One of skill in the art can easily 
determine the appropriate administration protocol to use with 
any particular composition having a known gel strength and 
gelation time. A more detailed description of the adhesive 
composition is given below. 
0084. The Adhesive Composition 
0085. The adhesive composition has a hydrophilic poly 
mer component and a plurality of crosslinkable components. 
Additionally, other components may also be present. A dis 
cussion of each of these components is presented below. 
I0086. The Hydrophilic Polymer Component 
0087. The hydrophilic polymer component may be a syn 

thetic or naturally occurring hydrophilic polymer. Naturally 
occurring hydrophilic polymers include, but are not limited 
to: proteins such as collagen, fibronectin, albumins, globu 
lins, fibrinogen, and fibrin, with collagen particularly pre 
ferred; carboxylated polysaccharides such as polymannu 
ronic acid and polygalacturonic acid; aminated 
polysaccharides, particularly the glycosaminoglycans, e.g., 
hyaluronic acid, chitin, chondroitin Sulfate A, B, or C, keratin 
Sulfate, keratosulfate and heparin; and activated polysaccha 
rides Such as dextran and starch derivatives. Collagen and 
glycosaminoglycans are preferred naturally occurring hydro 
philic polymers for use herein. 
0088. In general, collagen from any source may be used in 
the adhesive composition of the method; for example, col 
lagen 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 pro 
duced. The preparation of purified, Substantially non-anti 
genic collagen in solution from bovine skin is well known in 
the art. Commonly owned U.S. Pat. No. 5,428,022, to Palef 
sky et al., discloses methods of extracting and purifying col 
lagen from the human placenta. Commonly owned U.S. Pat. 
No. 5,667,839, to Berg, discloses methods of producing 
recombinant human collagen in the milk of transgenic ani 
mals, including transgenic cows. The term “collagen' or “col 
lagen material” as used herein refers to all forms of collagen, 
including those that have been processed or otherwise modi 
fied. 
0089 Collagen of any type, including, but not limited to, 
types I, II, III, IV, or any combination thereof, may be used in 
the compositions of the invention, although type I is generally 
preferred. Either atelopeptide or telopeptide-containing col 
lagen may be used; however, when collagen from a source, 
Such as bovine collagen, is used, atelopeptide collagen is 
generally preferred, because of its reduced immunogenicity 
compared to telopeptide-containing collagen. 
0090 Collagen that has not been previously crosslinked 
by methods such as heat, irradiation, or chemical crosslinking 
agents is preferred for use in the compositions of the inven 
tion, although previously crosslinked collagen may be used. 
Non-crosslinked atelopeptide fibrillar collagen is commer 
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cially available from McGhan Medical Corporation (Santa 
Barbara, Calif.) at collagen concentrations of 35 mg/mL and 
65 mg/mL under the trademarks ZYDERMRI Collagen and 
ZYDERMR) II Collagen, respectively. Glutaraldehyde 
crosslinked atelopeptide fibrillar collagen is commercially 
available from McGhan Medical Corporation at a collagen 
concentration of 35 mg/mL under the trademark 
ZYPLASTR). 
0091 Collagens for use in the present invention are gen 
erally, although not necessarily, in aqueous Suspension at a 
concentration between about 20 mg/mL to about 120 mg/mL, 
preferably between about 30 mg/mL to about 90 mg/mL. 
0092 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. 
0093. Because of its greater surface area and greater con 
centration of reactive groups, nonfibrillar collagen is gener 
ally preferred. The term “nonfibrillar collagen' refers to any 
modified or unmodified collagen material that is in Substan 
tially nonfibrillar form at pH 7, as indicated by optical clarity 
of an aqueous Suspension of the collagen. 
0094 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 col 
lagen 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 VII. 
0.095 Chemically modified collagens that are in nonfibril 
lar form at neutral pH include Succinylated collagen, propy 
lated collagen, ethylated collagen, methylated collagen, and 
the like, both of which can be prepared according to the 
methods described in U.S. Pat. No. 4,164,559, to Miyata et 
al., which is hereby incorporated by reference in its entirety. 
Due to its inherent tackiness, methylated collagen is particu 
larly preferred, as disclosed in commonly owned U.S. Pat. 
No. 5,614,587 to Rhee et al. 
0096 Collagens for use in the crosslinkable compositions 
of the present invention may start out in fibrillar form, then 
rendered nonfibrillar by the addition of one or more fiber 
disassembly agents. The fiber disassembly agent must be 
present in an amount Sufficient to render the collagen Sub 
stantially nonfibrillar at pH 7, as described above. Fiber dis 
assembly 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 biocompat 
ible alcohols include glycerol and propylene glycol. Non 
biocompatible alcohols, such as ethanol, methanol, and iso 
propanol, 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 argin 
ine. 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. 
0097. As fibrillar collagen has less surface area and a 
lower concentration of reactive groups than nonfibrillar, 
fibrillar collagen is less preferred; however, as disclosed in 
commonly owned, U.S. application Ser. No. 08/476,825, now 
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U.S. Pat. No. 5,614,587, 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. 
0098 Synthetic hydrophilic polymers may also be used in 
the present invention. Useful synthetic hydrophilic polymers 
include, but are not limited to: polyalkylene oxides, particu 
larly polyethylene glycol and poly(ethylene oxide)-poly(pro 
pylene oxide) copolymers, including block and random 
copolymers; polyols such as glycerol, polyglycerol (particu 
larly highly branched polyglycerol), propylene glycol and 
trimethylene glycol substituted with one or more polyalky 
lene oxides, e.g., mono-, di- and tri-polyoxyethylated glyc 
erol, mono- and di-polyoxyethylated propylene glycol, and 
mono- and di-polyoxyethylated trimethylene glycol; poly 
oxyethylated Sorbitol, polyoxyethylated glucose: acrylic acid 
polymers and analogs and copolymers thereof. Such as poly 
acrylic acid perse, polymethacrylic acid, poly(hydroxyethyl 
methacrylate), poly(hydroxyethylacrylate), poly(methyla 
lkylsulfoxide methacrylate), poly(methylalkylsulfoxide 
acrylate) and copolymers of any of the foregoing, and/or with 
additional acrylate species such as aminoethyl acrylate and 
mono-2-(acryloxy)-ethyl Succinate; polymaleic acid; poly 
(acrylamides) Such as polyacrylamide perse, poly(methacry 
lamide), poly(dimethylacrylamide), and poly(N-isopropyl 
acrylamide); poly(olefinic alcohol)S Such as poly(vinyl 
alcohol); poly(N-vinyl lactams) such as poly(vinyl pyrroli 
done), poly(N-vinyl caprolactam), and copolymers thereof. 
polyoxazolines, including poly(methyloxazoline) and poly 
(ethyloxazoline); and polyvinylamines. It must be empha 
sized that the aforementioned list of polymers is not exhaus 
tive, and a variety of other synthetic hydrophilic polymers 
may be used, as will be appreciated by those skilled in the art. 
0099. The Crosslinkable Components 
0100. The adhesive composition also comprises a plural 

ity of crosslinkable components. Each of the crosslinkable 
components participates in a reaction that results in a 
crosslinked matrix. Prior to completion of the crosslinking 
reaction, the crosslinkable components provide the necessary 
adhesive qualities that enable the method of the invention. 
0101 The crosslinkable components are selected so that 
crosslinking gives rise to a biocompatible, nonimmunogenic 
matrix useful in a variety of contexts other than the presently 
claimed method, including adhesion prevention, biologically 
active agent delivery, tissue augmentation, and other applica 
tions. The crosslinkable components of the invention com 
prise: a component A, which has m nucleophilic groups, 
wherein m22 and a component B, which has n electrophilic 
groups capable of reaction with the m nucleophilic groups, 
wherein ne2 and m-ne4. An optional third component, 
optional component C, which has at least one functional 
group that is either electrophilic and capable of reaction with 
the nucleophilic groups of component A or nucleophilic and 
capable of reaction with the electrophilic groups of compo 
nent B may also be present. Thus, the total number of func 
tional groups present on components A, B and C, when 
present, in combination is greater than or equal to 5; that is, 
the total functional groups given by m--n +p must be greater 
than or equal to 5, where p is the number of functional groups 
on component C and, as indicated, is greater than or equal to 
1. Each of the components is biocompatible and nonimmu 
nogenic, and at least one component is comprised of a hydro 
philic polymer. In addition, as will be appreciated, the adhe 
sive composition may contain additional crosslinkable 
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components D, E, F, etc., having one or more reactive nucleo 
philic or electrophilic groups and thereby participate in for 
mation of the crosslinked biomaterial via covalent bonding to 
other components. 
0102 The m nucleophilic groups on component A may all 
be the same, or, alternatively. A may contain two or more 
different nucleophilic groups. Similarly, the n electrophilic 
groups on component B may all be the same, or two or more 
different electrophilic groups may be present. The functional 
group(s) on optional component C., if nucleophilic, may or 
may not be the same as the nucleophilic groups on component 
A, and, conversely, if electrophilic, the functional group(s) on 
optional component C may or may not be the same as the 
electrophilic groups on component B. 
0103) Accordingly, the components may be represented 
by the structural formulae 

R'(-(Q1-X),(component A), (I) 

R(-IQ-Y),(component B), and (II) 

R(-IQ-Fn) (optional component C), (III) 

0104 wherein: 
0105 R', R and Rare independently selected from the 
group consisting of C to Ca hydrocarbyl, heteroatom-con 
taining C to Ca hydrocarbyl, hydrophilic polymers, and 
hydrophobic polymers, providing that at least one of R', R 
and R is a hydrophilic polymer, preferably a synthetic hydro 
philic polymer, 
0106 X represents one of the m nucleophilic groups of 
component A, and the various X moieties on A may be the 
same or different; 
0107 Y represents one of the n electrophilic groups of 
component B, and the various Y moieties on A may be the 
same or different; 
0.108 Fn represents a functional group on optional com 
ponent C. 
I0109 Q', Q', and Q are linking groups; and 
0110 m22, n22, m+n is 24, q, and rare independently 
Zero or 1, and when optional component C is present, p21, 
and S is independently Zero or 1. 
0111 Reactive Groups 
0112 X may be virtually any nucleophilic group, so long 
as reaction can occur with the electrophilic group Y. Analo 
gously, Y may be virtually any electrophilic group, so long as 
reaction can take place with X. The only limitation is a prac 
tical one, in that reaction between X and Y should be fairly 
rapid and take place automatically upon admixture with an 
aqueous medium, without need for heat or potentially toxic or 
non-biodegradable reaction catalysts or other chemical 
reagents. It is also preferred although not essential that reac 
tion occur without need for ultraviolet or other radiation. 
Ideally, the reactions between X and Y should be complete in 
under 60 minutes, preferably under 30 minutes. Most prefer 
ably, the reaction occurs in about 5 to 15 minutes or less. 
0113. Examples of nucleophilic groups suitable as X 
include, but are not limited to, NH, -NHR'. - N(R), 
-SH, -OH, -COOH, -CH-OH, -PH, PHR, 
P(R) - NH-NH CO. NH-NH, CHN, etc. 

wherein R* and Rare hydrocarbyl, typically alkyl or mono 
cyclic aryl, preferably alkyl, and most preferably lower alkyl. 
Organometallic moieties are also useful nucleophilic groups 
for the purposes of the invention, particularly those that act as 
carbanion donors. Organometallic nucleophiles are not, how 
ever, preferred. Examples of organometallic moieties 
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include: Grignard functionalities—RMgHal wherein Risa 
carbon atom (substituted or unsubstituted), and Hal is halo, 
typically bromo, iodo or chloro, preferably bromo; and 
lithium-containing functionalities, typically alkyllithium 
groups; sodium-containing functionalities. 
0114. It will be appreciated by those of ordinary skill in the 
art that certain nucleophilic groups must be activated with a 
base so as to be capable of reaction with an electrophile. For 
example, when there are nucleophilic sulfhydryl and 
hydroxyl groups in the crosslinkable composition, the com 
position must be admixed with an aqueous base in order to 
remove a proton and provide an —S or —O species to 
enable reaction with an electrophile. Unless it is desirable for 
the base to participate in the crosslinking reaction, a non 
nucleophilic base is preferred. In some embodiments, the 
base may be present as a component of a buffer solution. 
Suitable bases and corresponding crosslinking reactions are 
described infra in Section E. 

