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(57) Abstract: Disclosed are hydrogel compositions formed by the mixture of a tetramethylmethane substituted with one or more
polyethylene glycols, and wherein each polyethylene glycol substituent is independently further substituted with one or more elec-
trophilic groups, and a tetramethylmethane substituted with one or more polyethylene glycols, and wherein each polyethylene gly-
col substituent is independently further substituted with one or more nucleophilic groups. Disclosed are also methods of preparing
the above hydrogels. The hydrogel compositions can further comprise pharmaceuticals, such as analgesics or local anesthetics.
Disclosed are also methods of sealing a wound, preventing post-surgical adhesion, and reducing post-surgical pain using the dis-
closed hydrogels.
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BIOCOMPATIBLE CROSSLINKED HYDROGELS, DRUG-LOADED
HYDROGELS AND METHODS OF USING THE SAME

CROSS-REFERENCE AND RELATED APPLICATIONS
[001] This application claims the benefit under 35 U.S.C. § 119(e) of
U.S. Provisional Patent Application Nos. 61/046,920, 61/046,954 and 61/046,965, all
filed April 22, 2008, which applications are herein incorporated by reference in their

entireties.

FIELD OF THE DISCLOSURE
[002] This disclosure relates generally to biocompatible polymer
compositions that rapidly crosslink to form a gel, and methods of using the same,
including a variety of tissue-related applications in which rapid adhesion to the tissue
and gel formation is desired, as well as local delivery of pharmaceutical drugs, such as

analgesics, to a site of surgery.

BACKGROUND OF THE DISCLOSURE

[003] The use of polymer compositions in surgical procedures is now
widely recognized, particularly those compositions manufactured with synthetic
polymers. In contrast to many naturally derived compositions, synthetic polymer
compositions can be formulated to exhibit predetermined physical characteristics,
such as gel strength, as well as biological characteristics, such as biodegradability.

[004] Several two-part co-polymer systems have been described that can
be administered as liquids, or solutions, but which subsequently form gels at the site
of administration. See, for example, U.S. Patents 5,874,500 (Rhee et al., issued
February 23, 1999), 6,051,648 (Rhee et al., issued April 18, 2000), 6,312,725
(Wallace et al., issued November 6, 2001), 6,458,889 (Trollsas et al., issued October
1, 2002), 6,495,127 (Wallace et al., issued December 17, 2002), 6,624,245 (Wallace
ct al., issucd Scptember 23, 2003), 7,176,256 (Rhee ct al., issued Fcbruary 13, 2007),
and U.S. Patent Application Publication No. 2005/0281883 A1 (Daniloff et al.), all of
which are hereby incorporated by reference herein in their entirety, including any
drawings. Such in situ gel-forming compositions are convenient to use since they can
be administered as liquids from a variety of different devices, and are adaptable for

administration to any site, since they are not preformed.
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SUMMARY OF THE DISCLOSURE
[005] Disclosed herein are compositions comprising a compound of

Formula I or Formula III, as described herein:

OR,
O— (CH,CH,0),
R2_O
® 0—R,
(OCHzCHz)n_O
RS
O—(CH,CH,0),
Rg—O
(110) 0—R,
(OC H2CH2)n_ 0)
RS
[006] Also disclosed are methods of preparing a biodegradable

crosslinked composition comprising: mixing a first compound and a second
compound to obtain a first mixture, adding a first aqueous solution to the first mixture
to obtain a first solution, adding a second aqueous solution to the first solution,
wherein the first compound is a compound of Formula I, as described herein, and the
second compound is a compound of Formula III, as described herein. Disclosed
herein are also hydrogel compositions produced by the above method. Also disclosed
are methods of sealing a wound by adding the above-described hydrogels to the
wound. In addition, disclosed are methods of preventing post-surgical adhesion by
administering the above-described hydrogels to a tissue.

[007] Further disclosed are compositions comprising a biocompatible
hydrogel and an analgesic, where the biocompatible hydrogel is produced by a
method comprising: mixing a first compound and a second compound to obtain a first
mixture, adding a first aqueous solution to the first mixture to obtain a first solution,
adding a second aqueous solution to the first solution, where the first compound is a

compound of Formula I:
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OR,
O_(CH2CH20)n
R2_O
@ 0—R,
(OCH,CH,),—O
R,0
and the second compound is a compound of Formula III:
Rs
O_(CHchzo)n
Rg—O
(11I) 0—R,
(OCH,CH,),—O
RS
[008] Further disclosed herein are compositions comprising a

biocompatible hydrogel and an analgesic, wherein the biocompatible hydrogel is
produced by a method comprising

mixing a first compound and a second compound to obtain a first mixture,

adding a first aqueous solution to the first mixture to obtain a first solution,

adding a second aqueous solution to the first solution, wherein

the first compound is a sulfhydryl reactive group-containing compound having
the formula Compound,-Y,, wherein Y is a sulthydryl reactive group and wherein n >
2;

the second compound is a sulfhydryl group-containing compound having the
formula Compound,-(SH),, wherein m > 2; and

wherein at least one of the first or second compounds is a polyalkylene oxide

and

wherein the sulfhydryl groups and the sulthydryl reactive groups react with
one another to form covalent bonds therebetween when said components are mixed
together to form a gel. In some embodiments, the gel forms in less than one minute.

[009] Also disclosed are methods of reducing post-surgical pain

comprising administering to a tissue at a site of surgery (e.g., an inguinal hernia repair
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or breast augmentation site) the above biocompatible hydrogels, where the biocompatible
hydrogel contains an analgesic (e.g., bupivacaine).

[0009A] According to one embodiment of the present invention there is
provided a composition comprising a biocompatible hydrogel and an analgesic, wherein
the analgesic is uniformly distributed in the hydrogel as in situ generated particles, and
wherein the biocompatible hydrogel is produced by a method comprising

mixing a first compound and a second compound to obtain a first mixture,

adding an acidic aqueous solution and the analgesic to the first mixture to obtain a
first solution,

adding a basic aqueous solution to the first solution, wherein

the first compound is a compound of Formula I:
OR,

0—(CH,CH,0),
R,—O
M 0—R,
(OCH,CH,),—0O
R,0

wherein

each R is independently selected from the group consisting of hydrogen, alkyl,
-C(=0)R3, and -C(=0)OR3;

each R, is independently selected from the group consisting hydrogen, alkyl, and
-(CH,CH,0),-Ry4,

R; is selected from the group consisting of hydrogen, halogen, amino,
monoalkylamino, dialkylamino, alkyl, carbocyclyl, and heterocyclyl;

each Ry is independently selected from the group consisting hydrogen, alkyl,
-CH,CH,0H, and -CH,CH,0R;

each n is independently an integer greater than 1,

wherein at least one of R; is not hydrogen or alkyl; and

the second compound is a compound of Formula III:
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O—(CH,CH,0),

(11D 0—R,
(OCH,CH,),—O

RS
wherein

each Rs is independently selected from the group consisting of hydrogen, alkyl,
-OR5, -SR5, and -N(R~)y;

each Re is independently selected from the group consisting hydrogen, alkyl, and
-(CH,CH;,0),-Rg;

each R; is independently selected from the group consisting of hydrogen, alkyl,
carbocyclyl, and heterocyclyl,

each Ry is independently selected from the group consisting hydrogen, alkyl, and
-CH,CH;,R5;

each n is independently an integer greater than 1,

wherein at least one of —Rs is not hydrogen or alkyl, and
wherein the analgesic is a local anesthetic is selected from the group consisting of
bupivacaine, levobupivacaine, ropivacaine, lidocaine, mepivacaine, prilocaine,
cinchocaine, etidocaine, articaine and salts thereof.

[0009B] According to another embodiment of the present invention there is
provided a method of reducing post-surgical pain comprising administering to a tissue at a
site of surgery a biocompatible hydrogel, wherein the biocompatible hydrogel comprises
an analgesic, wherein the analgesic is uniformly distributed in the hydrogel as in situ
generated particles, and wherein the biocompatible hydrogel is produced by a method
comprising:

mixing a first compound and a second compound to obtain a first mixture,

adding an acidic aqueous solution and the analgesic to the first mixture to obtain a
first solution,

adding a basic aqueous solution to the first solution, wherein

4A
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the first compound is a compound of Formula I:
OR,

O— (CH,CH,0),
R,—O
D 0—R,
(OCH,CH,),—0
R,0

wherein

each R, is independently selected from the group consisting of hydrogen, alkyl,
-C(=0)R3, and -C(=0O)OR3;

each R; is independently selected from the group consisting hydrogen, alkyl, and
-(CH,CH,0)u-R4,

R; is selected from the group consisting of hydrogen, halogen, amino,
monoalkylamino, dialkylamino, alkyl, carbocyclyl, and heterocyclyl;

each R, is independently selected from the group consisting hydrogen, alkyl,
-CH,CH,0H, and -CH,CH,0R;

each n is independently an integer greater than 1;

wherein at least one of R, is not hydrogen or alkyl; and

the second compound is a compound of Formula III:

O—(CH2CH20)n
Rg—O

(1) o,
(OCHzCHz)n_ (@)

Rq
wherein

each Rs is independently selected from the group consisting of hydrogen, alkyl,
-OR7, -SR7, and —N(R7)2;

4B
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each R¢ is independently selected from the group consisting hydrogen, alkyl, and
-(CH,CH,0),-Rg;

each R- is independently selected from the group consisting of hydrogen, alkyl,
carbocyclyl, and heterocyclyl,

each Ry is independently selected from the group consisting hydrogen, alkyl, and
-CH,CH;R5;

each n is independently an integer greater than 1;

wherein at least one of —Rs is not hydrogen or alkyl, and
wherein the analgesic is a local anesthetic is selected from the group consisting of
bupivacaine, levobupivacaine, ropivacaine, lidocaine, mepivacaine, prilocaine,
cinchocaine, etidocaine, articaine and salts thereof.

[0009C] Throughout this specification and the claims which follow, unless
the context requires otherwise, the word "comprise", and variations such as "comprises"
and "comprising", will be understood to imply the inclusion of a stated integer or step or
group of integers or steps but not the exclusion of any other integer or step or group of
integers or steps.

[0009D] The reference in this specification to any prior publication (or
information derived from it), or to any matter which is known, is not, and should not be
taken as an acknowledgment or admission or any form of suggestion that that prior
publication (or information derived from it) or known matter forms part of the common

general knowledge in the field of endeavour to which this specification relates.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] Figure 1 is a graph showing the results of the swell force conducted on
a gel having 2.5% 4-armPEG-SC and 2.5% 4-armPEG-SH.
[0011] Figure 2 is a graph showing the results of the swell force conducted on
a gel having 5% 4-armPEG-SC and 5% 4-armPEG-SH.