0115 The selection of electrophilic groups provided 
within the crosslinkable composition, i.e., on component B, 
must be made so that reaction is possible with the specific 
nucleophilic groups. Thus, when the X moieties are amino 
groups, the Y groups are selected so as to react with amino 
groups. Analogously, when the X moieties are Sulfhydryl 
moieties, the corresponding electrophilic groups are sulfhy 
dryl-reactive groups, and the like. 
0116. By way of example, when X is amino (generally 
although not necessarily primary amino), the electrophilic 
groups present on Y are amino reactive groups such as, but not 
limited to: (1) carboxylic acid esters, including cyclic esters 
and “activated esters; (2) acid chloride groups (—CO Cl); 
(3) anhydrides (—(CO)—O—(CO)—R); (4) ketones and 
aldehydes, including C.f3-unsaturated aldehydes and ketones 
such as -CH=CH-CH=O and -CH=CH-C(CH) 
—O; (5) halides; (6) isocyanate ( N=C=O); (7) isothio 
cyanate ( N=C=S); (8) epoxides; (9) activated hydroxyl 
groups (e.g., activated with conventional activating agents 
such as carbonyldiimidazole or sulfonyl chloride); and (10) 
olefins, including conjugate olefins, such as ethenesulfonyl 
(—SOCH=CH-) and analogous functional groups, includ 
ing acrylate (-CO -C=CH-), methacrylate ( CO-C 
(CH)—CH)), ethyl acrylate ( CO: C(CH2CH) 
—CH), and ethyleneimino ( CH=CH-C=NH). Since a 
carboxylic acid group perse is not susceptible to reaction with 
a nucleophilic amine, components containing carboxylic acid 
groups must be activated so as to be amine-reactive. Activa 
tion may be accomplished in a variety of ways, but often 
involves reaction with a Suitable hydroxyl-containing com 
pound in the presence of a dehydrating agent such as dicy 
clohexylcarbodiimide (DCC) or dicyclohexylurea (DHU). 
For example, a carboxylic acid can be reacted with analkoxy 
substituted N-hydroxy-succinimide or N-hydroxysulfosuc 
cinimide in the presence of DCC to form reactive electro 
philic groups, the N-hydroxySuccinimide ester and the 
N-hydroxysulfosuccinimide ester, respectively. Carboxylic 
acids may also be activated by reaction with an acyl halide 
Such as an acyl chloride (e.g., acetyl chloride), to provide a 
reactive anhydride group. In a further example, a carboxylic 
acid may be converted to an acid chloride group using, e.g., 
thionyl chloride or an acyl chloride capable of an exchange 
reaction. Specific reagents and procedures used to carry out 
such activation reactions will be known to those of ordinary 
skill in the art and are described in the pertinent texts and 
literature. 
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0117 Analogously, when X is sulfhydryl, the electrophilic 
groups present on Y are groups that react with a Sulfhydryl 
moiety. Such reactive groups include those that form thioester 
linkages upon reaction with a sulfhydryl group. Such as those 
described in applicants’ PCT Publication No. WO 00/62827 
to Wallace et al. As explained in detail therein, such "sulfhy 
dryl reactive' groups include, but are not limited to: mixed 
anhydrides; ester derivatives of phosphorus; ester derivatives 
of p-nitrophenol, p-nitrothiophenol and pentafluorophenol; 
esters of substituted hydroxylamines, including N-hydrox 
yphthalimide esters, N-hydroxysuccinimide esters, N-hy 
droxysulfo Succinimide esters, and N-hydroxyglutarimide 
esters; esters of 1-hydroxybenzotriazole: 3-hydroxy-3,4-di 
hydro-benzotriazin-4-one, 3-hydroxy-3,4-dihydro-quinaZo 
line-4-one; carbonylimidazole derivatives; acid chlorides: 
ketenes; and isocyanates. With these sulfhydryl reactive 
groups, auxiliary reagents can also be used to facilitate bond 
formation, e.g., 1-ethyl-3-3-dimethylaminopropylcarbodi 
imide can be used to facilitate coupling of Sulfhydryl groups 
to carboxyl-containing groups. 
0118. In addition to the sulfhydryl reactive groups that 
form thioester linkages, various other sulfhydryl reactive 
functionalities can be utilized that form other types of link 
ages. 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 groups generally have the structure —S S Ar where 
Ar is a substituted or unsubstituted nitrogen-containing het 
eroaromatic moiety or a non-heterocyclic aromatic group 
substituted with an electron-withdrawing moiety, such that Ar 
may be, for example, 4-pyridinyl, o-nitrophenyl, m-nitrophe 
nyl, p-nitrophenyl, 2,4-dinitrophenyl 2-nitro-4-benzoic acid, 
2-nitro-4-pyridinyl, etc. In Such instances, auxiliary reagents, 
i.e., mild oxidizing agents such as hydrogen peroxide, can be 
used to facilitate disulfide bond formation. 

0119 Yet another class of sulfhydryl reactive groups 
forms thioether bonds with sulfhydryl groups. Such groups 
include, inter alia, maleimido, Substituted maleimido, 
haloalkyl, epoxy, imino, and aziridino, as well as olefins 
(including conjugated olefins) such as ethenesulfonyl, ethe 
neimino, acrylate, methacrylate, and C.f3-unsaturated alde 
hydes and ketones. This class of sulfhydryl reactive groups is 
particularly preferred as the thioether bonds may provide 
faster crosslinking and longer in vivo stability. 
I0120 When X is -OH, the electrophilic functional 
groups on the remaining component(s) must react with 
hydroxyl groups. The hydroxyl group may be activated as 
described above with respect to carboxylic acid groups, or it 
may react directly in the presence of base with a sufficiently 
reactive electrophile Such as an epoxide group, an aziridine 
group, an acyl halide, or an anhydride. 
I0121 When X is an organometallic nucleophile such as a 
Grignard functionality or an alkyllithium group, Suitable 
electrophilic functional groups for reaction therewith are 
those containing carbonyl groups, including, by way of 
example, ketones and aldehydes. 
I0122. It will also be appreciated that certain functional 
groups can react as nucleophiles or as electrophiles, depend 
ing on the selected reaction partner and/or the reaction con 
ditions. For example, a carboxylic acid group can act as a 
nucleophile in the presence of a fairly strong base, but gen 
erally acts as an electrophile allowing nucleophilic attack at 
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the carbonyl carbon and concomitant replacement of the 
hydroxyl group with the incoming nucleophile. 
0123. The covalent linkages in the crosslinked structure 
that result upon covalent binding of specific nucleophilic 
components to specific electrophilic components in the 
crosslinkable composition include, Solely by way of example, 
the following (the optional linking groups Q' and Q are 
omitted for clarity). 
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to promote hydrolysis, to discourage hydrolysis, or to provide 
a site for enzymatic degradation. 
I0127 Examples of linking groups that provide hydrolyz 
able sites, include, inter alia, ester linkages; anhydride link 
ages, such as obtained by incorporation of glutarate and Suc 
cinate; ortho ester linkages; ortho carbonate linkages such as 
trimethylene carbonate; amide linkages; phosphoester link 
ages: C-hydroxy acid linkages, such as may be obtained by 

incorporation of lactic acid and glycolic acid; lactone-based 

TABLE 1. 

REPRESENTATIVE 
NUCLEOPHILIC 
COMPONENT REPRESENTATIVE 

(A, optional component ELECTROPHILIC COMPONENT 
C element FN.) (B, FN) RESULTING LINKAGE 

R" NH, R’ O—(CO)—O N(COCH2)2 R" NH-(CO)-O-R 
(Succinimidyl carbonate terminus) 

R SH R’ O-(CO)-O N(COCH), R-S (CO)-O-R 
R OH R’ O—(CO)—O N(COCH2) R'-O-(CO) O. R. 
R" NH, R’ O(CO)-CH=CH, R" NH-CHCH-(CO)-O-R’ 

(acrylate terminus) 
R SH R O (CO)-CH=CH, R'—S—CH2CH2—(CO)—O—R 
R OH R’ O-(CO)-CH=CH- R—O—CH2CH2—(CO)—O—R’ 
R" NH, R’ O(CO)—(CH) CO, N(COCH), R—(CO)—(CH)–(CO)—OR’ 

(Succinimidylglutarate terminus) 
R SH R’ O(CO)—(CH) CO, N(COCH2)2 R"—S—(CO)—(CH2) (CO)—OR’ 
R" OH R’ O(CO)—(CH2) CO, N(COCH2)2 R'-O-(CO)-(CH2)5–(CO)—OR 
R" NH R’ O—CH2—CO, N(COCH2)2 R" NH-(CO)-CH, OR 

(Succinimidyl acetate terminus) 
R SH R O CH CO., N(COCH), R-S (CO)-CH, OR2 
R" OH R’ O—CH2—CO, N(COCH2)2 R'-O-(CO)-CH, OR 
R" NH R’ O NH(CO)—(CH) CO, N(COCH) R' NH-(CO)–(CH2)—(CO)—NH-OR’ 

(Succinimidyl Succinamide terminus) 
R SH R’ O NH(CO) (CH) CO, N(COCH) R'—S—(CO)–(CH)–(CO)—NH-OR’ 
R" OH R O NH(CO)—(CH2)2 CO2 N(COCH2)2 R'—O—(CO)—(CH2)2–(CO)—NH-OR’ 
R" NH, R’ O-(CH2)2 CHO R" NH-(CO)–(CH), OR 

(propionaldehyde terminus) 

R" NH, O R" NH CH-CH(OH)-CH, OR2 and 
/ V R NICH, CH(OH)-CH, OR), 

R2-O-CH-CH-CH 
(glycidyl ether terminus) 

R" NH, R’ SO CH=CH, R" NH-CHCH, SO, R 
(vinyl Sulfone terminus) 

R SH R’ SO CH=CH- R—S-CH2CH2—SO. R. 

0.124 Linking Groups 
0.125. The functional groups X and Y and FN on optional 
component C may be directly attached to the compound core 
(R', R or Ron optional component C, respectively), or they 
may be indirectly attached through a linking group, with 
longer linking groups also termed “chain extenders.” Instruc 
tural formulae (I), (II) and (III), the optional linking groups 
are represented by Q', Q, and Q, wherein the linking groups 
are present when q, rands are equal to 1 (with R, X,Y, Fn, m, 
n, and p as defined previously). 
0126 Suitable linking groups are well known in the art. 
See, e.g., International Patent Publication No. WO97/22371. 
Linking groups are useful to avoid steric hindrance problems 
that are sometimes associated with the formation of direct 
linkages between molecules. Linking groups may addition 
ally be used to link several multifunctionally activated com 
pounds together to make larger molecules. In a preferred 
embodiment, a linking group can be used to alter the degra 
dative properties of the compositions after administration and 
resultant gel formation. For example, linking groups can be 
incorporated into components A, B, or optional component C 

linkages. Such as may be obtained by incorporation of capro 
lactone, Valerolactone, Y-butyrolactone and p-dioxanone; and 
amide linkages such as in a dimeric, oligomeric, or poly 
(amino acid) segment. Examples of non-degradable linking 
groups include Succinimide, propionic acid, and carboxym 
ethylate linkages. See, for example, PCT WO 99/07417. 
Examples of enzymatically degradable linkages include Leu 
Gly-Pro-Ala, which is degraded by collagenase; and Gly-Pro 
LyS, which is degraded by plasmin. 
0128 Linking groups can also enhance or Suppress the 
reactivity of the various nucleophilic and electrophilic 
groups. For example, electron-withdrawing groups within 
one or two carbons of a sulfhydryl group would be expected 
to diminish its effectiveness in coupling, due to a lowering of 
nucleophilicity. Carbon-carbon double bonds and carbonyl 
groups will also have Such an effect. Conversely, electron 
withdrawing groups adjacent to a carbonyl group (e.g., the 
reactive carbonyl of glutaryl-N-hydroxysuccinimidyl) would 
increase the reactivity of the carbonyl carbon with respect to 
an incoming nucleophile. By contrast, Sterically bulky groups 
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in the vicinity of a functional group can be used to diminish 
reactivity and thus coupling rate as a result of steric hin 
drance. 
0129 By way of example, particular linking groups and 
corresponding component structure are indicated in Table 2. 

TABLE2 

LINKING GROUP 

Component A: 
Component B: 

Componen 
mponent A: R'— 
mponent B: R 
ional Componen 
mponent A: 
mponent B: 
iona 
mponent A: 
mponent B: 
iona 
mponent A: 
mponent B: 
iona 

Componen 

Componen 

Componen 

COMPONENT STRUCT 

C: 

C: 

C: 

C: 

C: 
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“core” groups are R', R and R. Each molecular core of the 
reactive components of the crosslinkable composition is gen 
erally selected from synthetic and naturally occurring hydro 
philic polymers, hydrophobic polymers, and C-C hydro 
carbyl groups Zero to 2 heteroatoms selected from N, O and S. 