4C
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[0012] Figure 3 is a graph showing the average threshold withdrawal force
for each group of rats used in the study of Example 21. Each data point represents the
mean £ SE of the lowest value of three readings obtained per rat (n = 7) at each time point.

[0013] Figure 4 is a graph showing the percent change in paw volume of rats
used in the study of Example 21, from baseline to three days. Each column is the
mean * SE of 7 rats.

[0014] Figure 5 is a graph showing the average percent change in body
weight of rats used in the study of Example 21. Each data point is the mean + SE of 7 rats.

DETAILED DESCRIPTION OF THE EMBODIMENTS
[0015] Disclosed herein are two-component systems that form a
biocompatible and biodegradable hydrogel once the two components are mixed together.

The system may further comprise one or more analgesics.

1. Two-Component Hydrogel Systems

[0016] Typically, "hydrogel" refers to a network of polymer chains that are
water-insoluble. Hydrogels are sometimes found as colloidal gels in which water is the
dispersion medium. Hydrogels are superabsorbent (they can contain over 99% water)
natural or synthetic polymers. Hydrogels also possess a degree of flexibility very similar
to natural tissue, due to their significant water content.

[0017] The two-component hydrogel systems are described in detail in, for
example, U.S. Patents 5,874,500, 6,051,648, 6,312,725, 6,458,889, 6,495,127, 6,624,245,
7,176,256, and U.S. 2005/0281883, which references are incorporated herein by reference

in their entireties.

4D
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[0018] In certain embodiments, each component of the system comprises a
tetramethylmethane core, to cach of which methyl groups a polyethylene glycol
(PEG) arm is connected. The length of the PEG arms can be varied independently to
produce components, and therefore hydrogels, of varying molecular weight.

[0019] One or more of the PEG arms of one component terminate in an
electrophilic group, while one or more of the PEG arms of the second component
terminate in a nucleophilic group. When the two components are mixed together at a
basic (e.g., alkaline) pH, the electrophilic group of the first component reacts with the
nucleophilic group of the second component, thereby forming a covalent bond
therebetween. In situations where more than one arm of the components are
substituted with electrophilic or nucleophilic groups, the components form a cross-
linked hydrogel composition.

[0020] The hydrogel compositions disclosed herein are biocompatible. By
“biocompatible” it is meant that the hydrogel compositions do not cause toxicity or
irritation to the surrounding tissue, to the extent that would prohibit a medical
professional from using the hydrogel composition on a patient.

[0021] The hydrogel compositions are also biodegradable. By
“biodegradable” it is meant that the hydrogel compositions, once formed, slowly, e.g.,
during a period of days, weeks, or months, degrade and dissolve under normal
physiological conditions. The degradation product of the disclosed hydrogels are
excreted from the body of the individual patient to whom the hydrogel is applied, for
example by entering the blood stream and being secreted through the kidneys and into
the urine, or by being metabolized in the liver and being excreted through the
intestines. The degradation products of the hydrogel compositions disclosed herein
are also biocompatible.

[0022] One of the components of the two-component system disclosed
herein is a compound having one or more electrophilic substituents. Thus, in one

aspect, disclosed herein is a composition comprising a compound of Formula I:
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OR,

o— (CHzCHQO)n
R2_O
@ 0—R,
(OCH,CH,),—0

R,0
wherein

cach R, is the same or different and independently hydrogen, alkyl, -C(=O)R3,
or -C(=0)OR3;

each R, is the same or different and independently hydrogen, alkyl, or
-(CH,CH;0)x-R4,

R3 is hydrogen, halogen, amino, monoalkylamino, dialkylamino, alkyl,
carbocyclyl, or heterocyclyl;

each R4 is the same or different and independently hydrogen, alkyl,
-CH,CH,0H, or -CH,CH,0R;

each n is the same or different and independently an integer greater than 1;

wherein at least one of R is not hydrogen or alkyl (i.e., at least one of R is
-C(=O)R3, or -C(=0O)OR3).

[0023] As used herein, “alkyl” refers to a straight or branched
hydrocarbon chain radical consisting solely of carbon and hydrogen atoms, containing
no unsaturation, having from one to fifteen carbon atoms. In certain embodiments, an
alkyl may comprise one to eight carbon atoms. In other embodiments, an alkyl may
comprise one to six carbon atoms. The alkyl is attached to the rest of the molecule by
a single bond, for example, methyl, ethyl, n-propyl, 1-methylethyl (iso-propyl),
n-butyl, n-pentyl, 1,1-dimethylethyl(z-butyl), 3-methylhexyl, 2-methylhexyl, and the
like. Unless stated otherwise specifically in the specification, an alkyl group may be
optionally substituted by one or more of the following substituents: halo (i.e., F, Br,
Cl or I), cyano, nitro, oxo, thioxo, trimethylsilanyl, -OR®, OC(O)-R", -N(R?),,
-C(O)R?, -C(O)OR?, -C(O)N(R"),, -N(R*)C(O)OR?, -N(R")C(O)R?, -N(R")S(O), R*
(where tis 1 or 2), -S(0),0 R* (where t is 1 or 2), -S(O),R"* (where p is 0, 1 or 2), and
-S(O)N(R"), (where t is 1 or 2) where each R" is independently hydrogen, alkyl,
haloalkyl (i.e., alkyl substituted with one or more halo), carbocyclyl, aryl (e.g., phenyl
or naphthyl), aralkyl, or heterocyclyl.
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[0024] "Carbocyclyl" refers to a stable non aromatic monocyclic or
polycyclic hydrocarbon radical consisting solely of carbon and hydrogen atoms,
which may include fused or bridged ring systems, having from three to fifteen carbon
atoms. In certain embodiments, a carbocyclyl may comprise three to ten carbon
atoms. In other embodiments, a carbocyclyl may comprise five to seven carbon
atoms. The carbocyclyl is attached to the rest of the molecule by a single bond.
Carbocyclyl may be saturated, (i.e., containing single C-C bonds only) or unsaturated
(i.e., containing one or more double bonds or triple bonds.) A fully saturated
carbocyclyl radical is also referred to as “cycloalkyl.” Examples of monocyclic
cycloalkyls include, e.g., cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl,
cycloheptyl, and cyclooctyl. Unless stated otherwise specifically in the specification,
an alkyl group may be optionally substituted by one or more of the following
substituents: halo (i.e., F, Br, Cl or I), cyano, nitro, oxo, thioxo, trimethylsilanyl,
-OR*, OC(0)-R?, -N(R",, -C(O)R? -C(O)OR?, -C(O)N(R%,, -N(R"C(O)OR?,
-N(R)C(O)R?, -N(R)S(0), R* (where t is 1 or 2), -S(0)O R* (where t is 1 or 2),
-S(0),R* (where p is 0, 1 or 2), and -S(O)N(R"), (where t is 1 or 2) where each R is
independently hydrogen, alkyl, haloalkyl (i.e., alkyl substituted with one or more
halo), carbocyclyl, aryl (e.g., phenyl or naphthyl), aralkyl, or heterocyclyl.

[0025] “Halo” refers to fluoro, chloro, bromo or iodo.

[0026] "Heterocyclyl" refers to a stable 3 to 18 membered non-aromatic
ring radical that comprises two to twelve carbon atoms and from one to six
heteroatoms selected from nitrogen, oxygen and sulfur. Unless stated otherwise
specifically in the specification, the heterocyclyl radical may be a monocyclic,
bicyclic or tricyclic ring system, which may include fused or bridged ring systems.
The heteroatoms in the heterocyclyl radical may be optionally oxidized. One or more
nitrogen atoms, if present, may be optionally quaternized. The heterocyclyl radical
may be partially or fully saturated. The heterocyclyl may be attached to the rest of the
molecule through any atom, including the heteroatom, of the ring(s). Unless stated
otherwise specifically in the specification, an alkyl group may be optionally
substituted by one or more of the following substituents: halo (i.e., F, Br, Cl or I),
cyano, nitro, oxo, thioxo, trimethylsilanyl, -OR" OC(O)-R* -N(R"),, -C(O)R®
-C(O)OR?, -C(O)N(R™, -N(R*)C(O)OR?, -N(R*)C(O)R?, -N(R)S(0), R* (where t is 1
or 2), -S(0)0 R* (where t is 1 or 2), -S(O),R* (where p is 0, 1 or 2), and -S(O)N(R"),
(where t is 1 or 2) where each R* is independently hydrogen, alkyl, haloalkyl (i.e.,
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alkyl substituted with one or more halo), carbocyclyl, aryl (e.g., phenyl or naphthyl),
aralkyl, or heterocyclyl. In certain embodiments, the heterocyclyl is a succinimidyl
group, which is attached to the rest of the molecule through the nitrogen atom.

[0027] In some embodiments, each n is a different number. In other
embodiments, all n are the same number. In yet other embodiments, two or more n
are the same number. In some embodiments, each n is chosen so that every molecule
in the mixture comprising the compounds of Formula I is identical. In other
embodiments, different compounds in the mixture comprising the compounds of
Formula I have different n or combinations of n. In some embodiments, each n is
chosen so that the average molecular weight of the compounds of Formula I is about
3000 to about 30,000 g/mol. In certain embodiments, it may be desirable that each n
is chosen so that the average molecular weight of the compounds of Formula I is
about 10,000 g/mol. In certain embodiments, it may be desirable that each n is
chosen so that the average molecular weight of the compounds of Formula I is about
20,000 g/mol.

[0028] In some embodiments, n is between 30 and 90. In other
embodiments, n is between 40 and 80. In certain embodiments, n is between 50 and
70. In certain embodiments, n is approximately 56, which means that n is 56 + 10.
When n is about 56, the average molecular weight of the compounds of Formula I is
about 10,000 g/mol.

[0029] In certain embodiments, each -OR; is an electrophilic substituent
that can react with a nucleophilic group such as —SH, -NH, and -OH. Exemplary -
OR| include, for example, a carbonyl ester (i.e., R; is —C(=O)R3) or a carbonate ester
(i.e., Ry is =C(=0)OR3). In certain embodiments, R is a leaving group that facilitates
the reaction between the -OR; and the nucleophilic group. An example of the leaving
group is a succinimidyl group.

[0030] In some embodiments, each -OR; is a different substituent. In
other embodiments, all -OR; are the same substituent. In yet other embodiments, two
or more -OR; are the same substituent. In some embodiments, one or more -OR; is
not an electrophilic substituent. In these embodiments, -R; is preferably a hydrogen
or an alkyl group. By selecting a non-electrophilic substituent for some of the arms of
the compounds of Formula I, the extent of polymer cross-linking can be controlled.

Therefore, if a high degree of cross-linking is desired, all of -OR; can be chosen as
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electrophilic substituents. However, if a lower degree of cross-linking is desired, then
one or more of -OR| is selected to be a non-electrophilic substituent.

[0031] In other embodiments, the degree of cross-linking is determined by
the choice of R; in the compounds of Formula I. For example, if R, is chosen such
that it is a PEG-OR}, then there are more than two arms (e.g., 3 arms or 4 arms) that
are capable of reacting or crosslinking with nucleophilic groups, and the resulting
polymer will be cross-linked to a higher degree.

[0032] In some embodiments, the compound of Formula I is a compound

of Formula I.1 or a compound of Formula I.2:
OR,

R 0—(CH,CH,0),
(OCH,CH,),—O
(L1) =R,
(OCH,CH,),—0

Rlo/_/
R,0

OR,
O—(CH,CH,0),
(OCH,CH,),—0
(1.2) 0— (CH,CH,0)
(OCH,CHy),—0 \
R,0
[0033] In some embodiments, at least one of -OR| is
0
N—QO
-
(0]
Yo
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[0034] In some embodiments, the compound of Formula I is a compound

selected from the group consisting of Formulae 1.1, I1.2, and 11.3:

(0}
O—N
0)
O O
HO
H 0—(CH,CH,0),
(L) (OCH,CH,). —O,
0—(CH,CH,0),
(OCH,CH,),—O
/—/ OH
Eé r
0)
O—N
o
o 0O O
O_(CH2CH2O)H
(II 2) (OCHZCHZ)II—O

0— (CH,CH,0),
(OCH2CH2 )H—O

/—/ ROH
e

10
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O_ (CH2CH20)n
(OCH,CH,),—O

O—(CH,CH,0
(OCH,CH,),. —0
/—/ 0

(11.3)

where each n is as defined above.

[0035] In some embodiments, when the compound of Formula 1.2 is
synthesized, the product will contain a mixture of compounds of Formula I, Formula
I.1, and Formula I.2. In certain embodiments, these components are not separated and
the mixture of all three is further reacted with a compound of Formula III (see below).

[0036] The other component of the two-component system disclosed
herein is a compound having one or more nucleophilic substituents. Thus, in another
embodiment, disclosed herein is a compound of Formula II1:

Rs

O0—(CH,CH,0),
Rs—O,

(I11) 0—R,
(OCH,CH,),—O

RS
wherein
each Rs is the same or different and independently hydrogen, alkyl, -OR>,
-SR7, or -N(R7)»;
each Rg is the same or different and independently hydrogen, alkyl, or

-(CH,CH;0),-Rs;

11
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each R is the same or different and independently hydrogen, alkyl,
carbocyclyl, or heterocyclyl;

each Rg 1s the same or different and independently hydrogen, alkyl, or
-CH,CH;Rs;

each n is the same or different and independently an integer greater than 1;

wherein at least one of —Rs is not hydrogen or alkyl (i.e., at least one of —Rsis
-OR7, -SR5, or —N(R7),).

[0037] In some embodiments, the degree of cross-linking is also
determined by the choice of R in the compounds of Formula III. For example, if R¢
is chosen such that it is a PEG-Rs, then there are more than two arms, for example, 3
arms or 4 arms, to the compound of Formula III and the resulting polymer will be
cross-linked to a higher degree.

[0038] In some embodiments, the compound of Formula III is a compound

of Formula III.1 or a compound of Formula II1.2:
Rs

R, /_/
\ﬂ 0—(CH,CH,0),

(OCHzCHz)n_ 0]

(I1L1) o—R,
(OC H2CH2)n_ (0)

RS/_/
AN

O0—(CH,CH,0),
(OCH,CH,),—O,

(1I1.2) O—(CH,CH,0)

(OCH,CH,),—0 R
et

Rs

[0039] In certain embodiments, the following provisos apply: when both
R¢ are -(CH,CH,0),-Rg and both Rg are -CH,CH,Rs (e.g., Formula II1.2 above), Rs
cannot be —OH in all four arms, or Rs cannot be -OCH3 in all four arms, or Rs cannot

be —SH in all four arms, or Rs cannot be —NH; in all four arms.

12
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[0040] In some embodiments, ecach n is a different number. In other
embodiments, all n are the same number. In yet other embodiments, two or more n
are the same number. In some embodiments, each n is chosen so that every molecule
in the mixture comprising the compounds of Formula III, 1I1.1, or IIL.2 is identical. In
other embodiments, different compounds in the mixture comprising the compounds of
Formula III, III.1, or III.2 have different n or combinations of n. In some
embodiments, each n is chosen so that the average molecular weight of the
compounds of Formula III, III.1, or II1.2 is between 10,000 — 20,000 g/mol.

[0041] In certain embodiments, each Rs is a nucleophilic substituent that
can react with an electrophilic group. In some embodiments, each Rs is a different
substituent. In other embodiments, all Rs are the same substituent. In yet other
embodiments, two or more Rs are the same substituent. In some embodiments, one or
more Rs is not a nucleophilic substituent. In these embodiments, Rs is preferably a
hydrogen or an alkyl group.

[0042] By selecting a particular compound of Formula III, III.1, or I11.2, or
a particular mixture thereof, the extent of polymer cross-linking can be controlled.
Therefore, if a high degree of cross-linking is desired, the mixture will have
exclusively, or a higher percentage of, the compound of Formula I11.2. However, if a
lower degree of cross-linking is desired, then the mixture will have exclusively, or a
higher percentage of, the compound of Formula III.

[0043] Alternatively, or additionally, by selecting a non-nucleophilic
substituent for some of the arms of the compounds of Formula III, I1I.1, or II1.2, the
extent of polymer cross-linking can be controlled. Therefore, if a high degree of
cross-linking is desired, all of Rs can be chosen as nucleophilic substituents.
However, if a lower degree of cross-linking is desired, then one or more of Rs is
selected to be a non-nucleophilic substituent.

[0044] In some embodiments, each Rs is independently selected from the
group consisting of -OH, -SH, and -NH,. In certain embodiments, at least one Rs is —

SH.

13
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[0045] In another aspect, disclosed herein is a compound of Formula IV.1,

IV2,1V.3,IV40rlIV.5:

SH
HO /—/

0—(CH,CH,0),
(OCH,CH,) —O,

J
S

(v.1) O— (CH,CH,0)
(OCHzCHz)n_O R
/—/ OH
HS
SH
HS /_/
H 0—(CH,CH,0),
(OCH,CH,),—O
(Iv.2) 0—(CH,CH,0)
(OCH,CH,),—0 R
/—/ OH
HS
SH
HS /_/
H 0—(CH,CH,0),
(OCH,CH,), —O
(av.3) 0—(CH,CH,0)
(OCH,CH,),—O R
/—/ SH
HS
/_/SH
0—(CH,CH,0),
CH3_ O
(IV.4) —on,

(OCHZCHZ)n_O

HS
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SH

HS
O—(CH,CH,0),
(OCH,CH,),—O
(IV.5) 0—CH,
(OCHzCHz)n_ (0)

HS
wherein each n 1s as defined above.

[0046] In another aspect, disclosed herein is a compound of Formula V

V)

OR,

N

/_/(OCHQCHz)n\O /\/0\(CH2CH20)I /—/
R,0

where

each R, is the same or different and independently hydrogen, alkyl, -C(=O)R3,
or -C(=0)OR3;

R is the same or different and independently hydrogen, halogen, amino,
monoalkylamino, dialkylamino, alkyl, carbocyclyl, or heterocyclyl;

each n is the same or different and independently an integer greater than 1;

wherein at least one of R is not hydrogen or alkyl (i.e., at least one of R; is
-C(=O)R3, or -C(=0)OR3).

[0047] In some embodiments, the compound of Formula V is a compound

of Formula V.1

/_/

n

(OCH,CH,), 0
\O/\/ \(CH2CH20)

(V.1) 0 O
0
N—C
0
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[0048] In some embodiments, where the compound of Formula I is in fact
a mixture of the compounds of Formula I, 1.1, and 1.2, the degree of cross-linking can
be controlled by the extent of substitution of hydroxyl substituents with NHS (N-
hydroxysuccinimide) (see examples below). The more NHS substitution, the more
cross-linking will be observed. Greater cross-linking creates a tighter network, which
will decrease swelling. This can be advantageous in certain applications, for example
the application of the gel (see below) in tight locations where gel swelling can
potentially cause adverse effects.

[0049] The compositions disclosed herein can comprise two separate
parts, or “components”’, which may be in liquid or solid form. Unless specified
otherwise, in certain embodiments, the composition disclosed herein can be a system
that includes two separate components prior to being mixed. The system may further
include two containers or housing elements which house the two components,
respectively. In some embodiments, both components are liquids, such that each can
be easily applied separately to the site of administration. One of the components may
be in the form of a dry powder that becomes mixed with the second component,
which is in a dry powder or a liquid form. The two components are sprayed
separately onto the tissue, or by mixing at the tissue site. The components can be
applied separately (simultaneously or sequentially) or may first be mixed together and
then the mixture applied to the tissue site. It is also possible to have both components
delivered to the site as powders, to be mixed with buffer at the site of administration.
In further embodiments, the system may further include a third component (e.g., a
pharmaceutical compound). The third component is adapted to be mixed with the first
and second component, either serially or simultaneously. In some embodiment, the
third component may be combined with either the first or the second component or
both, e.g., housed with either the first or the second component in the first or second
housing element, respectively, or both housing elements. In other embodiments, the
third component may be separate from either the first or the second component, e.g.,
the third component is in a separate third housing element. Unless specified
otherwise, the composition or system described herein allows for mixing to the two or
more components in any sequence or simultaneously.

[0050] The pH of the aqueous buffer solution that is used for each of the
two (or more) composition components should be adjusted using routine optimization

to achieve a final pH that is conducive to rapid gelation, without causing

16



WO 2009/132153 PCT/US2009/041469

instantaneous gelation which interferes with the delivery process. The buffer
solutions are aqueous and can be any pharmaceutically acceptable basic or acid
composition. The term “buffer” is used in a general sense to refer to an acidic or
basic aqueous solution, where the solution may or may not be functioning to provide a
buffering effect (i.e., resistance to change in pH upon addition of acid or base) in the
compositions of the present disclosure.