URE 

R-O-(CH2), Z 

R-S-(CH2), Z 

mponent A: 
mponent B: 
iona 
mponent A: 
mponent B: 
iona 
mponent A: 
mponent B: 
iona 
mponent A: 
mponent B: 
iona 
mponent A: 
mponent B: 
ptiona 

Componen 

R O (CO)-CHR X 
R2 O (CO). CHR" Y 

Component C: 

-O-R (CO) NH 
O 

Component C: 

0130. In the table, n is generally in the range of 1 to about 
10, R is generally hydrocarbyl, typically alkyl or aryl, pref 
erably alkyl, and most preferably lower alkyl, and R is 
hydrocarbylene, heteroatom-containing hydrocarbylene, 
substituted hydrocarbylene, or substituted heteroatom-con 
taining hydrocarbylene) typically alkylene or arylene (again, 
optionally Substituted and/or containing a heteroatom), pref 
erably lower alkylene (e.g., methylene, ethylene, n-propy 
lene, n-butylene, etc.), phenylene, or amidoalkylene (e.g., 
—(CO) NH-CH). 
0131 Other general principles that should be considered 
with respect to linking groups are as follows: If higher 
molecular weight components are to be used, they preferably 
have biodegradable linkages as described above, so that frag 
ments larger than 20,000 mol. wt. are not generated during 
resorption in the body. In addition, to promote water misci 
bility and/or solubility, it may be desired to add sufficient 
electric charge or hydrophilicity. Hydrophilic groups can be 
easily introduced using known chemical synthesis, so long as 
they do not give rise to unwanted Swelling or an undesirable 
decrease in compressive strength. In particular, polyalkoxy 
segments may weaken gel strength. 
(0132) The Component Core 
0133. The “core of each crosslinkable component is com 
prised of the molecular structure to which the nucleophilic or 
electrophilic groups are bound. Using the formulae (I) R'- 
IQ'l-X), for component A, (II) R(-IQ-Y), for compo 
nent B, and (III) R(-IQ l-Fn), for optional component C, the 

R O (CO). CHR Z. 
R-O-R (CO) NH X 
R2 O R8 (CO) NH Y 

R O R (CO) NH Z 

with the proviso that at least one of the crosslinkable compo 
nents A, B, and optionally C, comprises a molecular core of a 
synthetic hydrophilic polymer. In a preferred embodiment, at 
least one of A and B comprises a molecular core of a synthetic 
hydrophilic polymer. 
I0134) Hydrophilic Polymers and “Activation” Thereof 
0.135 A “hydrophilic polymer as used herein refers to a 
synthetic polymer having an average molecular weight and 
composition effective to render the polymer “hydrophilic” as 
defined in Part (I) of this section. As discussed above, syn 
thetic hydrophilic polymers useful herein include, but are not 
limited to: polyalkylene oxides, particularly polyethylene 
glycol and poly(ethylene oxide)-poly(propylene oxide) 
copolymers, including block and random copolymers; poly 
ols such as glycerol, polyglycerol (particularly highly 
branched polyglycerol), propylene glycol and trimethylene 
glycol Substituted with one or more polyalkylene oxides, e.g., 
mono-, di- and tri-polyoxyethylated glycerol, mono- and di 
polyoxyethylated propylene glycol, and mono- and di-poly 
oxyethylated trimethylene glycol; polyoxyethylated sorbitol, 
polyoxyethylated glucose: acrylic acid polymers and analogs 
and copolymers thereof. Such as polyacrylic acid perse, poly 
methacrylic acid, poly(hydroxyethyl-methacrylate), poly 
(hydroxyethylacrylate), poly(methylalkylsulfoxide meth 
acrylate), poly(methylalkylsulfoxide acrylate) and 
copolymers of any of the foregoing, and/or with additional 
acrylate species such as aminoethyl acrylate and mono-2- 
(acryloxy)-ethyl Succinate; polymaleic acid; poly(acryla 
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mides) Such as polyacrylamide perse, poly(methacrylamide), 
poly(dimethylacrylamide), and poly(N-isopropyl-acryla 
mide); poly(olefinic alcohol)S Such as poly(vinyl alcohol); 
poly(N-vinyl lactams) such as poly(vinyl pyrrolidone), poly 
(N-vinyl caprolactam), and copolymers thereof; polyoxazo 
lines, including poly(methyloxazoline) and poly(ethyloxazo 
line); and polyvinylamines. It must be emphasized that the 
aforementioned list of polymers is not exhaustive, and a vari 
ety of other synthetic hydrophilic polymers may be used, as 
will be appreciated by those skilled in the art. 
0136. The synthetic hydrophilic polymer may be a 
homopolymer, a block copolymer, a random copolymer, or a 
graft copolymer. In addition, the polymer may be linear or 
branched, and if branched, may be minimally to highly 
branched, dendrimeric, hyperbranched, or a star polymer. 
The polymer may include biodegradable segments and 
blocks, either distributed throughout the polymer’s molecular 
structure or present as a single block, as in a block copolymer. 
Biodegradable segments are those that degrade so as to break 
covalent bonds. Typically, biodegradable segments are seg 
ments that are hydrolyzed in the presence of water and/or 
enzymatically cleaved in situ. Biodegradable segments may 
be composed of small molecular segments such as ester link 
ages, anhydride linkages, ortho ester linkages, ortho carbon 
ate linkages, amide linkages, phosphonate linkages, etc. 
Larger biodegradable “blocks' will generally be composed of 
oligomeric or polymeric segments incorporated within the 
hydrophilic polymer. Illustrative oligomeric and polymeric 
segments that are biodegradable include, by way of example, 
poly(amino acid) segments, poly(orthoester) segments, poly 
(orthocarbonate) segments, and the like. 
0.137 Other suitable synthetic hydrophilic polymers 
include chemically synthesized polypeptides, particularly 
polynucleophilic polypeptides that have been synthesized to 
incorporate amino acids containing primary amino groups 
(such as lysine) and/or amino acids containing thiol groups 
(such as cysteine). Poly(lysine), a synthetically produced 
polymer of the amino acid lysine (145 MW), is particularly 
preferred. Poly(lysine)s have been prepared having anywhere 
from 6 to about 4,000 primary amino groups, corresponding 
to molecular weights of about 870 to about 580,000. Poly 
(lysine)s for use in the present invention preferably have a 
molecular weight within the range of about 1,000 to about 
300,000, more preferably within the range of about 5,000 to 
about 100,000, and most preferably, within the range of about 
8,000 to about 15,000. Poly(lysine)s of varying molecular 
weights are commercially available from Peninsula Labora 
tories, Inc. (Belmont, Calif.). 
0.138. The synthetic hydrophilic polymer may be a 
homopolymer, a block copolymer, a random copolymer, or a 
graft copolymer. In addition, the polymer may be linear or 
branched, and if branched, may be minimally to highly 
branched, dendrimeric, hyperbranched, or a star polymer. 
The polymer may include biodegradable segments and 
blocks, either distributed throughout the polymer’s molecular 
structure or present as a single block, as in a block copolymer. 
Biodegradable segments are those that degrade so as to break 
covalent bonds. Typically, biodegradable segments are seg 
ments that are hydrolyzed in the presence of water and/or 
enzymatically cleaved in situ. Biodegradable segments may 
be composed of small molecular segments such as ester link 
ages, anhydride linkages, ortho ester linkages, ortho carbon 
ate linkages, amide linkages, phosphonate linkages, etc. 
Larger biodegradable “blocks' will generally be composed of 
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oligomeric or polymeric segments incorporated within the 
hydrophilic polymer. Illustrative oligomeric and polymeric 
segments that are biodegradable include, by way of example, 
poly(amino acid) segments, poly(orthoester) segments, poly 
(orthocarbonate) segments, and the like. 
0.139. Although a variety of different synthetic hydro 
philic polymers can be used in the present compositions, as 
indicated above, preferred synthetic hydrophilic polymers are 
polyethylene glycol (PEG) and polyglycerol (PG), particu 
larly highly branched polyglycerol. Various forms of PEG are 
extensively used in the modification of biologically active 
molecules because PEG lacks toxicity, antigenicity, and 
immunogenicity (i.e., is biocompatible), can beformulated so 
as to have a wide range of solubilities, and does not typically 
interfere with the enzymatic activities and/or conformations 
of peptides. A particularly preferred synthetic hydrophilic 
polymer for certain applications is a polyethylene glycol 
(PEG) having a molecular weight within the range of about 
100 to about 100,000 mol. wt., although for highly branched 
PEG, far higher molecular weight polymers can be employed, 
e.g., up to 1,000,000 or more, providing that biodegradable 
sites are incorporated ensuring that all degradation products 
will have a molecular weight of less than about 30,000. For 
most PEGs, however, the preferred molecular weight is about 
1,000 to about 20,000 mol. wt., more preferably within the 
range of about 7,500 to about 20,000 mol. wt. Most prefer 
ably, the polyethylene glycol has a molecular weight of 
approximately 10,000 mol. wt. 
0140 Naturally occurring hydrophilic polymers include, 
but are not limited to: proteins such as collagen, fibronectin, 
albumins, globulins, fibrinogen, and fibrin, with collagen par 
ticularly preferred; carboxylated polysaccharides Such as 
polymannuronic acid and polygalacturonic acid; aminated 
polysaccharides, particularly the glycosaminoglycans, e.g., 
hyaluronic acid, chitin, chondroitin Sulfate A, B, or C, keratin 
Sulfate, keratosulfate and heparin; and activated polysaccha 
rides Such as dextran and starch derivatives. Collagen and 
glycosaminoglycans are preferred naturally occurring hydro 
philic polymers for use herein. 
0141 Any of the hydrophilic polymers herein must con 
tain, or be activated to contain, functional groups, i.e., nucleo 
philic or electrophilic groups, which enable crosslinking. 
Activation of PEG is discussed below; it is to be understood, 
however, that the following discussion is for purposes of 
illustration and analogous techniques may be employed with 
other polymers. 
0142. With respect to PEG, first of all, various functional 
ized polyethylene glycols have been used effectively in fields 
Such as protein modification (see Abuchowski et al., Enzymes 
as Drugs, pp. 367-383, John Wiley & Sons: New York, N.Y. 
(1981); and Dreborg et al., Crit. Rev. Therap. Drug Carrier 
Syst. 6:315 (1990)), peptide chemistry (see, Mutter et al., The 
Peptides, Academic: New York, N.Y. 2:285-332; and 
Zalipsky et al., Int. J. Peptide Protein Res. (1987) 30:740), 
and the synthesis of polymeric drugs (see, Zalipsky et al., Eur: 
Polym. J. 19:1177 (1983); and Ouchi et al., J. Macromol. Sci. 
Chem. A24:1011 (1987)). 
0.143 Activated forms of PEG, including multifunction 
ally activated PEG, are commercially available, and are also 
easily prepared using known methods. For example, see 
Chapter 22 of Poly(ethylene Glycol) Chemistry: Biotechnical 
and Biomedical Applications, J. Milton Harris, ed., Plenum 
Press, NY (1992); and Nektar Therapeutics Catalog, Polyeth 
ylene Glycol Derivatives (San Carlos, Calif.). 
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0144 Structures for some specific, tetrafunctionally acti 
vated forms of PEG are shown in FIGS. 1 to 10, as are 
generalized reaction products obtained by reacting the acti 
vated PEGs with multi-amino PEGs, i.e., a PEG with two or 
more primary amino groups. The activated PEGs illustrated 
have a pentaerythritol (2.2-bis(hydroxymethyl)-1,3-pro 
panediol) core. Such activated PEGs, as will be appreciated 
by those in the art, are readily prepared by conversion of the 
exposed hydroxyl groups in the PEGylated polyol (i.e., the 
terminal hydroxyl groups on the PEG chains) to carboxylic 
acid groups (typically by reaction with an anhydride in the 
presence of a nitrogenous base), followed by esterification 
with N-hydroxysuccinimide, N-hydroxysulfosuccinimide, or 
the like, to give the polyfunctionally activated PEG. 
0145 FIG. 1 shows the reaction of tetrafunctionally acti 
vated PEG succinimidylglutarate, referred to herein as “SG 
PEG, with multi-amino PEG, and the reaction product 
obtained thereby. 
0146) Another activated form of PEG is PEG succinimidyl 
propionate (“SE-PEG'). The structural formula for tetrafunc 
tionally activated SE-PEG and the reaction product obtained 
upon reaction with multi-amino PEG are shown in FIG. 2. 
0147 Analogous activated forms of PEG are PEG succin 
imidylbutylate and PEG succinimidyl acetate, the structures 
of which are shown in FIGS. 3 and 4, respectively, along with 
the reaction products obtained upon reaction with multi 
amino PEG. SE-PEG, PEG succinimidylbutylate, and PEG 
succinimidyl acetate are sometimes referred to as “PEG suc 
cinimidyll” (PEG-S); see U.S. Pat. No. 5,328.955 to Rhee et 
al. 
0148 Another functionally activated form of PEG is 
referred to as “PEG succinimidyl succinamide' (SSA-PEG). 
The structural formula for the tetrafunctionally activated 
form of this compound and the reaction product obtained by 
reacting it with multi-amino PEG are shown in FIG. 5. In the 
structure of FIG. 5, an ethylene ( CHCH ) group is 
shown adjacent to the Succinimidyl ester; it is to be under 
stood, however, that as with the PEG succinimidyl com 
pounds, related structures containing a methylene linkage, an 
n-propylene linkage, or the like, are also possible. 
0149. Yet another activated form of PEG is PEG succin 
imidyl carbonate (SC-PEG). The structural formula of tet 
rafunctionally activated SC-PEG and the conjugate formed 
by reacting it with multi-amino PEG are shown in FIG. 6. 
0150. PEG can also be derivatized to form functionally 
activated PEG propionaldehyde (A-PEG), the tetrafunction 
ally activated form of which is shown in FIG. 7, as is the 
conjugate formed by the reaction of A-PEG with multi-amino 
PEG. 
0151. 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, 
as is the conjugate formed by reacting Such with multi-amino 
PEG. 
0152 Another activated derivative of polyethylene glycol 

is functionally activated PEG-isocyanate (I-PEG), which is 
shown in FIG.9, along with the conjugate formed by reacting 
such with multi-amino PEG. 
0153. Another activated derivative of polyethylene glycol 

is functionally activated PEG-vinylsulfone (V-PEG), which 
is shown in FIG. 10, along with the conjugate formed by 
reacting such with multi-amino PEG. 
0154 Activation with succinimidyl groups to convert ter 
minal carboxylic acid groups to reactive esters is one tech 
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nique for preparing a synthetic hydrophilic polymer with 
electrophilic moieties suitable for reaction with nucleophiles 
Such as primary amines, thiols, and hydroxyl groups. Other 
activating agents for hydroxyl groups include carbonyldiimi 
dazole and sulfonyl chloride. However, as discussed in part 
(B) of this section, a wide variety of electrophilic groups may 
be advantageously employed for reaction with corresponding 
nucleophiles. Examples of Such electrophilic groups include 
acid chloride groups; anhydrides, ketones, aldehydes, isocy 
anate, isothiocyanate, epoxides, and olefins, including conju 
gated olefins such as ethenesulfonyl( SOCH=CH-) and 
analogous functional groups. 
0155 Hydrophilic di- or poly-nucleophilic polymers of 
the present composition are exemplified in FIGS. 1-10 by 
multi-amino PEG. Various forms of multi-amino PEG are 
commercially available from Nektar Therapeutics (San Car 
los, Calif.) and from Texaco Chemical Company (Houston, 
Tex.) under the name “Jeffamine”. Multi-amino PEGs useful 
in the present invention include Texaco's Jeffamine diamines 
("D' series) and triamines (“T” series), which contain two 
and three primary amino groups per molecule. Analogous 
poly(sulfhydryl) PEGs are also available from Nektar Thera 
peutics, e.g., in the form of pentaerythritol poly(ethylene 
glycol) ether tetra-sulfhydryl (molecular weight 10,000). 
0156 Hydrophobic Polymers 
0157. The crosslinkable compositions of the invention can 
also include hydrophobic polymers, although for most uses 
hydrophilic polymers are preferred. Polylactic acid and 
polyglycolic acid are examples of two hydrophobic polymers 
that can be used. With other hydrophobic polymers, only 
short-chain oligomers should be used, containing at most 
about 14 carbon atoms, to avoid solubility-related problems 
during reaction. 
0158 
0159. As indicated above, the molecular core of one or 
more of the crosslinkable components can also be a low 
molecular weight compound, i.e., a C-C hydrocarbyl 
group containing Zero to 2 heteroatoms selected from N.O.S 
and combinations thereof. Such a molecular core can be 
substituted with nucleophilic groups or with electrophilic 
groups. 

0160. When the low molecular weight molecular core is 
Substituted with primary amino groups, the component may 
be, for example, ethylenediamine (HN CHCH NH), 
tetramethylenediamine (HN (CH) NH), pentamethyl 
enediamine (cadaverine) (HN (CHS) NH), hexameth 
ylenediamine (HN (CH) NH), bis(2-aminoethyl) 
amine (HN CHCH NH), or tris(2-aminoethyl) 
amine (N CHCH NHI). 
0.161 Low molecular weight diols and polyols include 
trimethylolpropane, di(trimethylol propane), pentaerythritol, 
and diglycerol, all of which require activation with a base in 
order to facilitate their reaction as nucleophiles. Such diols 
and polyols may also be functionalized to provide di- and 
poly-carboxylic acids, functional groups that are, as noted 
earlier herein, also useful as nucleophiles under certain con 
ditions. Polyacids for use in the present compositions include, 
without limitation, trimethylolpropane-based tricarboxylic 
acid, di(trimethylol propane)-based tetracarboxylic acid, 
heptanedioic acid, octanedioic acid (Suberic acid), and hexa 
decanedioic acid (thapsic acid), all of which are commer 
cially available and/or readily synthesized using known tech 
niques. 

Low Molecular Weight Components 
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0162 Low molecular weight di- and poly-electrophiles 
include, for example, disuccinimidyl suberate (DSS), bis(sul 
fosuccinimidyl) suberate (BS), dithiobis(succinimidylpro 
pionate) (DSP), bis(2-succinimidooxycarbonyloxy)ethyl 
sulfone (BSOCOES), and 3,3'-dithiobis(sulfosuccinimidyl 
propionate (DTSPP), and their analogs and derivatives. The 
aforementioned compounds are commercially available from 
Pierce (Rockford, Ill.). Such di- and poly-electrophiles can 
also be synthesized from di- and polyacids, for example by 
reaction with an appropriate molar amount of N-hydroxysuc 
cinimide in the presence of DCC. Polyols such as trimethy 
lolpropane and di(trimethylol propane) can be converted to 
carboxylic acid form using various known techniques, then 
further derivatized by reaction with NHS in the presence of 
DCC to produce trifunctionally and tetrafunctionally acti 
vated polymers. 
0163 Storage and Handling 
0164. Because crosslinkable components containing elec 
trophilic groups react with water, the electrophilic component 
or components are generally stored and used in Sterile, dry 
form to prevent hydrolysis. Processes for preparing synthetic 
hydrophilic polymers containing multiple electrophilic 
groups insterile, dry form are set forth in commonly assigned 
U.S. Pat. No. 5,643,464 to Rhee et al. For example, the dry 
synthetic polymer may be compression molded into a thin 
sheet or membrane, which can then be sterilized using gamma 
or, preferably, e-beam irradiation. The resulting dry mem 
brane or sheet can be cut to the desired size or chopped into 
Smaller size particulates. 
0.165 Components containing multiple nucleophilic 
groups are generally not water-reactive and can therefore be 
stored either dry or in aqueous Solution. If stored as a dry, 
particulate, Solid, the various components of the crosslink 
able composition may be blended and stored in a single con 
tainer. Admixture of all components with water, Saline, or 
otheraqueous media should not occur until immediately prior 
tO use. 

0166 In an alternative embodiment, the crosslinking com 
ponents can be mixed together in a single aqueous medium in 
which they are both unreactive, i.e. such as in a low pH buffer. 
Thereafter, they can be sprayed onto the targeted tissue site 
along with a high pH buffer, after which they will rapidly 
react and form a gel. 
0167 Suitable liquid media for storage of crosslinkable 
compositions include aqueous buffer Solutions such as 
monobasic sodium phosphate/dibasic sodium phosphate, 
Sodium carbonate/sodium bicarbonate, glutamate or acetate, 
at a concentration of 0.5 to 300 mM. In general, a sulfhydryl 
reactive component, such as PEG substituted with maleimido 
groups or Succinimidyl esters, is prepared in water or a dilute 
buffer, with a pH of between around 5 to 6. Buffers with pKs 
between about 8 and 10.5 for preparing a polysulfhydryl 
component such as sulfhydryl-PEG are useful to achieve fast 
gelation time of compositions containing mixtures of sulfhy 
dryl-PEG and SG-PEG. These include carbonate, borate and 
AMPSO (3-(1,1-dimethyl-2-hydroxyethyl)amino|2-hy 
droxy-propane-Sulfonic acid). In contrast, using a combina 
tion of maleimidyl PEG and sulfhydryl-PEG, a pH of around 
5 to 9 is preferred for the liquid medium used to prepare the 
sulfhydryl PEG. 
(0168 Other Components 
0169. In order to enhance adhesive strength, it may be 
generally desirable to add a “tensile strength enhancer to the 
adhesive composition. Such tensile strength enhancers pref 
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erably comprise micron-size, preferably 5 to 40 microns in 
diameter and 20 to 5000 microns in length, high tensile 
strength fibers, usually with glass transition temperatures 
well above 37° C. 
0170 Suitable tensile strength enhancers for use in the 
present invention include, interalia, collagen fibers, polygly 
collide and polylactide fibers, as well as other organic tensile 
strength enhancers and inorganic tensile strength enhancers. 
A particularly useful tensile strength enhancer is VICRYL(R) 
(polyglycolide:polylactide, 90:10) Suitable tensile strength 
enhancers are those that have inherent high tensile strength 
and also can interact by covalent or non-covalent bonds with 
the polymerized gel network. The tensile strength enhancer 
should bond to the gel, either mechanically or covalently, in 
order to provide tensile Support. Tensile strengths of polyg 
lycolide resorbable sutures are approximately 89,000 N/cm; 
that of collagen fibers is 5000-10,000 N/cm (Hayashi, T., in 
Biomedical Applic. of Polym. Mater. Tsuruta, T. et al., Eds. 
CRC Press, Boca Raton, Fla., 1993). 
0171 The adhesive composition of the invention may also 
be used for localized delivery of various drugs and other 
biologically active agents in conjunction with the repair of 
herniated tissue. Biologically active agents such as growth 
factors may be delivered from the composition to a local 
tissue site in order to facilitate tissue healing and regenera 
tion. 
0172. The term “biologically active agent” refers to an 
organic molecule that exerts biological effects in vivo. 
Examples of biologically active agents include, without limi 
tation, enzymes, receptor antagonists or agonists, hormones, 
growth factors, autogenous bone marrow, antibiotics, antimi 
crobial 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. 
0173 Preferred biologically active agents for use in the 
compositions of the present invention are cytokines. Such as 
transforming growth factors (TGFs), fibroblast growth fac 
tors (FGFs), platelet derived growth factors (PDGFs), epider 
mal growth factors (EGFs), connective tissue activated pep 
tides (CTAPs), osteogenic factors, and biologically active 
analogs, fragments, and derivatives of Such growth factors. 
Members of the TGF supergene family include the beta trans 
forming growth factors (for example, TGF-B, TGF-B, TGF 
B); 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, fibro 
blast growth factor (FGF), epidermal growth factor (EGF), 
platelet-derived growth factor (PDGF), insulin-like growth 
factor (IGF)); Inhibins (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 syntheti 
cally, 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 expres 
sion of genes altered by site-specific mutagenesis or other 
genetic engineering techniques. 
0.174 Biologically active agents may be incorporated into 
the adhesive composition by admixture. Alternatively, the 
agents may be incorporated into the crosslinked polymer 
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matrix by binding these agents to the functional groups on the 
synthetic polymers. Processes for covalently binding biologi 
cally active agents such as growth factors using functionally 
activated polyethylene glycols are described in commonly 
assigned U.S. Pat. No. 5,162,430, issued Nov. 10, 1992, to 
Rhee et al. Such compositions preferably include linkages 
that can be easily biodegraded, for example as a result of 
enzymatic degradation, resulting in the release of the active 
agent into the target tissue, where it will exert its desired 
therapeutic effect. 
0.175. A simple method for incorporating biologically 
active agents containing nucleophilic groups into the 
crosslinked polymer composition involves mixing the active 
agent with a polyelectrophilic component prior to addition of 
the polynucleophilic component. 
0176 By varying the relative molar amounts of the differ 
ent components of the crosslinkable composition, it is pos 
sible to alter the net charge of the resulting crosslinked poly 
mer 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. 
0177. For example, ifa molar excess of a polynucleophilic 
component is used, the resulting matrix has a net positive 
charge and can be used to ionically bind and deliver nega 
tively charged compounds. Examples of negatively charged 
compounds that can be delivered from these matrices include 
Various drugs, cells, proteins, and polysaccharides. Nega 
tively charged collagens, such as Succinylated collagen, and 
glycosaminoglycan derivatives such as Sodium hyaluronate, 
keratan Sulfate, keratosulfate, sodium chondroitin Sulfate A, 
sodium dermatan sulfate B, sodium chondroitin sulfate C, 
heparin, esterified chondroitin sulfate C, and esterified hep 
arin, can be effectively incorporated into the crosslinked 
polymer matrix as described above. 
0.178 If a molar excess of a polyelectrophilic component 