[0051] Low pH buffer solutions having a pH within the range of about 1.0
to 5.5, include by way of illustration and not limitation, solutions of: citric acid,
hydrochloric acid, phosphoric acid, sulfuric acid, AMPSO (3-[(1,]-dimethyl-2-
hydroxyethyl)amino]2-hydroxy-propane-sulfonic acid), acetic acid, lactic acid, and
combinations thereof. In certain embodiments, the acidic buffer solution is a solution
of citric acid, hydrochloric acid, phosphoric acid, sulfuric acid, and combinations
thereof. Another exemplary acidic buffer is a solution of hydrochloric acid, having a
concentration of about 6.3 mM and a pH in the range of 2.1 to 2.3.

[0052] Regardless of the precise acidifying agent, the low pH buffer
preferably has a pH such that it retards the reactivity of the nucleophilic groups on the
first component. For example, a pH of 2.1 is generally sufficient to retard the
nucleophilicity of thiol groups. A lower pH is typically preferred when the first
component contains amine groups as the nucleophilic groups. In general, the acidic
buffer is an acidic solution that, when contacted with nucleophilic groups that are
present as part of the first component, renders those nucleophilic groups relatively
non-nucleophilic.

[0053] High pH buffer solutions having a pH within the range of about 6.0
to 11.0, include by way of illustration and not limitation, solutions of: glutamate,
acctate, carbonate and carbonate salts (e.g., sodium carbonate, sodium carbonate
monohydrate and sodium bicarbonate), borate, phosphate and phosphate salts (e.g.,
monobasic sodium phosphate monohydrate and dibasic sodium phosphate), and
combinations thereof. In a preferred embodiment, the basic buffer solution is a
solution of carbonate salts, phosphate salts, and combinations thereof.

[0054] In general, high pH buffer is an aqueous solution that neutralizes
the effect of the acidic buffer, when it is added to the homogeneous solution of the
first and second components and the acid buffer, so that the nucleophilic groups of the

first component regain their nucleophilic character (that has been masked by the
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action of the acidic buffer), thus allowing the nucleophilic groups to inter-react with
the electrophilic groups of the second component.

[0055] An exemplary high pH buffer is an aqueous solution of carbonate
and phosphate salts. This buffer may be prepared by combining a base solution with a
salt solution. The salt solution may be prepared by combining appropriate quantities
of monobasic sodium phosphate monohydrate, sodium carbonate monohydrate, and
sufficient water to provide a desired final solution volume. The basic buffer is
typically prepared by adding the base solution as needed to the salt solution,
ultimately to provide a mixture having the desired pH, e.g., a pH 0f 9.65 to 9.75.

[0056] In general, the basic species present in the high pH buffer should
be sufficiently basic to neutralize the acidity provided by the acidic buffer, but should
not be so nucleophilic itself that it will react substantially with the electrophilic
groups of the second component. For this reason, relatively "soft" bases such as
carbonate and phosphate are preferred in this embodiment of the disclosure. For
example, certain types of reactions (e.g., nucleophilic substitution reactions) involving
sulthydryl PEG and amino PEG need a higher (e.g., basic) pH to enhance
nucleophilicity.

[0057] To illustrate the preparation of an exemplary cross-linked matrix,
the liquid components of the compositions disclosed herein may each be separately
prepared by adding the activated synthetic polymer (in dry form or as a concentrated
solution) to a liquid medium. Suitable liquid media 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, the sulfhydryl-reactive PEG is prepared in water or a dilute buffer,
with a pH of between around 5 to 6. Buffers with pKs between about 8 to 10.5 for
preparing the sulthydryl-PEG component are useful to achieve fast gelation time of
compositions containing mixtures of sulfhydryl-PEG/sulfhydryl-reactive PEG (e.g.,
succinimidyl carbonate PEG). These include carbonate, borate and AMPSO (3-[(1,1-
dimethyl-2-hydroxyethyl)amino]2-hydroxy-propane-sulfonic acid).

[0058] In an alternative embodiment, both components 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 applied (e.g., sprayed) onto the tissue site
along with a high pH buffer, after which they will rapidly react and form a gel.
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[0059] In a further embodiment, both components can be combined in a
dry powder mixture while in storage. When in use, the dry powder mixture can be
first dissolved in a single aqueous medium, e.g., in a low pH buffer, in which they are
unreactive to each other. Thereafter, they can be applied (e.g., sprayed) onto the
tissue site along with a high pH buffer, after which they will rapidly react and form a
gel.

[0060] In one aspect, disclosed herein is a hydrogel composition produced
by a method comprising mixing a first compound and a second compound, wherein
the first compound is a compound of Formula I or Formula V, as described herein,
and the second compound is a compound of Formula III, as described herein. In some
embodiments, the compound of Formula I is a compound selected from the group
consisting of Formula I1.1, Formula I1.2, and Formula I1.3. In certain embodiments,
the compound of Formula III is a compound selected from the group consisting of
Formula IV.1, Formula IV.2, Formula IV.3, Formula IV .4 and Formula IV.5. In some
embodiments, the compound of Formula V is a compound of Formula V.1. In various
embodiments, disclosed herein are a hydrogel composition produced by any of the
above combinations of compound of Formula I and the compound of Formula III.

[0061] In another aspect, hydrogel compositions are provided that are
produced by a method comprising combining a compound of Formula I or Formula V,
as described herein, and a compound of Formula III, as described herein, wherein the
compounds are each in a dry form. In some embodiments, the compound of Formula
I is a compound selected from the group consisting of Formula I1.1, Formula I1.2, and
Formula II1.3. In certain embodiments, the compound of Formula III is a compound
selected from the group consisting of Formula IV.1, Formula IV.2, Formula 1V.3,
Formula IV.4 and Formula IV.5. In some embodiments, the compound of Formula V
is a compound of Formula V.1. The compounds of Formula I (or V) and Formula III
may, for example, both be in the form of a dry powder. The combination of dry
compounds is dissolved in an aqueous solution (e.g., an acidic buffer), and the
solution is mixed with basic buffer to initiate crosslinking of the compounds.

[0062] In yet another aspect, disclosed herein is a method of preparing a
biodegradable cross-linked composition comprising mixing, under cross-linking
conditions, a first compound and a second compound, wherein the first compound is a
compound of Formula I or Formula V, as described herein, and the second compound

is a compound of Formula III, as described herein. In some embodiments, the
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compound of Formula I is a compound selected from the group consisting of Formula
1.1, Formula I1.2, and Formula II1.3. In certain embodiments, the compound of
Formula IIT is a compound selected from the group consisting of Formula IV.1,
Formula IV.2, Formula IV.3, Formula IV .4 and Formula IV.5. In some embodiments,
the compound of Formula V is a compound of Formula V.1.

[0063] In some embodiments, the hydrogel is prepared by reacting a
compound of Formula I or Formula V with a compound of Formula III, as described
herein. In other embodiments, the hydrogel is prepared by reacting a compound of
Formula I with a compound of Formula IIl.1, as described herein. In other
embodiments, the hydrogel is prepared by reacting a compound of Formula I with a
compound of Formula III.2, as described herein. In some embodiments, the hydrogel
is prepared by reacting a compound of Formula 1.1 with a compound of Formula III,
as described herein. In other embodiments, the hydrogel is prepared by reacting a
compound of Formula 1.1 with a compound of Formula III.1, as described herein. In
other embodiments, the hydrogel is prepared by reacting a compound of Formula I.1
with a compound of Formula III1.2, as described herein. In some embodiments, the
hydrogel is prepared by reacting a compound of Formula 1.2 with a compound of
Formula III, as described herein. In other embodiments, the hydrogel is prepared by
reacting a compound of Formula 1.2 with a compound of Formula III.1, as described
herein. In other embodiments, the hydrogel is prepared by reacting a compound of
Formula 1.2 with a compound of Formula III.2, as described herein. In some
embodiments, the hydrogel is prepared by reacting a compound of Formula V.1 with
a compound of Formula III, as described herein. In other embodiments, the hydrogel
is prepared by reacting a compound of Formula V.1 with a compound of Formula
III.1, as described herein. In other embodiments, the hydrogel is prepared by reacting
a compound of Formula V.1 with a compound of Formula II1.2, as described herein.

[0064] In some embodiments, the compounds are mixed in a first solution
prior to exposing them to cross-linking conditions. In some embodiments, the first
solution is an aqueous solution. In some of these embodiments, the aqueous solution
is acidic, which can optionally be buffered. In certain embodiments, the first solution
comprises hydrochloric acid. Thus, in some of these embodiments, the first and
second compounds are provided in dry, powder form and are then mixed in an
aqueous solution, e.g., an acidic solution, to provide the first solution. The first

solution, then, comprises both the first compound and the second compound.
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However, in these embodiments, the first solution does not provide the conditions for
cross-linking to occur.

[0065] In some embodiments, the first solution comprising the compounds
of the disclosure is mixed in with a second solution. In some embodiments, the
second solution is an aqueous solution. In some of these embodiments, the second
solution is basic, which can optionally be buffered. In certain embodiments, the
second solution comprises monobasic sodium phosphate/sodium carbonate buffer at
pH 9-11, or pH 9-10, or pH 10-11. In certain embodiments, the second solution
comprises a carbonate/bicarbonate buffer having a pH of 9.7 to 10.8. Such buffers
can be useful to decrease the gel time, ie., speed up gel formation. Also, such a
buffer has low buffering capacity so that the gel can return to physiological pH more
quickly.

[0066] After cross-linking has occurred, a hydrogel is formed. Because
the first solution is acidic, the final pH of the hydrogel is less than the pH of the
second solution. In some embodiments, the final pH of the hydrogel is less than 9.
The final pH of the hydrogel may be impacted by the extent of functional group
substitution on the reaction components (in particular, the extent of NHS
substitution).

[0067] In some embodiments, the first solution and the second solution are
mixed by simultaneously administering (e.g., spraying) the first and the second
solutions into the same space. Simultaneous administration of the two solutions
facilitates efficient mixing and rapid gellation.

[0068] Spraying the solutions into the desired space has the effect of
speeding the reaction time between the compounds of Formula I (or V) and III. When
a solution is sprayed, it is turned into aerosols, or small particles or droplets. The
surface to volume ratio of the solution is thus increased greatly. Since most of the
reaction between the two compounds takes place at the surface of the droplets, where
the two compounds come into contact, increasing the surface to volume ratio greatly
increases the incidents of contact between the two compounds and therefore increases
the reaction rate.

[0069] In some embodiments, the first and the second solutions are mixed
together immediately prior to the application of the mixture to the site of use. In some
embodiments, the first and second solutions are mixed together within a syringe and

then injected through a cannula tip or needle to the site of use (e.g., laparoscopically
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or topically). In other embodiments, one solution is applied to the site of use, whether
sprayed, poured, or added dropwise, and shortly thercafter the second solution is
applied to the same site, whether sprayed, poured, or added drop-wise. Depending on
the nature of the surgical site, it may be more practical to utilize a laparoscopic or
pressurized delivery device. Representative examples of devices that may be used to
deliver the hydrogels described herein include those described in U.S. 2006/0071025
Al, incorporated herein by reference.

[0070] The terms “site of use,” “same space,” or the like that represent the
location where the two solutions come into contact with each other can refer to any
location where it is desirable to form the hydrogels disclosed herein. For example, in
a laboratory setting, the same space or the site of use represents a laboratory vessel
into which the two solutions are introduced and in which the hydrogel is formed. In
the context of treatment of patients after surgery, the “site of use” or the “same space”
refers to the site of surgery where a surgical incision or cut has been made. The
surgeon, at the conclusion of the surgical operation, can apply the two solutions in a
manner described herein to the surgical site in order to form a hydrogel layer over the
surgical site. The surgeon can choose to apply the hydrogel compositions described
herein or for the reasons described in the above-incorporated U.S. Patents 5,874,500,
6,051,648, 6,312,725, 6,458,889, 6,495,127, 6,624,245, 7,176,256, and U.S.
2005/0281883 Al.

[0071] As noted above, the hydrogel compositions described herein are
biocompatible and, therefore, non-immunogenic and exhibit low levels of toxicity
and/or antigenicity. In addition, the hydrogel compositions are biodegradable.

[0072] The use of the hydrogel compositions disclosed herein is more
advantageous under certain circumstances than the hydrogel compositions described
heretofore. For instance, the present hydrogel compositions degrade within 14-200
days from the time of application and, therefore, last longer, i.e., decompose and
degrade at a slower rate, than other similar hydrogel compositions. The present
hydrogel compositions also cause significantly less swelling of the surrounding tissue
than other similar hydrogel compositions.

[0073] The difference in the properties of the hydrogel compositions
disclosed herein and those of the other similar hydrogel compositions is in part due to

the type of bond that is formed when the hydrogel is synthesized. In some of the
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known hydrogel compositions, such as COSEAL (available from Baxter Healthcare

Corporation), a thioester bond is formed, as shown in the reaction below.

O,
0 0 ? 0 0
)l\/\/u\ N PEG-SH _ )l\/\/u\ . PEG
PEG-0O O PEG-0O S
0 ’ Q
Thio-ester Bond
[0074] However, the hydrogel compositions described herein are formed

when a carbonothionate bond is formed between the compounds of Formula I (or V)

and the compounds of Formula III, as shown in the reaction below.

0
0 0
)l\ N ] )l\ PEG
PEG—0" >0~ PEGSH. ppg—0"" 57
o

(

Carbonothionate Bond

[0075] The carbonothionate bond undergoes hydrolysis under
physiological conditions at a slower rate than the thioester bond, thereby rendering the
hydrogel compositions of the present disclosure to degrade at a slower rate in the
patient’s body than similar hydrogel compositions.

[0076] Furthermore, COSEAL utilizes a glutarate linker, such that the
electrophilic PEG components contain two ester bonds. The electrophilic PEG
component in the compositions disclosed herein does not contain a glutarate linker or
any ester bonds. The lack of an ester bond in the linker further contributes to the
improved stability of the hydrogels disclosed herein.

[0077] In another aspect, disclosed herein is a method of sealing a wound
comprising administering to the wound a biocompatible hydrogel, wherein the
biocompatible hydrogel is produced by a method comprising mixing a first solution
comprising a first compound and a second solution comprising a second compound,
wherein the first compound is a compound of Formula I or Formula V, as described
herein, and the second compound is a compound of Formula III, as described herein.
In some embodiments, the compound of Formula I is a compound of Formula II. In
certain embodiments, the compound of Formula III is a compound of Formula IV.

[0078] In yet another aspect, a method of sealing a wound is provided

comprising administering to the wound a biocompatible hydrogel, wherein the
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biocompatible hydrogel is produced by a method comprising combining a compound
of Formula I or Formula V, as described herein, and a compound of Formula III, as
described herein, wherein the compounds are each in a dry form. In some
embodiments, the compound of Formula I is a compound selected from the group
consisting of Formula IV.1, Formula IV.2, Formula IV.3, Formula IV .4 and Formula
IV.5. In certain embodiments, the compound of Formula III is a compound selected
from the group consisting of Formula IV.1, Formula IV.2, Formula IV.3, Formula
IV.4 and Formula IV.5. The compounds of Formula I and Formula III may, for
example, both be in the form of a dry powder. The combination of dry compounds is
dissolved in an aqueous solution (e.g., an acidic buffer), and the solution is mixed
with basic buffer to initiate crosslinking of the compounds.

[0079] The hydrogels, described herein, may inhibit bleeding and/or
leakage of body fluids (e.g., serosal fluids) from the wound site. In some
embodiments, the hydrogel is administered after the wound has been sutured. In other
embodiments, the hydrogel is administered before the wound has been sutured. In
some embodiments, the wound is a surgically-induced wound (e.g., an internal wound
or a wound to the skin). In other embodiments, the wound is caused by an external
trauma.

[0080] Another use of the hydrogel compositions described herein is to
coat tissues in order to prevent the formation of adhesions following surgery or injury
to internal tissues or organs. In a general method for coating tissues to prevent the
formation of adhesions following surgery, the first solution and the second solution
are mixed and a thin layer of the mixture is then applied to the tissues comprising,
surrounding, and/or adjacent to the surgical site before substantial crosslinking has
occurred. Application of the mixture to the tissue site may be by extrusion, brushing,
spraying, or by any other convenient means.

[0081] Following application of the mixture to the surgical site,
crosslinking is allowed to continue in situ prior to closure of the surgical incision.
Once crosslinking has reached equilibrium, tissues that are brought into contact with
the coated tissues will not adhere thereto. The surgical site can then be closed using
conventional means (sutures, etc.).

[0082] In general, compositions that achieve complete crosslinking within

a relatively short period of time (i.e., <15 minutes following admixture of the reactive
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components) are preferred for use in the prevention of surgical adhesions, so that the
surgical site may be closed relatively soon after completion of the surgical procedure.

[0083] Thus, in another aspect, disclosed herein is a method of preventing
post-surgical adhesion comprising administering to a tissue a biocompatible hydrogel,
wherein the biocompatible hydrogel is produced by a method comprising mixing a
first solution comprising a first compound and a second solution comprising a second
compound, wherein the first compound is a compound of Formula I or Formula V, as
described herein, and the second compound is a compound of Formula III, as
described herein. In some embodiments, the compound of Formula I is a compound
of Formula II. In certain embodiments, the compound of Formula III is a compound
of Formula IV.

[0084] In another aspect, a method of preventing post-surgical adhesion is
provided comprising administering to a tissue a biocompatible hydrogel, wherein the
biocompatible hydrogel is produced by a method comprising combining a compound
of Formula I or Formula V, as described herein, and a compound of Formula III, as
described herein, wherein the compounds are each in a dry form. In some
embodiments, the compound of Formula I is a compound selected from the group
consisting of Formula II.1, Formula I1.2, and Formula I1.3. In certain embodiments,
the compound of Formula III is a compound selected from the group consisting of
Formula IV.1, Formula IV.2, Formula IV.3, Formula IV.4 and Formula IV.5. In some
embodiments, the compound of Formula V is a compound of Formula V.1. The
compounds of Formula I or Formula V and Formula III may, for example, both be in
the form of a dry powder. The combination of dry compounds is dissolved in an
aqueous solution (e.g., an acidic buffer), and the solution is mixed with basic buffer to
initiate crosslinking of the compounds.

[0085] In some embodiments, the hydrogel is administered before the skin
covering the tissue is apposed and sutured. In other embodiments, the hydrogel is

administered after the surgical incision has been sutured.

2. Drug-Loaded Hydrogel Systems

[0086] The cross-linked hydrogels formed as described herein comprise
interstitial space in which certain molecules can be trapped for later release. In some
embodiments, these molecules, such as pharmaceuticals, are mixed with either the

low pH solution, or the high pH solution, or both, prior to the mixing of the first and
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the second solutions. In other embodiments, these pharmaceutical compounds are
provided in a dry, powder form and are mixed with the dry first compound (e.g., a
compound with a plurality of electrophilic groups) and second compound (e.g., a
compound with a plurality of nucleophilic groups) before the addition of the aqueous
solution to form the first solution. In other embodiments, pharmaceuticals
compounds are provided in a first aqueous solution (e.g., as a suspension of particles
in a basic buffer). A mixture of the dry first and second compounds is combined with
a second aqueous solution (e.g., an acidic buffer) to form a second solution. Once the
first and the second solutions are mixed together and the hydrogel is formed, the
molecules are trapped in the interstitial space formed within the hydrogel. As
discussed above, the hydrogel compositions described herein are biocompatible and
biodegradable.  As the hydrogel composition degrades slowly within the
physiological environment to which it was applied, the molecules trapped therein are
released to the same physiological environment. Alternatively, or in addition, release
of the pharmaceutical substance occurs by diffusion through the hydrogel prior to its
degradation. In addition, since the hydrogel is formulated in situ and adheres well to
tissue, no direct injection into tissue is required for drug release.

[0087] Accordingly, in addition to the uses previously contemplated, the
hydrogels described herein are particularly well-suited for controlled local delivery of
analgesics and local anesthetics for the management of post-operative pain.