is used, the resulting matrix has a net negative charge and can 
be used to ionically bind and deliver positively charged com 
pounds. Examples of positively charged compounds that can 
be delivered from these matrices include various drugs, cells, 
proteins, and polysaccharides. Positively charged collagens, 
Such as methylated collagen, and glycosaminoglycan deriva 
tives Such as esterified deacetylated hyaluronic acid, esteri 
fied deacetylated desulfated chondroitin sulfate A, esterified 
deacetylated desulfated chondroitin sulfate C, deacetylated 
desulfated keratan sulfate, deacetylated desulfated keratosul 
fate, esterified desulfated heparin, and chitosan, can be effec 
tively incorporated into the crosslinked polymer matrix as 
described above. 
0179 The adhesive compositions can also be prepared to 
contain various colorants or imaging agents such as Synthetic 
dyes and natural coloring agents, light-emissive and fluores 
cent dyes, iodine or barium Sulfate, or fluorine, in order to aid 
visualization of the compositions after administration via 
optical, X-ray or 'F-MRI detection means. Suitable colo 
rants include, but are not limited to, FD&C dyes and FD&C 
lakes, (e.g., allura red AC, amaranth, brilliant blue FCF, 
quinoline yellow, sunset yellow FCF), black PN, Bordeaux B, 
Brown FK, Brown HT, canthaxanthin, carmine, carmoisine, 
beetroot red, chlorophyll, conchineal, curcumin, eosin, eryth 
rosine, green S. ponceau 4R, red 2G, Saffron, tartrazine, tur 
meric, and mixtures thereof. Examples of light-emissive and 
fluorescent dyes include: fluorescein, rose bengal, indocya 
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nine green, analogue members of the tricarbocyanine dyes; 
and many others. In selecting a suitable dye, color and lumi 
nescent efficiency are two important factors. Luminescent 
dyes found particularly suitable include cyanine and related 
polymethine dyes, merocyanine, styryl and oxonol dyes. 
Other Suitable coloring agents, light-emissive dyes, and fluo 
rescent dyes will be obvious to those skilled in the art. It may 
also be desirable to incorporate proteins such as albumin, 
fibrin, or fibrinogen into the crosslinked polymer composi 
tion to promote cellular adhesion. In addition, the introduc 
tion of hydrocolloids such as carboxymethylcellulose may 
promote tissue adhesion. 

Crosslinking of the Adhesive Composition 
0180. Any number of crosslinking techniques may be used 
to effect crosslinking of the aforementioned compositions. 
Generally, however, components A, B, and optionally Care 
selected Such that crosslinking occurs fairly rapidly upon 
admixture of all components of the crosslinkable composi 
tion with an aqueous medium. 
0181 For crosslinking compositions in which one or more 
components contain hydroxyl and/or thiol groups as nucleo 
philic moieties, the aqueous medium with which the 
crosslinking composition (or components thereof) are 
admixed should contain a basic reagent that is effective to 
increase the nucleophilic reactivity of the hydroxyl and/or 
thiol group (and thus the rate of the nucleophile-electrophile 
reactions) but that is preferably non-nucleophilic So as to 
avoid reaction with any electrophilic groups present. A cata 
lytic amount of base can be used, and/or a base-containing 
buffer. In an alternative but less preferred embodiment, a 
reactive base can be used that participates as a reactant in the 
crosslinking reaction. 
0182. In general, the combined concentration of all 
crosslinkable components in the aqueous admixture will be in 
the range of about 1 to 50 wt.%, generally about 2 to 40 wt. 
%. However, a preferred concentration of the crosslinkable 
composition in the aqueous medium-as well as the preferred 
concentration of each crosslinkable component therein—will 
depend on a number of factors, including the type of compo 
nent, its molecular weight, and the end use of the composi 
tion. For example, use of higher concentrations of the 
crosslinkable components, or using highly functionalized 
components, will result in the formation of a more tightly 
crosslinked network, producing a stiffer, more robust gel. As 
Such, compositions intended for use in tissue augmentation 
will generally employ concentrations of crosslinkable com 
ponents that fall toward the higher end of the preferred con 
centration range. The appropriate concentration of each 
crosslinkable component can easily be optimized to achieve a 
desired gelation time and gel strength using routine experi 
mentation. 
0183. Using the adhesive composition disclosed above, 
peel strengths ranging from approximately 2 N/cm to 
approximately 10 N/cm have been observed during in vitro 
testing. The test results are described in the experimental 
section that follows. The peel strengths achieved were similar 
to those observed when using DERMABONDR brand 
(Johnson & Johnson, New Brunswick, N.J.) 2-octylcy 
anoacrylate, a commercially available adhesive currently 
used in hernia repair. Average lap shear strengths ranging 
from 3.5 N/cm to 9 N/cm were observed in lap shear tests 
using BARDR) mesh on cowhide. Based on these findings, 
were 40 cm (4 cmx10 cm) mesh glued with the adhesive 
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composition of the inventive method for hernia repair, it 
would require a force ranging from approximately 140 N (14 
kg of weight force) to 360 N (36 kg of weight force) to 
dislodge the entire mesh from the site. 
0184. It is to be understood that while the invention has 
been described in conjunction with the preferred specific 
embodiments thereof, the foregoing description is intended to 
illustrate and not limit the scope of the invention. Other 
aspects, advantages, and modifications will be apparent to 
those skilled in the art to which the invention pertains. All 
patents, patent applications, patent publications, journal 
articles, and other references cited herein are incorporated by 
reference in their entireties. 

0185. The following examples are included so as to pro 
vide those of ordinary skill in the art with a complete disclo 
Sure and description of how to make and use the compounds 
of the invention, and are not intended to limit the scope of 
what the inventors regard as their invention. Efforts have been 
made to ensure accuracy with respect to numbers (e.g., 
amounts, temperature, etc.) but some errors and deviations 
should be accounted for. Unless indicated otherwise, parts are 
parts by weight, temperature is in C., and pressure is at or 
near atmospheric. 
0186 The following materials are used in the examples 
that follow: 

0187. DERMABONDR)-2-Octylcyanoacrylate: 
0188 TISSEEL(R) fibrin glue; 
(0189 KRAZY GLUE(R)-Ethyl Cyanoacrylate: 
0.190 Methylated Collagen 20 mg/ml prepared as 
discussed in Example 1 infra; 

(0191 Pentaerythritol Polyethylene Glycol Ether 
Tetra Succinimidyl Glutarate/Pentaerythritol Polyeth 
ylene Glycol Ether Tetra-Sulfhydryl—100 mg/100 mg 
in 1 ml; and 

(0192 ZYDERMR) Collagen Implant II-65 mg/ml 
fibrillar collagen in PBS. 

Example 1 

Comparative Peel and Lap Shear Testing 

0193 In vitro peel and lap shear tests were conducted to 
demonstrate the utility of the claimed adhesive materials for 
hernia repair applications. Adhesive materials were applied 
on a 2 cmx2 cm area to glue two surfaces together. The glued 
surfaces were incubated in phosphate buffered saline (PBS) at 
37°C. for 2 hrs, then the peel strength and lap shear strength 
were measured on Instron Universal Tester, Model 4202. 
Canton Mass. 

0194 
0.195 The adhesive compositions were tested on the fol 
lowing materials: 

0196) Polypropylene mesh Lab grade and BARDR) 
Mesh (Davol, Inc. Cranston, R.I.); 

Materials: 

0.197 Collagen membrane—Collagen sausage casing 
#1, 2, and 3 (The SausageMaker, Inc., Buffalo, N.Y.); 
and 

0198 Cowhide strip—fresh cowhide strip (Spear Prod 
ucts, Inc., Quakertown, Pa.). 

Jun. 30, 2011 

0199 The adhesive compositions were prepared as fol 
lows: 
0200 Composition A 
0201 Component I (Mixed in a Syringe): 

0202 100 mg pentaerythritol polyethylene glycol ether 
tetra-succinimidylglutarate, (MW.10K) (Nektar Thera 
peutics, San Carlos, Calif); and 

0203 100 mg pentaerythritol polyethylene glycol ether 
tetra-sulfhydryl (MW. 10K) (Nektar Therapeutics, San 
Carlos, Calif.). 

0204 Component II: 
0205 1 ml of 20 mg/ml methylated collagen in a separate 
but connected Syringe. 
0206 Methylated collagen was prepared by a modifica 
tion of the procedure of Miyata etal, U.S. Pat. No. 4,164,559. 
A dispersion (3% w/v) of bovine pepsinized reconstituted 
collagen in 0.02M sodium phosphate, 0.13M NaCl, pH 7.2 
(prepared by the method of McPherson et al., Collagen Rel. 
Res. 5, 119-135, 1985) was extruded onto a nonsticky glass 
Surface in a thin String and dried at room temperature. Metha 
nolic HCl was prepared by adding 10.7 ml of conc. HCl to 
1300 ml of anhydrous methanol. The dried collagen was cut 
into 1x5 cm strips and added to the methanolic HCl (200 ml 
methanolic HCl: 1 g dry collagen) in a sealed vessel and 
gently shaken at 25°C. for 3 days. The methanolic HCl was 
carefully decanted off and the collagen was filtered on a 
sintered glass funnel to remove traces of methanol. Complete 
methanol and acid removal was completed under vacuum 
overnight or dialysis against HO extensively. The methy 
lated collagen was re-solubilized in 20 mMacetate buffer, and 
the pH was adjusted to 4 to 6. The amount of buffer was 
calculated to achieve a final protein concentration of about 20 
mg/ml. Solubilized methylated collagen was a completely 
transparent material, free of fibers or opalescence, having a 
Viscous, gel-like consistency. 
0207 Components I and II were thoroughly mixed 
between the two Syringes through the connector, and this 
composition was then applied to the Surface of the test mate 
rial and spread evenly to a thickness of 0.1 ml of the mixture 
per cm area to be glued. A pH 9.6 NaH2PO/Na2CO buffer 
was applied drop-wise to the COMPOSITION A coating on the 
mesh. After allowing the coated, buffered mesh to stand at 
room temperature for 20 minutes, the mesh coating was 
rinsed thoroughly with PBS to remove the buffer. 
(0208 Composition B 
(0209 Component I: 
0210 100 mg pentaerythritol polyethylene glycol ether 
tetra-Succinimidylglutarate; and 
0211 100 mg pentaerythritol polyethylene glycol ether 
tetra-sulfhydryl, in one syringe. 
0212 Component II: 
0213 1 ml of 20 mg/ml methylated collagen prepared as 
discussed above in another syringe. 
0214 Component III: 

0215 38 mg poly(L-lactic acid) fiber (PLLA) (Tran 
some, Inc. Palm Bay, Fla.), washed with isopropyl alco 
hol and treated with H.O. 

0216 Components I, II, and III were thoroughly mixed in 
a beaker, 0.1 ml of the mixture per cm area to be glued was 
applied and then spread evenly on the surface of the test 
material. A pH 9.6 NaH2PO/Na2CO buffer was applied 
drop-wise on top of the coated surface to cover the coated 
surface. After allowing the coated, buffered surface to standat 
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room temperature for 20 min, the coated test material was 
rinse thoroughly with PBS to remove the buffer. 

Example 2 

Comparative Peel Strength in 2x2 cm Polypropylene 
Mesh/Collagen Membrane Testing 

0217. The surface characteristics of the materials used in 
the test model require standardization to give consistent 
results. Four types of collagen membrane Surfaces gave dif 
ferent peel strength results with lab grade polypropylene 
mesh for the same COMPOSITION A formulation. The data are 
shown in FIG. 11. The affixed mesh/collagen membranes 
were incubated for 2 hours at 37° C. in PBS. 

Example 3 

Comparative Peel Strength in 2x2 cm Polypropylene 
Mesh/Collagen Membrane Testing 

0218. The peel strength for the various adhesives when 
used to adhere lab grade polypropylene mesh to a collagen 
membrane surface was determined. The amount of force 
required to peel the lab grade polypropylene mesh off of the 
membrane surface glued by different materials after incuba 
tion in PBS for 2 hrs at 37° C. varied from Zero to -0.35 N/cm 
linear widths. COMPOSITION A and COMPOSITION B gave the 
same peel strength as KRAZY GLUER) and DEREMA 
BONDR, cyanoacrylate products. TISSEEL(R) gave lower 
peel strength, <0.1 N/cm lineal width. The data are shown in 
FIG. 12. 

Example 4 

Comparative Peel Strength for Various Incubation 
Times for Compounda in 2x2 cm Polypropylene 

Mesh/Cowhide Strip Testing 

0219 Changes in the peel strength of COMPOSITION A 
when used to affix polypropylene mesh to a cowhide strip did 
not change significantly after 24 hrs incubation in PBS at 37° 
C. The data are shown in FIG. 13. 

Example 5 

Comparative Lap Shear Strength for Various Incuba 
tion Times for Compounda in 2x2 cm Polypropy 

lene Mesh/Cowhide Strip Testing 

0220. The lap shear strength of COMPOSITION A. 
COMPOSITION B, KRAZY GLUER, and TISSEEL(R) 
when used to affix a 2x2 cm polypropylene mesh strip onto a 
cowhide strip. The average pull strength for COMPOSITION A 
and COMPOSITION B was 2 N/cm and 4.5 N/cm respectively 
in a lab grade polypropylene mesh on cowhide strip model. 
The average lap shear strength of COMPOSITION B is sta 
tistically significantly higher than KRAZY GLUE(R) and 
TISSEELR's average lap shear strength, 1.3 N/cm in this 
model. The average lap shear strength of COMPOSITION A is 
also higher than KRAZY GLUE(R) and TISSEEL(R)'s average 
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lap shear strength of 1.3 N/cm, but it is not statistically 
significantly in this model. The data are shown in FIG. 14. 

Example 6 

Comparative Lap Shear Strength for Compound A 
and Compound B in 2x2 cm Lab Polypropylene 
Mesh or Bard R. Mesh/Cowhide Strip Testing 

0221) The lap shear strength of COMPOSITION A and COM 
POSITION B when used to affix lab grad polypropylene mesh 
and BARDR polypropylene mesh on cowhide strip was 
determined. The lap shear strength of COMPOSITION A 
increased from ~2N/cm when used with lab. grade mesh to 
-3.5 N/cm when used with BARDR) mesh. Similarly, the 
pull strength of COMPOSITION B increased from ~4.5 N/cm 
with lab grade mesh to -9.0 N/cm with BARDR Mesh. The 
data are shown in FIG. 15. As COMPOSITION B contains addi 
tional PLLA fibers, interaction of the fibers with surfaces 
having interlocking mechanisms, such as the BARD(R) Mesh, 
served to increase increased lap shear strength. 

Example 7 
Pentaerythritol Polyethylene Glycol Ether Tetra 

Succinimidyl Glutarate/Pentaerythritol Polyethylene 
Glycol Ether Tetra-Sulfhydryl/Methylated Collagen 

Plus the Fibrous Fillers Glass Wool or Vicryl R. 
0222 Materials: 
0223 Methylated Collagen, prepared as described in 
Example 1; and 
0224. Adhesive Without Filler. 
0225. For 0.5 ml of adhesive, 50 mg of dry powdered 
pentaerythritol polyethylene glycol ether tetra-Succinimidyl 
glutarate and 50 mg of dry powdered pentaerythritol polyeth 
ylene glycol ether tetra-sulfhydryl were mixed with 400 mg 
of methylated collagen at 31 mg protein/ml, pH 4. Both PEG 
components dissolved in the aqueous solution of collagen, 
yielding a transparent, viscous fluid. The solution was spread 
on the tissue site with a spatula; it flowed very little under the 
force of gravity. To cure the adhesive, 20-50 ul of a buffer 
(either 134 mM sodium phosphate, 166 mM sodium carbon 
ate, pH 8.9; or NaH2PO/NaCO buffer, pH 9.6) was added 
to the surface. The buffer did not dilute the gel, but slowly 
soaked in. In 3-5 min, the surface of the gel was noticeably 
hardened. 
0226 For studies of bond strength under hydrated condi 
tions, the gel plus substrate was allowed to cure for 20 min on 
the bench, then immersed in 50 mM sodium phosphate, 130 
mM sodium chloride, pH 6.7, at 37°C. for 2 hours or longer. 
Testing of bond strength was performed on a tensile appara 
tuS. 

0227. Adhesive with Filler: 
0228 VICRYL(R) is a copolymer of glycolic acid and lactic 
acid (90:10) sold as an implantable mesh by Ethicon Corpo 
ration (Polyglactin 910; Sommerville, N.J.). To the methy 
lated collagen was added 19 mg of VICRYL(R) threads 1-2 cm 
long which had been unraveled from implantable VICRYL(R) 
mesh. In some cases, VICRYL(R) fibers as short as 0.3 cm were 
also used. The threads and the viscous gel were blended, and 
then the PEG components were added, as described above. 
Application to the tissue site and curing were as above. Other 
fillers and their respective amounts added to 0.5 ml of adhe 
sive were: glass wool, 9 mg; fibrous collagen (Semed F col 
lagen, Kensey-Nash Corporation) 8 mg: Dexon S (poly gly 
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collide lactide sutures, “4-0), 10 pieces 1 cm long; elastin 
fibers (bovine neckligament, 0.25 to 10 mm, Elastin Products 
Co., Inc, Owensville, Mo.), 40 mg; stainless steel fibers (Be 
kaert Fibre Technologies, Marietta, Ga.), 14-28 mg (Fibers 
were washed with water or 1N HCl to remove a polyvinyla 
lcohol coating); polylactide/glycolide micro-particles, pre 
pared from polylactide/glycolide (65:35, 40-75,000 mol. wt. 
Aldrich Chemical Co., micro-particles 2-4 diameter prepared 
by the method of Zheng, J. and Hornsby, P. J., Biotechnol. 
Progr. 15, 763-767 (1999)), 25 mg. 
0229. Adhesive with Methylated Collagen Replaced by 
Another Agent: 
0230 Various long-chain molecules were tested, such as 
hyaluronic acid (rooster comb, Sigma Chemical Co., St. 
Louis, Mo.), chitosan (Sigma), and polylysine (Sigma). For 
hyaluronic acid, the formula was: pentaerythritol polyethyl 
ene glycol ether tetra-Succinimidyl glutarate, 50 mg, pen 
taerythritol polyethylene glycol ether tetra-sulfhydryl, 50 mg. 
VICRYL(R), 14 mg, and 400 ul of hyaluronic acid, 2% (w/v) in 
water, pH adjusted to 4: for chitosan, the same formula, with 
400 ul of 1% chitosan (w/v) in water, pH 4-5. For polylysine, 
pentaerythritol polyethylene glycol ether tetra-Succinimidyl 
glutarate, 40 mg, pentaerythritol polyethylene glycol ether 
tetra-sulfhydryl, 30 mg. dissolved together in 50 ul water; 
polylysine hydrobromide, 330K, 40 mg dissolved in 60 ul 
water; the two solutions were mixed together, and 7 mg VIC 
RYL(R) fibrils were added. In addition, polylactide/glycolide 
particles, prepared as above, were tested as a replacement for 
methylated collagen; 16.5 mg of particles were suspended in 
300 ul of water and mixed with 50 mg pentaerythritol poly 
ethylene glycol ether tetra-Succinimidyl glutarate, 50 mg 
pentaerythritol polyethylene glycol ether tetra-sulfhydryl, 
and 14 mg VICRYL(R). Allgels were cured with pH 9.6 buffer 
overlay, as described above. 
0231. Adhesive without Filler and without Methylated 
Collagen: 
0232 Pentaerythritol polyethylene glycol ether tetra-suc 
cinimidyl glutarate was dissolved in water at 20% (w/v); 
pentaerythritol polyethylene glycol ether tetra-sulfhydryl 
was dissolved at 20% in pH 8.9 buffer. The two solutions were 
rapidly mixed and extruded onto the site. Gelation occurred in 
~40 sec. 

0233 Mechanical Tests: 
0234 Bond strengths of the adhesive formulations were 
determined for each of the composition when applied to three 
types of tissue or tissue Surrogates. Collagen membranes 
(sausage casings: The SausageMaker, Inc., Buffalo, N.Y.) 
were washed with isopropyl alcohol and water to remove 
lipid and salt impurities, and dried. Bonding of membranes 
with a 1-3 mm overlap and a 1 cm width was performed by 
spreading the adhesive over the top of the sheets. Adhesive 
was allowed to cure 20 min on the bench and then immersed 
for 30 min to 2 hours at 37° C. before pulling apart in an 
Instron model 4202 test apparatus (Canton, Mass.), using a 
100N load cell. Bonding of porcine carotid arteries (10b, 
Pelfreeze, Rogers, Ark.) was also performed in an end-to-end 
geometry. Cut carotid artery segments were abutted (4-6 mm 
diameter) and spread with adhesive; no stay Sutures were 
applied. Incubation and testing were the same as described for 
the collagen membranes. 
0235 For bonding of cowhide strips (10c), de-haired calf 
skin pieces were purchased from Spear Products, Inc., Quak 
ertown, Pa. Pieces were nearly uniform in thickness, 2-3 mm. 
Strips 0.4 cm wide were cut from the hide pieces, using a 
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single-edged razorblade. Cut Strips were abutted end-to-end 
and bonded by spreading 0.25 ml of COMPOSITION A 
adhesive or a few drops of cyanoacrylate. Incubation and 
testing were the same as described for the collagen mem 
branes. Table 3 below shows that pentaerythritol polyethyl 
ene glycol ether tetra-Succinimidylglutarate/pentaerythritol 
polyethylene glycol ether tetra-sulfhydryl/methylated col 
lagen, when filled with glass wool (Formulac), was Superior 
in bonding strength to unfilled Formulas a and b when tested 
on collagen membranes. A medical grade cyanoacrylate 
(DERMABONDR) formed even stronger bonds with col 
lagen membranes (5.2+1.9N force for 7 determinations). 

TABLE 3 

Bonding Performance With and Without Methylated 
Collagen and a Fibrous Filler 

Bond Strength 
Formula (N Force) l 

Pentaerythritol Polyethylene Glycol Ether Tetra- 1...6+ 1.1 3 
Succinimidyl Glutarate/Pentaerythritol Polyethylene 
Glycol Ether Terra-Sulfhydryl (20%) 
Pentaerythritol Polyethylene Glycol Ether Tetra- 1.7 - 1.0 4 
Succinimidyl Glutarate/Pentaerythritol Polyethylene 
Glycol Ether Tetra-Sulfhydryl/methylated collagen 
Pentaerythritol polyethylene Glycol Ether Tetra 
Succinimidyl Glutarate/Pentaerythritol Polyethylene 
Glycol Ether Tetra-Sulfhydryl/methylated 
collagen glass wool 

*Collagen membrane tore, but sealant bond was still intact. 

TABLE 4 

Bond Strength of Cyanoacrylate (KRAZY GLUE (R), Elmer's 
Products) on Three Different Tissue Substrates 

Substrate Bond Strength (N Force) 

Cowhide strips 10.9, 16.2 
Porcine carotid artery 2.0, 3.8 
Collagen membrane 3.0 + 1.0 (n = 5) 

0236 Table 5 below presents data on the addition of a 
different filler, VICRYL(R) threads, to the pentaerythritol 
polyethylene glycol ether tetra-Succinimidyl glutarate/pen 
taerythritol polyethylene glycol ether tetra-sulfhydryl/me 
thylated collagen. With substrates such as cowhide or carotid 
artery, the Substrate did not tear, and the bond strength values 
were representative for the strength of the adhesive bond 
itself. Typically these bonds failed adhesively, that is, the 
tensile strength of the adhesive gel itself remained intact and 
was not the limiting factor. The bond strengths observed in 
Saline at 37° C. again were comparable to those seen with 
cyanoacrylate for bonding the same set of tissue Substrates 
(Table 4). 

TABLE 5 

Bond Strength of Pentaerythritol Polyethylene Glycol 
Ether Tetra-Succinimidyl Glutarate/Pentaerythritol 

Polyethylene Glycol Ether Tetra-Sulfhydryl/Methylated 
Collagen with VICRYL (R). Threads as a Filler 

on Three Different Tissue Substrates 

Incubation Time (Hrs.) Bond Strength (N Force) Substrate* 

Cowhide 
Cowhide 

2 6.6, 5.6 
17 6.3, 5.5 
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TABLE 5-continued 

Bond Strength of Pentaerythritol Polyethylene Glycol 
Ether Tetra-Succinimidyl Glutarate/Pentaerythritol 

Polyethylene Glycol Ether Tetra-Sulfhydryl/Methylated 
Collagen with VICRYL (R) Threads as a Filler 

on Three Different Tissue Substrates 

Incubation Time (Hrs.) Bond Strength (N Force) Substrate* 

2 4.3, 2.2, Porcine 
2.8, 5.1 Carotid Artery 

2 >5.9, 3.9 Collagen Membrane 

cowhide strips, 0.5 cm wide, porcine carotid artery, 0.3-0.5 cm diameter, collagen mem 
brane: sausage casing, 0.2 mm thick, 1 cm width, 

0237 Effect of Different Fillers: 
0238 Table 6 presents results of various filler materials. 
Testing was performed on cowhide strips, immersed for 2 
hours in saline at 37°C. It appeared that filamentous materials 
were more effective than spheroidal particles. Bonding of the 
filler to the gel is very important for improvement of strength. 
Collagen-polyethylene glycol filaments were waxy and did 
not adhere to the gel; thus, despite their high aspect ratios, 
they were not effective fillers. 