[0088] Thus, in further embodiments, the hydrogels disclosed herein
further comprise an analgesic that can reduce post-surgical pain. More specifically,
disclosed herein are compositions comprising a biocompatible hydrogel and an
analgesic, where the biocompatible hydrogel is produced by a method comprising:
mixing a first compound and a second compound to obtain a first mixture, adding a
first aqueous solution to the first mixture to obtain a first solution, adding a second
aqueous solution to the first solution, where the first compound is a compound of
Formula I or Formula V, and the second compound is a compound of Formula III, as
described above. In various embodiments, the compound of Formula I is a compound
selected from the group consisting of Formula I1.1, Formula I1.2, and Formula I1.3. In
certain embodiments, the compound of Formula III is a compound selected from the
group consisting of Formula IV.1, Formula 1V.2, Formula IV.3, Formula IV.4 and
Formula IV.5. Unless specified otherwise, the hydrogels disclosed herein include any

and all combinations of the first compound of Formula I (e.g., Formula II.1, Formula
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1.2, or Formula I1.3) or Formula V, and the second compound of Formula III (e.g.,
IV.1, Formula IV.2, Formula IV.3, Formula IV.4 or Formula IV.5).

[0089] In a further embodiment, disclosed herein is a composition
comprising a biocompatible hydrogel and an analgesic, where the biocompatible
hydrogel is produced by a method comprising mixing a first solution comprising a
first compound and a second solution comprising a second compound, where the first
compound is a compound of Formula I or Formula V, as described herein, and the
second compound is a compound of Formula IIl, as described herein. In some
embodiments, the compound of Formula I is a compound selected from the group
consisting of Formula II.1, Formula I1.2, and Formula II.3. In certain embodiments,
the compound of Formula III is a compound selected from the group consisting of
Formula IV.1, Formula IV.2, Formula IV.3, Formula IV.4 and Formula IV.5. Unless
specified otherwise, the hydrogels disclosed herein include any and all combinations
of the first compound of Formula I (e.g., Formula II.1, Formula I1.2, or Formula I1.3)
or Formula V, and the second compound of Formula III (e.g., IV.1, Formula 1V.2,
Formula IV.3, Formula IV .4 or Formula IV.5).

[0090] In yet another aspect, a composition is provided comprising a
biocompatible hydrogel and an analgesic, where the biocompatible hydrogel is
produced by a method comprising combining a compound of Formula I or Formula V,
as described herein, and a compound of Formula III, as described herein, wherein the
compounds are each in a dry form; adding a first aqueous solution to the dry mixture
to obtain a first solution, adding a second aqueous solution to the first solution to
initiate crosslinnking. In some embodiments, the compound of Formula I is a
compound selected from the group consisting of Formula II.1, Formula I1.2, and
Formula II.3. In certain embodiments, the compound of Formula III is a compound
selected from the group consisting of Formula IV.1, Formula IV.2, Formula 1V.3,
Formula IV.4 and Formula IV.5. The compounds of Formula I and Formula III may,
for example, both be in the form of a dry powder. The combination of dry
compounds is dissolved in an aqueous solution (e.g., an acidic buffer), and the
solution is mixed with basic buffer to initiate cross-linking of the compounds. Unless
specified otherwise, the hydrogels disclosed herein include any and all combinations
of the first compound of Formula I (e.g., Formula II.1, Formula II.2, or Formula I1.3)
or Formula V, and the second compound of Formula III (e.g., IV.1, Formula 1V.2,

Formula IV.3, Formula IV.4 or Formula IV.5).
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[0091] In some embodiments, the analgesic is mixed in the first solution
prior to the mixing of the first and the second solutions. In other embodiments, the
analgesic is mixed in the second solution prior to the mixing of the first and the
second solutions. In yet other embodiments, the analgesic is mixed in both the first
and the second solutions prior to the mixing of the first and the second solutions. In
still other embodiments, the analgesic is provided in a dry form and is mixed with the
dry forms of the compounds of Formula I and III before the first solution is prepared.

[0092] Furthermore, the hydrogel compositions described herein are a
useful and efficient manner for applying pharmaceuticals or drugs to a site of use in a
slow-release, or time-release formulation.

[0093] As used herein, “pharmaceuticals”, “drugs” or “biologically active
agents” interchangeably refer to one or more compound (e.g., organic molecules) that
exerts biological effects in vivo. The drugs within the scope of this disclosure include
but are not limited to those which inhibit one or a combination of processes including
but not limited to cell division, cell secretion, cell migration, cell adhesion, cytokine,
chemokine (or other inflammatory activator) production and/or release, angiogenesis,
and/or free radical formation and/or release, and/or coagulation cascade. In particular,
one aspect of the disclosure involves pharmacological alteration of cellular and/ or
non-cellular processes involved in the development and/or maintenance of surgical
adhesions. Another aspect of this disclosure involves pharmacological alteration of
cellular and/or non-cellular processes involved in the development and/or
maintenance of restenosis. Thus, pharmacological agents (i.e., drugs) within the scope
of this disclosure include but are not limited to those which inhibit one or a
combination of processes including but not limited to cell division, cell secretion, cell
migration, cell adhesion, cytokine, chemokine (or other inflammatory activator)
production and/or release, angiogenesis, and/or free radical formation and/or release.
Drugs within the scope of this disclosure may inhibit or affect other processes
involved in the scarring process. In addition, an aspect of this disclosure involves
pharmacological alteration of cellular and/or non-cellular processes which increase
the development of fibrosis. Thus, pharmacological agents (i.e., drugs) within the
scope of this disclosure include but are not limited to those which increase one or a
combination of processes including but not limited to cell division, cell secretion, cell
migration, cell adhesion, cytokine, chemokine (or other inflammatory activator)

production and/or release, angiogenesis, and/or free radical formation and/or release.
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Drugs within the scope of this disclosure may increase or affect other processes
involved in the scarring process. A further aspect of the disclosure is directed to
hemostatic agent and/or adhesion prevention agent, the addition of a drug can effect
an increase or decrease in fibrosis, and/or result in tissue augmentation and/or
increase or reduction in surgical adhesions depending on the drug mechanism. For
example, a drug which decreases fibrosis will be expected to reduce surgical
adhesions. Furthermore, the drug-loaded formulation may increase the sealant and/or
hemostatic properties of the formulation, especially when the agent acts to increase
fibrosis. Yet another aspect of the disclosure involves pharmacological alteration of
cellular and/or non-cellular processes involved in the development and/or
maintenance of surgical adhesions or restenosis or in more general terms inhibit one
or more processes involved in fibrosis. Thus, pharmacological agents within the
scope of this disclosure include but are not limited to those which inhibit one or a
combination of processes such as cell division, cell secretion, cell migration, cell
adhesion, extracellular matrix production, cytokine (e.g., TNF alpha, IL-1, IL-6), or
other inflammatory activator, e.g., chemokines (e.g., MCP-1 or IL-8)) production
and/or release, angiogenesis, and/or free radical formation and/or release. Suitable
fibrosis-, adhesion- or stenosis-inhibiting agents are disclosed in detail in, for
example, WO02004/060346, WO 2005/051452, WO 2006/13547, and WO
2007/089878, and are also readily determined based upon the in vitro and in vivo
(animal) models such as those provided in, e.g.,, W02004/060346. The references
are included herein by reference in their entireties.

[0094] Within other embodiments, the drugs may include one or more
fibrosing agents, fibrosis-inducing agents and/or adhesion-inducing agents,
representative examples of which may be found, without limitation, in International
Publication Nos. WO 2005/046746, WO 2005/046747, and WO 2006/124021, the
entire disclosures of which are included herein by reference.

[0095] Thus, in various embodiments, disclosed herein is a composition
comprising a biocompatible hydrogel and a drug, where the biocompatible hydrogel is
produced by a method comprising mixing a first solution comprising a first compound
and a second solution comprising a second compound, where the first compound is a
compound of Formula I, as described herein, and the second compound is a
compound of Formula III, as described herein. In some embodiments, the compound

of Formula I is a compound selected from the group consisting of Formula II.1,
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Formula I1.2, and Formula I1.3. In certain embodiments, the compound of Formula
I1I is a compound selected from the group consisting of Formula IV.1, Formula IV.2,
Formula IV.3, Formula IV .4 and Formula IV.5.

[0096] In more specific embodiments, a variety of drugs may be included
in the compositions and methods of the present disclosure. These drugs and drug
classes are set forth in detail in, e.g., W0O2004/060346. The following are specific
aspects of the present disclosure, which are exemplary only: in one aspect, the
compositions and methods of the disclosure employ (i.e., include in a composition, or
use in a method) a cell cycle inhibitor; in one aspect, the compositions and methods of
the disclosure employ paclitaxel; in one aspect, the compositions and methods of the
disclosure employ doxorubicin; in one aspect, the compositions and methods of the
disclosure employ mitoxantrone; in one aspect, the compositions and methods of the
disclosure employ podophyllotoxin (e.g., etoposide); in one aspect, the compositions
and methods of the disclosure employ an immunomodulatory agents; in one aspect,
the compositions and methods of the disclosure employ rapamycin; in one aspect, the
compositions and methods of the disclosure employ everolimus; in one aspect, the
compositions and methods of the disclosure employ tacrolimus; in one aspect, the
compositions and methods of the disclosure employ biolimus; in one aspect, the
compositions and methods of the disclosure employ a heat shock protein 90
antagonist; in one aspect, the compositions and methods of the disclosure employ
geldanamycin; in one aspect, the compositions and methods of the disclosure employ
a HMG CoA Reductase inhibitor; in one aspect, the compositions and methods of the
disclosure employ simvastatin; in one aspect, the compositions and methods of the
disclosure employ an IMPDH Inhibitor; in one aspect, the compositions and methods
of the disclosure employ mycophenolic acid; in one aspect, the compositions and
methods of the disclosure employ 1-alpha-25 dihydroxy vitamin D3; in one aspect,
the compositions and methods of the disclosure employ an antimycotic agent; in one
aspect, the compositions and methods of the disclosure employ sulconizole; in one
aspect, the compositions and methods of the disclosure employ a P38 MAP kinase
inhibitor; in one aspect, the compositions and methods of the disclosure employ
SB220025; in one aspect, the compositions and method of the disclosure employ
talcum powder; in one aspect, the compositions and method of the disclosure employ
metallic beryllium and oxides thereof; in one aspect, the compositions and method of

the disclosure employ copper; in one aspect, the compositions and method of the
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disclosure employ silk; in one aspect, the compositions and method of the disclosure
employ silica; in one aspect, the compositions and method of the disclosure employ
crystalline silicates; in one aspect, the compositions and method of the disclosure
employ talc; in one aspect, the compositions and method of the disclosure employ
quartz dust; in one aspect, the compositions and method of the disclosure employ
ethanol; in one aspect, the compositions and method of the disclosure employ a
component of extracellular matrix; in one aspect, the compositions and method of the
disclosure employ fibronectin; in one aspect, the compositions and method of the
disclosure employ collagen; in one aspect, the compositions and method of the
disclosure employ fibrin; in one aspect, the compositions and method of the
disclosure employ fibrinogen; in one aspect, the compositions and method of the
disclosure employ polylysine; in one aspect, the compositions and method of the
disclosure employ poly(ethylene-co-vinylacetate); in one aspect, the compositions and
method of the disclosure employ chitosan; in one aspect, the compositions and
method of the disclosure employ N-carboxybutylchitosan, in one aspect, the
compositions and method of the disclosure employ a RGD protein; in one aspect, the
compositions and method of the disclosure employ vinyl chloride; in one aspect, the
compositions and method of the disclosure employ a polymer formed from vinyl
chloride; in one aspect, the compositions and method of the disclosure employ a
cyanoacrylate adhesive; in one aspect, the compositions and method of the disclosure
employ an adhesive comprising crosslinked poly(ethylene glycol) derived material
and methylated collagen; in one aspect, the compositions and method of the
disclosure employ an inflammatory cytokine; in one aspect, the compositions and
method of the disclosure employ ann inflammatory cytokine selected from the group
consisting of TGFb, PDGF, VEGF, bFGF, TNFa, NGF, GM-CSF, 1GF-a, IL-1, IL-8,
IL-6, and growth hormone; in one aspect, the compositions and method of the
disclosure employ a connective tissue growth factor (CTGF); in one aspect, the
compositions and method of the disclosure employ a bone morphogenic protein
(BMP); in one aspect, the compositions and method of the disclosure employ a BMP
selected from BMP-2, BMP-3, BMP-4, BMP-5, BMP-6, or BMP-7; in one aspect, the
compositions and method of the disclosure employ bleomycin; in one aspect, the
compositions and method of the disclosure employ an analogue or derivative of
bleomycin; in one aspect, the compositions and method of the disclosure employ a

proliferative agent that stimulates cellular proliferation; in one aspect, the
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compositions and method of the disclosure employ dexamethasone and analogues and
derivatives thereof; in one aspect, the compositions and method of the disclosure
employ isotretinoin and analogues and derivatives thereof; in one aspect, the
compositions and method of the disclosure employ 17-B-estradiol and analogues and
derivatives thereof; in one aspect, the compositions and method of the disclosure
employ estradiol and analogues and derivatives thereof, in one aspect, the
compositions and method of the disclosure employ diethylstibesterol and analogues
and derivatives thereof; in one aspect, the compositions and method of the disclosure
employ cyclosporine A and analogues and derivatives thereof, in one aspect, the
compositions and method of the disclosure employ All-trans retinoic acid (ATRA)
and analogues and derivatives thereof. Additional drugs that may be employed in the
present disclosure are set forth in WO 2005/046746, WO 2005/046747, WO
2006/124021, WO02004/060346, WO 2005/051452, WO 2006/13547, and WO
2007/089878, which are incorporated herein by reference in their entireties.

[0097] In one specific embodiment, the drug may be one or more
hemostatic proteins, including without limitation, thrombin, fibrin, fibrinogen, blood
factors, coagulation factors (e.g., Factors VIII and XIII). Thus, in one embodiment,
disclosed herein is a composition comprising a biocompatible hydrogel and an
analgesic, where the biocompatible hydrogel is produced by a method comprising
mixing a first solution comprising a first compound and a second solution comprising
a second compound, where the first compound is a compound of Formula I, as
described herein, and the second compound is a compound of Formula III, as
described herein. In some embodiments, the compound of Formula I is a compound
selected from the group consisting of Formula I1.1, Formula I1.2, and Formula I1.3. In
certain embodiments, the compound of Formula III is a compound selected from the
group consisting of Formula I1V.1, Formula 1V.2, Formula 1V.3, Formula IV.4 and
Formula IV.5.

[0098] In further embodiments, the two reactive compounds and the gel

matrix that forms when they are mixed together can be represented as follows:

Compound;-Y, + Compound,-(SH),, — Compound,-Z- Compound,

[0099] Compound, has multiple (m > 2) sulfhydryl groups (SH) that react
with Compound,, which has multiple (n > 2) sulthydryl-reactive groups (Y). When
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mixed together, the two compounds become interconnected (e.g., cross-linked) via
formation of a covalent linkage (Z). Compound, and Compound, may be directly
linked via a covalent bond. Alternatively, Compound, and Compound, may be
bonded through a linker. However, when m+n > 5, and appropriate ratios of the two
components are utilized, the two compounds form multiple attachments to one
another resulting in a three-dimensional polymer matrix. In some embodiments n = 2.
In other embodiments, n = 3. In other embodiments, n = 4. In some embodiments m
= 2. In other embodiments, m = 3. In other embodiments, m = 4. Preferably, both
compounds contain at least four functional groups, since such multifunctionality
results in a cross-linked gel matrix with greater overall cohesive strength than one
formed from compounds having a lower functionality. In a particularly preferred
embodiment, the first compound contains four sulfhydryl-reactive groups and the
second compound contains four SH groups.

[00100] As described above, each of the compounds has multiple functional
groups, either sulthydryl groups or sulfhydryl-reactive groups. The non-reactive
remainder of the compound is considered to be its “core”. At least one of the two
compounds must have a polymer core in order to form an efficient gel matrix. When
one of the compounds contains a polymer core, the other compound can be a small
organic molecule with multiple sulfhydryl-reactive groups. However, for most
applications, both compounds have a polymer core. The polymer cores may be the
same or different.

[00101] The polymer core may be a synthetic polyamino acid, a
polysaccharide, or a synthetic polymer. A preferred polymer core material is a
synthetic hydrophilic polymer. Suitable synthetic hydrophilic polymers include, inter
alia, polyalkylene oxide, such as polyethylene oxide ((CH,CH,0),), polypropylene
oxide ((CH(CH3)CH;0),) or a polyethylene/polypropylene oxide mixture
((CH,CH,0),~(CH(CH3)CH,0),). A particularly preferred synthetic hydrophilic
polymer is a polyethylene glycol (PEG) having a molecular weight within the range
of about 100 to about 100,000 g/mol, more preferably about 1,000 to about 20,000
g/mol. More preferably still, when the polymer core is polyethylene glycol, it
generally has a molecular weight within the range of about 7,500 to about 20,000
g/mol. Most preferably, the polyethylene glycol has a molecular weight of
approximately 10,000 g/mol.
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[00102] In some embodiments, Compound; and Compound, each
independently include more than one polyethylene glycol chain in the polymer core.
The polyethylene glycol chains are connected together by a core moiety. The core
moiety may be a straight chain or branched alkyl group. The alkyl group may be
substituted by oxy groups such that there is an oxygen linker between the core moiety
and the polyethylene glycol chains. In other embodiments, the core moiety is an ether
moiety. Examples of a core moiety include, but are not limited to, ethyl, propyl,
pentaerythritol (2,2-dihydroxymethyl-propan-1,3-diol) (HOCH,C(CH,0OH),CH,0OH),
and di(2,2-bis-hydroxmethylbutyl)ether ((CH3;CH,C(CH,0H),CH,-),0).

[00103] When only one of the reactive compounds comprises a polymer
core, the other reactive compound may be a multifunctionally active small organic
molecule. Such compounds include the di-functional di-N-hydroxy-succinimidyl
esters and di-maleimidyl compounds, as well as others well known commercially
available compounds (Pierce Chemical Co., Rockford, Ill.). In addition, low
molecular weight multi-functional reactive compounds can be readily synthesized
using routine organic chemistry techniques.

[00104] One such compound is a pentaerythritol coupled to four glutarates,
with each arm capped with N-hydroxy-succinimidyl esters (NHS), shown in Formula
VI (also referred to as pentaerythritol poly(ethylene glycol)ether tetra-N-hydroxy-
succinimidyl glutarate or SG-PEG). Analogous compounds can be synthesized from
inositol (radiating 6 arm), lactitol (9 arm) or sorbitol (linear 6-arm). Alternative end-
capped sulfhydryl-reactive groups include sulthydryl (which may react with another
sulfhydryl group under certain conditions), maleimidyl, vinyl-sulfone, and the like.
Additional examples of sulthydryl-reactive compounds include those described in co-
pending U.S. Application No. 10/749,123, incorporated herein by reference. The
polymer or the small molecule can carry any reactive end group as long as there are
reactive pairs in the composition such as NHS and SH, maleimidyl and SH, and the
like.

[00105] As disclosed herein, the linkage Z comprises the sulfur atom in the
sulfhydryl group-containing compound and a covalent bond from that sulfur atom to
the carbon or sulfur atom in the sulfhydryl-reactive group-containing compound.
Accordingly, the linkage may be a thioester, a thioether, a disulfide, or the like.

[00106] A wide variety of sulfhydryl-reactive groups and the types of

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

[00107] For most applications, sulfhydryl reactive groups that react with
sulfhydryl groups to form thioester linkages are preferred. Such compounds are
described in U.S. Patent No. 6,312,725 (depicted in FIG. 1 therein) and include, inter
alia, the following compounds, with the numbers in parentheses corresponding to the
structures shown in FIG. 1: mixed anhydrides, such as PEG-glutaryl-acetyl-anhydride
(1), PEG-glutaryl-isovaleryl-anhydride (2), PEG-glutaryl-pivalyl-anhydride (3) and
related compounds as presented in Bodanszky, p. 23; Ester derivatives of phosphorus,
such as structures (4) and (5); ester derivatives of p-nitrophenol (6) of p-
nitrothiophenol (7), of pentafluorophenol (8), of structure (9) and related active esters
as presented by Bodanszky, pp. 31-32, and Table 2; esters of substituted
hydroxylamines, such as those of N-hydroxy-phthalimide (10), N-hydroxy-
succinimide (11), and N-hydroxy-glutarimide (12), as well as related structures in
Bodanszky; Table 3; esters of 1-hydroxybenzotriazole (13), 3-hydroxy-3,4-dihydro-
benzotriazine-4-one (14) and 3-hydroxy-3,4-dihydro-quinazoline-4-one; derivatives
of carbonylimidazole; and isocyanates. With these compounds, auxiliary reagents can
also be used to facilitate bond formation, such as 1-cthyl-3-[3-
dimethylaminopropyl]carbodiimide can be used to facilitate coupling of carboxyl
groups (i.e., glutarate and succinate) with sulthydryl groups.