TABLE 6 

Effect of Different Fillers on Bond Strength of Pentaerythritol 
Polyethylene Glycol Ether Tetra-Succinimidyl Glutarate/Pentaerythritol 

Polyethylene Glycol Ether Tetra-Sulfhydryl/Methylated Collagen 

Bond Strength 
Material (N Force) 

VICRYL (R) 4.7, 7.4 
VICRYL (R), washed with ethanol 7.2, 7.8 
VICRYL (R), treated with ethanol, then washed with 30% 8.3, 9.1 
hydrogen peroxide 
Surgical silk Sutures 1-2 cm long, 30-50 diameter 2.5, 3.8 
Surgical silk Sutures, unraveled to finer threads, washed 5.0, 6.5 
with chloroform 
Fibrous collagen (Semed F. Kensy-Nash) adjusted to pH 1.3, 2.8 
4; 0.5 to 1 mm long, ~50 diameter 
Gelatin particles, cross-linked by heat, ~100LL diameter, 0.6,0.8 
polygonal 
Hydroxyapatite particles, 0.5 to 1 mm diam. polygonal 0.7 
Collagen-polyethylene glycol conjugate filament ~50L 0.8, 1.7 
diameter, 1 cm long 
Stainless steel fibers 81 diameter, 4 mm long 4.8, 6.9 
Elastin fibers 0.25 to 10 mm long 3.9, 4.0 
Polylactide glycolide particles, 2-41 diameter 1.1, 1.1 

0239 Effect of Cross-Linking Bond: 
0240 Table 7 below shows that when the gel was formed 
from other types of cross-linking reactions, the adhesion and 
bond strength was affected when tested on cowhides after 
incubation at 37° C. Material 1 was formed from pentaeryth 
ritol polyethylene glycol ether tetra-sulfhydryl and hydrogen 
peroxide, which oxidizes adjacent Sulfhydryl groups to a 
disulfide bond. A gel forms rapidly, and the gel can be supple 
mented with methylated collagen and VICRYL(R) (Johnson & 
Johnson, New Brunswick, N.J.); however, after several hours 
in saline buffer, the gel becomes very weak; the VICRYL(R) 
fibers are easily pulled out. Material 2 utilized the reaction of 
Sulfhydryl groups from pentaerythritol polyethylene glycol 
ether tetra-sulfhydryl with the double bond of a 4-arm vinyl 
sulfone derivative of PEG (10K, Shearwater Polymers). The 
presumed reaction, a Michael-type addition, formed a thio 
ether bond. Such gels had adequate tensile strength but poor 
adhesion to the cowhide after incubation in saline. Materials 
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3 and 4 contained (pentaerythritol polyethylene glycol ether 
tetra-amine, 10K, Nektar Therapeutics); the amino function 
ality presumably reacted with the succinimidyl ester of pen 
taerythritol polyethylene glycol ether tetra-Succinimidylglu 
tarate to forman amide linkage. These gels were comparable 
in performance to those formed from pentaerythritol polyeth 
ylene glycol ether tetra-Succinimidyl glutarate and pen 
taerythritol polyethylene glycol ether tetra-sulfhydryl. (For 
proper reaction in the presence of methylated collagen, the 
pentaerythritol polyethylene glycol ether tetra-amine had to 
be titrated to pH 2-4 during the mixing of reagents; on addi 
tion of curing buffer, its pH was increased, permitting the 
reaction of the amino group). It appeared that the presence of 
the Succinimidyl ester was important for achieving the high 
est adhesion to the tissue Substrate and for good tensile 
strength of the gel. Other groups that react with amines, such 
as aldehydes (aldehydes conjugated to multi-armed PEG), are 
also anticipated to be effective adhesive-forming reagents. 

TABLE 7 

Bond Strengths of Various Functionalized PEGs 
Filled with VICRYL (R) Threads 

Bond 
(N Force) 

0.32, 0.20 

Incubation 
Time (Hrs.) 

Material 
No. Material 

1 Pentaerythritol Polyethylene Glycol 17 
Ether Tetra-Sulfhydryl/Methylated 
Collagen/VICRYL (R)/H.0, 
Pentaerythritol Polyethylene Glycol 
Ether Tetra-Sulfhydryl/4arm vinyl 2 
sulfone PEG/Metylated Collagen 
VICRYL (R) threads 
Pentaerythritol Polyethylene Glycol 
Ether Tetra-Succinimidyl 
Glutarate/Pentaerythritol 

yethylene Glycol Ether Tetra 
fhydryl Pentaerythritol 
yethylene Glycol Ether Tetra 

Amine/Methylated 
Collagen/VICRYL (R) 
Pentaerythritol Polyethylene Glycol 
Ether Tetra-Succinimidyl 
Glutarate/Pentaerythritol 
Polyethylene Glycol Ether Tetra 
Amine/Methylated 
collagen/VICRYL (R) threads 
Pentaerythritol Polyethylene Glycol 
Ether Tetra-Succinimidyl 
Glutarate/Pentaerythritol 
Polyethylene Glycol Ether Tetra 
Amine/Methylated 
collagen/VICRYL (R) 

2.2, 1.5 

6.4 

hreads 
3.6, 6.4 

6.6, 5.6 

hreads 

0241 
tions: 
0242 Table 8 shows that the adhesives formed from pen 
taerythritol polyethylene glycol ether tetra-Succinimidylglu 
tarate, pentaerythritol polyethylene glycol ether tetra-sulfhy 
dryl, and also pentaerythritol polyethylene glycol ether tetra 
amine form bonds using cowhide that persist for long times 
immersed in saline buffer at 37° C. Such stringent hydrated 
conditions simulate the in vivo environment. Bond weaken 
ing was observed after more than 100 hours of hydration. The 
weakening of bond strength was thought to be due to hydroly 
sis of carboxyl-ester and thio-ester network linkages. Pen 
taerythritol polyethylene glycol ether tetra-Succinimidylglu 
tarate is a glutaryl-Succinimidyl ester, even after reaction with 
the terminal carboxyl of the succinimidyl ester, there remains 
a carboxyl ester linking the glutaryl moiety to the main PEG 
chain; this bond, as well as the thio-ester bond, could hydro 
lyZe. 

Persistence of the Bond Under Hydrated Condi 
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TABLE 8 

Bond Performance Under Long Hydration Times 

Incubation Bond Strength 
Material Time (Hrs.) (N Force) 

Pentaerythritol Polyethylene Glycol Ether 2 6.4 
Tetra-Succinimidyl Glutarate/Pentaerythritol 66 2.6, 4.1 
Polyethylene Glycol Ether Tetra- 70 3.0 
Sulfhydryl Pentaerythritol Polyethylene Glycol 137 0.70, 2.6 
Ether Tetra-Amine/Methylated 140 1.1, 0.4 
collagen/VICRYL (R) threads 
Pentaerythritol Polyethylene Glycol Ether 4 3.6, 6.4 
Tetra-Succinimidyl Glutarate/Pentaerythritol 64 7.0, 5.1 
Polyethylene Glycol Ether Tetra- 136 3.8, 2.7 
Amine/Methylated collagen/VICRYL (R) threads 234 2.7, 1.7 
Pentaerythritol Polyethylene Glycol Ether 2 6.6, 5.6 
Tetra-Succinimidyl Glutarate/Pentaerythritol 17 6.3, 5.5 
Polyethylene Glycol Ether Tetra- 69 0.63, 0.90, 3.4, 5.4 
Sulfhydryl/Methylated collagen/VICRYL (R) 93 2.4, 5.4 
threads 140 3.2, 2.9 

235 >2.4, 3.7 

0243 Related Formulas with Lower Molecular Weight COMPOSITIONA, as described in Example 1, was used as 
Compounds Bearing Succinimidyl Ester and Amino or Thiol 
Reactive Groups: 
0244 Table 9 presents bond strengths on cowhide strips of 
lower molecular weight PEG derivatives as adhesives, again 
supplemented with methylated collagen and VICRYL(R). Tri 
functional succinimidyl-succinate of a 3-armed PEG built 
from a glycerol core, 2600 mol. wt., was obtained from NOF 
Corporation, Japan and 4-armed polyethylene glycol 
di-amine, 2000 mol. wt., was obtained from Shearwater Poly 
mers. The polymers were VICRYL(R) filling appeared to have 
a small effect on bond strength. The following proportions 
were used: methylated collagen, 500 ul (22 mg/ml in water 
2707-30B); tri-functional succinimidyl-succinate of a 
3-armed PEG built from a glycerol core, 48 mg: 4-armed 
polyethylene glycol di-amine, 2000 mol. wt., Nektar Thera 
peutics, 60 ul of 60% solution in water, titrated to pH1-2 with 
6M HCl; VICRYL(R) threads, 26 mg. 

TABLE 9 

Low Molecular Weight Analogues to Pentaerythritol Polyethylene 
Glycol Ether Tetra-Succinimidyl Glutarate and Pentaerythritol 

the adhesive and delivered with a COSTASISR) cannula. Data 
from 14 animals is reported: 7 rats per the adhesive group and 
7 rats per TISSUCOLR) group. A 2x3 cm skin flap was made 
on the chest of each rat. The lap shear force (N/cm2) required 
to detach the mesh was measured. The mean force for the 
adhesive of the invention at 3 days was 1.1+0.06 N/cm2. The 
mean peel force for TISSUCOL(R) at 3 days was 1.57+0.54 
N/cm2. Mechanical test results were evaluated by non-para 
metric Wilcoxon/Kruskal-Wallis analysis and Tukey-Kramer 
HSD parametric analyses to determine p-values for signifi 
cance. COMPOSITION A and TISSUCOLR) were not statisti 
cally significantly different. The data from this study demon 
strate that COMPOSITION A is mechanically as strong as 
TISSUCOLOR). 
0246 Methods: 
0247 This study included a total of 14 rats, divided into 
four treatment groups. A 2x3 cm skin flap was made on the 

Polyethylene Glycol Ether Tetra-Sulfhydryl 

Incubation Bond Strength 
Materials Time (Hrs.) (N Force) 

Tri-functional Succinimidyl-Succinate of a 3-armed 2 2.3, 0.64 
PEG built from a glycerol core/4-Armed 
Polyethylene Glycol Di-Amine/Methylated Collagen 
Tri-functional Succinimidyl-Succinate of a 3-armed 5 2.3, 3.3 
PEG built from a glycerol core/4-armed 
polyethylene glycol di-amine, 2000 mol. wt. (Nektar 
Therapeutics)/Methylated Collagen/VICRYL (R) 
threads 

Example 8 

Lap Shear Testing of the Adhesive of the Invention 
VS. TISSUCOLOR 

0245. The mechanical strength of an adhesive of the inven 
tion and TISSUCOLR) (Immuno Aktiengesellschaft, Wien, 
Austria) were evaluated using a Survival rat flap model. 

chest of a rat. Once the skin flap was raised, 0.4 mL of 
COMPOSITION A was placed onto the muscle using a cannula. 
The mesh was laid down over the material and counter buffer 
was sprayed on to initiate crosslinking of the adhesive. The 
tissue closed after 2 minutes using Staples in the same manner 
for all groups. The animals were euthanized 3 days after 
application. The staples used for closure of the Surgical site 
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were removed for mechanical testing. For mechanical testing, 
the euthanized rats were secured onto aboard with straps. The 
end of the mesh was raised and placed in a clip attached to the 
upper jig of the Instron, Model 4202 (Instron Corp., Nor 
wood, Mass.). The Instron was setup for measuring tension. 
The speed was set at 10 mm/min using a 100 Newton Load 
Cell. The grip pulls up on the skin separating it from the 
muscle. The mesh pulls apart from the muscle leaving a thin 
layer of the adhesive on both the mesh side and the muscle 
side. 
0248 Statistical Method: 
0249. The average and standard deviations (SD) for peel 
strength (N/cm) for each group were determined using raw 
data. Mean peel strengths were evaluated by nonparametric 
Wilcoxon/Kruskal-Wallis Tests (Rank Sums) and Tukey 
Kramer HSD parametric analyses to determine p-values for 
significance. All analyses were performed using JMP statis 
tical package, version 3.0 (SAS Institute). 
(0250 Results: 
0251. The biological response to COMPOSITION A and TIS 
SUCOLR) was evaluated. Overall, COMPOSITION A and TIS 
SUCOLR) as well as the hernia mesh seemed biocompatible 
at 3-days post implantation. Each of the adhesives flowed into 
the mesh spaces and could be seen histologically at 3 days. 
0252. The strength of attachment was measured at three 
days post implantation. COMPOSITION A showed a lap shear of 
1.11 N/cm with a standard deviation of 0.06, while the TIS 
SUCOL(R) demonstrated a lap shear of 1.57 N/cm with a 
standard deviation of 0.54. Although the mean for TISSU 
COL(R) is higher than that of the adhesive of the invention, 
there is not a statistically significant difference between the 
two groups. COMPOSITION A was not statistically significantly 
stronger than TISSUCOL(R), p20.05 (Tukey-Kramer). In 
addition, adhesions, mesh to skin, were found in every case 
with TISSUCOLOR whereas COMPOSITION A had no adhe 
S1O.S. 

Example 9 

Lap Shear Testing of Hernia Mesh Attached with 
Composition A and TISSUCOL(R) In Vivo 

0253 Rats were implanted in the ventral thoracic region 
with hernia mesh coated with either COMPOSITION A or TIS 
SUCOLR. Animals were sacrificed 3-days post operative and 
the implants Subjected to mechanical testing and/or prepared 
for microscopic evaluation. Both of the composites were 
biocompatible showing only a few macrophages on the Sur 
face of the attachment materials and in Surrounding Subcuta 
neous tissues. Polymorphonuclear neutrophils penetrated 
TISSUCOLR) making it appear porous; however, COMPOSI 
TION A was generally acellular. The latter properties of the 
two materials could affect their individual turnover rates and 
the time course of tissue in growth necessary for hernia mesh 
fixation. 
0254 Materials and Methods: 
0255 Eleven rats were implanted in the mid-thoracic 
region with a composite of either hernia mesh/COMPOSITION 
A or a hernia mesh/TISSUCOL(R). The implants and sur 
rounding tissues were harvested at 3-days post implantation 
and processed for paraffin and glycolmethacrylate (GMA) 
plastic embedding either before or after mechanical testing. 
In most cases, the composite implants and the Surrounding 
tissues were embedded in separate blocks. Paraffin sections 
were stained with hematoxylin and eosin (H&E) and Mas 
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son's trichrome stain; plastic sections were stained with H & 
E only. A total of 50 slides from the sites were evaluated 
microscopically for presence, site, and cellularity of the 
implant materials. The appearance of serum pockets and 
types of inflammatory cells were also noted. Observations 
were recorded and used as the basis for this text. 
0256 Results: 
0257. There was no tissue reaction in the skin above the 
implant sites. Low to moderate numbers of macrophages was 
present in the Subcutaneous tissues associated with both the 
hernia mesh/Composition A and the hernia mesh/TISSU 
COLR composites. Serum pockets containing fibrin and 
blood were also seen in the subcutaneous layer. These prob 
ably resulted from creating and elevating the skin flaps for 
placements of the implants. 
0258. After mechanical testing, both COMPOSITION A and 
TISSUCOLR) stayed with the mesh with little, ifany, material 
remaining attached to the host tissues. A Small amount of 
tissue was sometimes associated with the TISSUCOLR/ 
mesh complex, but no tissue pulled way with the COMPOSI 
TION A/mesh complex after testing. The attachment materials 
filled the void spaces or pores of the mesh, but there was no 
indication of either material or cellular penetration of the 
weave of the mesh. When the mesh was viewed with polar 
ized light a layer of COMPOSITION A sometimes covered it, 
while the mesh was usually completely exposed in sections of 
TISSUCOLR). This might suggest that a thicker layer of C 
COMPOSITION A was applied to the mesh compared to the 
amount of TISSUCOLR used for coating the mesh. 
0259 COMPOSITION A was completely acellular and 
showed no evidence of degradation at this early time point. 
This material elicited minimal tissue reaction with only a few 
macrophages and polymorphonuclear neutrophils (PMN's or 
neutrophils) associated with its Surface. A few macrophages 
were also seen on the surface of TISSUCOLR) however, a 
large numbers of polymorphonuclear neutrophils (PMN's) 
were observed surrounding this material. Some of the PMN's 
had penetrated the surface of the TISSUCOLR) giving it a 
Spongy, porous appearance. 
0260 There was no indication that the mesh was respon 
sible for any of the cellular responses associated with the 
attachment materials or seen in the Surrounding Subcutaneous 
tissues. However, implants of the mesh alone would have 
provided a definitive answer to this question and also estab 
lished baseline mechanical testing data. 
0261) The large numbers of PMN's associated with TIS 
SUCOLR) may not be cause for concern since the material 
contains fibrinogen and fibrinogen fragments can act as 
chemo attractants for these cells during normal wound heal 
ing. In addition, PMN's are often the first to appear at a site of 
Soft tissue injury as well as following placement of an 
implant. Generally, if they do not persist beyond a week or 
two there is little cause for concern. If they persist beyond this 
time period then some chronic irritant on infection is likely 
present. Other than the PMN infiltrate associated with TIS 
SUCOLR, tissue reactivity was mild. There was a slight 
increase in the number of tissue macrophages with both 
attachment materials. The sequential appearance of increased 
numbers of macrophages after PMN's peak also occurs dur 
ing normal wound healing. Hence, biocompatibility does not 
seem to be a problem with either material at this time point. 
0262 The presence of holes in TISSUCOL(R) after cell 
penetration may suggest that it will turnover faster than COM 
POSITION A that shows no cell infiltration or evidence of 
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degradation at this early time point. The issue is whether a 
faster or slower turnover rate for attachment materials is more 
advantageous in this clinical indication. If the most important 
function of the attachment material is initial stabilization and 
the most desirable final fixation of the mesh is tissue in 
growth, then a material that turns over faster might be more 
desirable. Faster turnover might favor faster in growth and 
tissue fixation while an attachment material with a higher 
persistence might hinder penetration of host tissue. 

1-56. (canceled) 
57. A composition comprising: 
(a) a first crosslinkable component having m nucleophilic 

groups, wherein m22; 
(b) a second crosslinkable component having n electro 

philic groups capable of reaction with the m nucleo 
philic groups to form covalent bonds, wherein ne2 and 
m+ne4; and 

(c) a visualization agent, 
wherein each of the first and second crosslinkable compo 

nents is biocompatible, synthetic, and nonimmuno 
genic, and crosslinking of the composition results in a 
biocompatible, nonimmunogenic, crosslinked matrix. 

58. The composition of claim 57 wherein at least one of the 
first crosslinkable component and the second crosslinkable 
component is combined with the visualization agent. 

59. The composition of claim 57 wherein the visualization 
agent is combined with the crosslinked matrix. 

60. The composition of claim 57 wherein the visualization 
agent is an imaging agent. 

61. The composition of claim 57 wherein the visualization 
agent is a colorant. 

62. (canceled) 
63. The composition of claim 57 wherein the each nucleo 

philic group is independently a thiol, amino or hydroxyl 
group. 

64. The composition of claim 57 wherein the electrophilic 
group is a Succinimidyl group, a Succinimidyl carbonate 
group, a maleimidyl group, —COOH, -CHO, 

Y 7 
O 

-N=C=O or - SOCH-CH. 
65. The composition of claim 57 wherein m is 4 and n is 4. 
66. The composition of claim 57 each of the first and 

second crosslinkable components independently include a 
hydrophilic polymer. 

67. The composition of claim 66 wherein the hydrophilic 
polymer is branched polyalkylene oxide. 

68. The composition of claim 57 further comprising a 
therapeutically effective amount of a biologically active agent 
selected from the group consisting of enzymes, receptor 
antagonists, receptor agonists, hormones, growth factors, 
autogenous bone marrow, antibiotics, antimicrobial agents, 
antibodies, cells and genes. 

69. (canceled) 
70. The composition of claim 57 wherein one or both of the 

first and second crosslinkable components are in a dry powder 
form. 
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71. A kit comprising: 
a first container housing a first crosslinkable component 

having m nucleophilic groups, wherein m22, and 
optionally a first visualization agent; 

a second container housing a second crosslinkable compo 
nent having n electrophilic groups capable of reaction 
with the m nucleophilic groups to form covalent bonds 
and optionally a second visualization agent, wherein 
n22 and m+ne4, and wherein the electrophilic group is 
independently amino or thiol groups; and 

wherein each of the first and second crosslinkable compo 
nents is biocompatible, synthetic, and nonimmuno 
genic, and crosslinking of the composition results in a 
biocompatible, nonimmunogenic, crosslinked matrix. 

72. A composition comprising: 
a) a first crosslinkable component having m nucleophilic 

groups, wherein m22; and 
(b) a second crosslinkable component having n electro 

philic groups capable of reaction with the m nucleo 
philic groups to form covalent bonds, wherein nea, 
wherein the first crosslinkable component is a naturally 
occurring protein or recombinant protein, and the Sec 
ond crosslinkable component includes a synthetic 
hydrophilic polymer. 

73. The composition of claim 72 wherein the first 
crosslinkable component is natural or recombinant albumin, 
collagen, fibrin or fibrinogen. 

74. The composition of claim 72 wherein the electrophilic 
groups are the same or different and independently succinim 
idyl groups, succinimidyl carbonate groups, or maleimidyl 
groups. 

75. The composition of claim 74 wherein the electrophilic 
groups form one or more covalent bonds with the naturally 
occurring protein or recombinant protein. 

76. The composition of claim 72 wherein the synthetic 
hydrophilic polymer is a branched polyalkylene oxide. 

77. The composition of claim 76 wherein the second 
crosslinkable component includes a tetra-functionalized 
branched polyethylene glycol having a pentaerythritol core. 

78. The composition of claim 72 further comprising a 
colorant. 

79. The composition of claim 72 further comprising a 
therapeutically effective amount of a biologically active 
agent. 

80. The composition of claim 79 wherein the biologically 
active agentis selected from the group consisting of enzymes, 
receptor antagonists, receptor agonists, hormones, growth 
factors, autogenous bone marrow, antibiotics, antimicrobial 
agents, antibodies, cells and genes. 

81. (canceled) 
82. A device comprising: 
an implant selected from Sutures, Surgically acceptable 

patches, artificial blood vessels, artificial heart valves, 
vascular grafts, vascular stents, vascular stent/graft com 
binations, bone implants, cartilage implants, artificial 
joints, bone prostheses, retaining pins, cranial plates, 
ophthalmic shields, corneal lenticules, breast implants, 
and drug delivery devices; 

a coating composition coated on the implant, wherein the 
coating composition is formed by crosslinking (a) a first 
crosslinkable component having m nucleophilic groups, 
wherein m22; (b) a second crosslinkable component 
having n electrophilic groups, wherein ne2 and 
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m+ne4, wherein the m nucleophilic groups and the n 
electrophilic groups form covalent bonds. 

83. The device of claim 82, wherein the nucleophilic 
groups of the first crosslinkable component are selected from 
NH, -NHR, N(R), -SH, -OH, -COOH, 
CH, OH, -PH, PHR, -P(R), -NH NH, 

—CO. NH-NH, and —CHN, wherein R* and R are 
C-C2 hydrocarbyl. 

84. The device of claim 82, wherein the electrophilic 
groups of the second crosslinkable component are amino 
reactive groups or sulfhydryl-reactive groups. 

85. The device of claim 84, wherein the electrophilic 
groups are selected from carboxylate esters, succinimidyl 
groups, succinimidyl carbonate groups, maleimidyl groups, 
carboxylic acids, acid chloride groups, anhydrides, ketones, 
aldehydes, halides, isocyanates, isothiocyanates, epoxides, 
activated hydroxyl groups, and olefins. 
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86. The device of claim 82 wherein at least one of the first 
and second crosslinkable component includes a synthetic 
hydrophilic polymer. 

87. The device of claim 86 wherein the synthetic hydro 
philic polymer is branched polyalkylene oxide. 

88. The device of claim 87 wherein the synthetic hydro 
philic polymer includes a tetra-functionalized branched poly 
ethylene glycol having a pentaerythritol core. 

89. The device of claim 82, wherein the composition fur 
ther comprises a biologically active agent. 

90. The device of claim 89, wherein the biologically active 
agent is selected from the group consisting of enzymes, 
receptor antagonists, receptor agonists, hormones, growth 
factors, autogenous bone marrow, antibiotics, antimicrobial 
agents, antibodies, cells and genes. 

91. (canceled) 