[00108] In addition to the sulfhydryl reactive compounds that form
thioester linkages, various other compounds can be utilized that form other types of
linkages. For example, compounds that contain methyl imidate derivatives form
imido-thioester linkages with sulfhydryl groups.

[00109] Alternatively, sulfhydryl reactive groups can be employed that
form disulfide bonds with sulfhydryl groups, such as ortho pyridyl disulfide, 3-nitro-
2-pyridenesulfenyl, 2-nitro-5-thiocyanobenzoic acid, 5,5'-dithio-bis(2-nitrobenzoic
acid), derivatives of methane-thiosulfate, and 2,4-dinitrophenyl cysteinyl disulfides.
In such instances, auxiliary reagents, such as the hydrogen peroxide or di-tert-butyl
ester of azodicarboxylic acid, can be used to facilitate disulfide bond formation.

[00110] Yet another class of sulthydryl reactive groups form thioether

bonds with sulthydryl groups. Such groups include, inter alia, iodoacetamide, N-
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ethylmaleimide and other maleimides, including dextran maleimides, mono-bromo-
bimane and related compounds, vinylsulfones, epoxides, derivatives of O-methyl-
isourea, ecthyleneimines, aziridines, and 4-(aminosulfonyl-)7-fluoro-2,1,3-
benzoxadiazole.

[00111] Functional groups may be directly attached to the compound core,
or they may be indirectly attached through a chain extender. Such chain extenders are
well known in the art. See, for example, PCT WO 97/22371, which describes "linking
groups" that would be suitable for use as chain extenders in the compositions of the
present disclosure. Chain extenders are useful to avoid steric hindrance problems that
are sometimes associated with the formation of direct linkages between molecules.
Alternatively, chain extenders may be used to link several multifunctionally activated
compounds together to make larger molecules. In a particularly preferred
embodiment, the chain extender can also be used to alter the degradative properties of
the compositions after administration and resultant gel formation. For example, chain
extenders can be incorporated into one or both of the multifunctionally activated
polymers to promote hydrolysis, to discourage hydrolysis, to promote oxidation
and/or to provide a site for enzymatic degradation. Chain extenders can also activate
or suppress activity of sulfhydryl and sulfhydryl-reactive groups. For example, for
certain types of reactions, electron-withdrawing groups within one or two carbons of
the sulfhydryl group would be expected to diminish its effectiveness in coupling, due
to a lowering of nucleophilicity. Double-bond carbon and carbonyl carbon would be
anticipated to have this effect. Bulky nearby groups for either partner are anticipated
to diminish coupling rates, duec to steric hindrance. Electron-withdrawing groups
adjacent to the reactive carbonyl of glutaryl-N-hydroxy-succinimidyl would be
anticipated to make this carbonyl carbon even more reactive with the sulthydryl
partner.

[00112] Chain extenders may provide sites for degradation, i.e.,
hydrolysable sites. Examples of hydrolysable chain extenders include, inter alia,
alpha-hydroxy acids such as lactic acid and glycolic acid; poly(lactones) such as
caprolactone, valerolactone, gamma butyl lactone and p-dioxanone; poly(amino
acids); poly(anhydrides) such as glutarate and succinate; poly(orthoesters);
poly(orthocarbonates) such as trimethylene carbonate; and poly(phosphoesters).
Examples of non-degradable chain extenders include, inter alia, succinimide,

propionic acid and carboxymethylate. See, for example, PCT WO 99/07417.
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Examples of enzymatically degradable chain extenders include Leu-Gly-Pro-Ala,
which is degraded by collagenase; and Gly-Pro-Lys, which is degraded by plasmin.

[00113] In some embodiments, the sulthydryl-reactive group (Y) is selected
from the group consisting of esters (e.g., NHS-activated esters, such as N-hydroxy-
succinimidyl esters), amides, and acid chlorides. In some embodiments, the
sulfhydryl-reactive group is N-hydroxy-succinimidyl glutarate (also referred to herein
as succinimidyl glutarate).

[00114] In some embodiments, the combination of activated polymers is as
follows: the sulfhydryl-reactive group-containing compound, i.e., Compound,;-Y,, is
the tetrafunctional PEG, pentaerythritol poly(ethylene glycol) ether tetra-N-hydroxy-
succinimidyl glutarate (10,000 g/mol) of Formula VI
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and the sulfhydryl group-containing compound, i.e., Compound,-(SH),, is the
tetrafunctional PEG, pentaerythritol poly(ethylene glycol) ether tetra-sulfhydryl
(10,000 g/mol) of Formula IV.3
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In both cases, these “four-arm” PEGs are formed by ethoxylation of pentaerythritol,
where each of the four chains is approximately 2,500 g/mol, and then derivatized to
introduce the functional groups onto each of the four arms. Also preferred are
analogous poly(ethylene glycol)-like compounds polymerized from di-glycerol
instead of pentaerythritol.

[00115] Compounds of Formulae VI and IV.3 may be prepared to have
differing levels of functional group substitution. The type and level of substitution
may impact the gelation efficiency and gel time, final properties of the cross-linked
matrix (e.g., gel strength and elastic properties of the hydrogel), cross-linking density
(which also impacts swelling), and persistence of the gel in vivo. Further, the
percentage substitution can affect the conditions required to achieve rapid cross-
linking of the gel in use. For example, if the extent of NHS substitution is very low,
the component will carry a higher percentage of uncapped carboxylic acid groups,
thus potentially decreasing the pH of the aqueous cross-linking mixture. It is well
known that the reaction of an NHS-capped material with a sulfhydryl group is best
carried out at a relatively basic pH. A potentially detrimental effect of lowering the
pH (e.g., below about pH 9) of the reaction mixture is that the rate of reaction
between the thiol and NHS groups may be slower, thereby increasing gelation time.
If the extent of NHS substitution is relatively low (e.g., below about 60%), it may
become necessary to utilize buffers of higher pH (e.g., pH > 10) to initiate reaction
between the SH and NHS groups. Formulations for use as in situ forming hydrogels
require that the pH be sufficiently high to facilitate rapid gelation, yet low enough to
avoid hydrolysis of the hydrogel once cross-linked.

[00116] In certain embodiments, the extent of NHS substitution of
compounds of Formula VI can range from about 40-100% (as measured by titration

methods known to those in the art). In certain of these embodiments, the extent of
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NHS substitution of compounds of Formula VI can range from about 65% to about
100%, or about 75% to about 90% or about 65% to about 75 %. In certain
embodiments, the extent of NHS substitution of compounds of Formula VI can range
from about 40-75%. In certain of these embodiments, the extent of NHS substitution
of compounds of Formula VI can range from about 40-55%. In certain of these
embodiments, the extent of NHS substitution of compounds of Formula VI can range
from about 55-65 %.

[00117] As noted above, variation in %SH substitution also may affect the
overall network physical properties. Typically, the extent of SH substitution of
compounds of Formula IV.3 can range from about 70-100%. The extent of SH
substitution of compounds of Formulation II can be determined spectroscopically by
the reaction of 5,5 - dithiobis (2-nitrobenzoic acid) with a thiol functional group
(SH) to form a highly colored anion which is measured by UV at 410 nm.

[00118] In certain preferred embodiments, the level of NHS substitution of
compounds of Formula VI is about 70-90% and the level of SH substitution of
compounds of Formula IV.3 is about 70-90%. In certain preferred embodiments, the
level of NHS substitution of compounds of Formula VI is about 75-85% and the level
of SH substitution of compounds of Formula IV.3 is about 75-85%. In one preferred
embodiment, the level of NHS substitution of compounds of Formula VI is about 80%
and the level of SH substitution of compounds of Formula IV.3 is about 80%

[00119] The compositions disclosed herein comprise at least two separate
parts, or “components”’, which may be in liquid or solid form. The compositions
disclosed herein typically comprise two separate components, which may be in liquid
or solid form. In some embodiments, both components are liquids, such that each can
be casily applied separately to the site of administration. One of the components may
be in the form of a dry powder that becomes mixed with the second component,
which is in a dry powder or a liquid form. The two components are sprayed
separately onto the tissue, or by mixing at the tissue site. The components can be
applied separately (simultaneously or sequentially) or may first be mixed together and
then the mixture applied to the tissue site. It is also possible to have both components
delivered to the site as powders, to be mixed with buffer at the site of administration.

[00120] The pH of the aqueous buffer solution that is used for each of the
two (or more) composition components should be adjusted using routine optimization

to achieve a final pH that is conducive to rapid gelation, without causing
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instantaneous gelation which interferes with the delivery process. The buffer solutions
are aqueous and can be any pharmaceutically acceptable basic or acid composition.
The term “buffer” is used in a general sense to refer to an acidic or basic aqueous
solution, where the solution may or may not be functioning to provide a buffering
effect (i.e., resistance to change in pH upon addition of acid or base) in the
compositions of the present disclosure.

[00121] Low pH buffer solutions having a pH within the range of about 1.0
to 5.5, include by way of illustration and not limitation, solutions of: citric acid,
hydrochloric acid, phosphoric acid, sulfuric acid, AMPSO (3-[(1,]-dimethyl-2-
hydroxyethyl)amino]2-hydroxy-propane-sulfonic acid), acetic acid, lactic acid, and
combinations thereof. In certain embodiments, the low pH buffer solution is a
solution of citric acid, hydrochloric acid, phosphoric acid, sulfuric acid, and
combinations thereof. An exemplary low pH buffer is a solution of hydrochloric acid,
having a concentration of about 6.3 mM and a pH in the range of 2.1 to 2.3.

[00122] Regardless of the precise acidifying agent, the low pH buffer
preferably has a pH such that it retards the reactivity of the nucleophilic groups on the
first component. Low pH buffers can a pH of less than about 6.0. For example, an
acidic buffer having a pH of 2.1 is generally sufficient to retard the nucleophilicity of
thiol groups. A lower pH is typically preferred when the first component contains
sulfhydryl groups as the nucleophilic groups. In general, the acidic buffer is an acidic
solution that, when contacted with nucleophilic groups that are present as part of the
first component, renders those nucleophilic groups relatively non-nucleophilic.

[00123] High pH buffer solutions having a pH within the range of about 6.0
to 11.0, include by way of illustration and not limitation, solutions of: glutamate,
acetate, carbonate and carbonate salts (e.g., sodium carbonate, sodium carbonate
monohydrate and sodium bicarbonate), borate, phosphate and phosphate salts (e.g.,
monobasic sodium phosphate monohydrate and dibasic sodium phosphate), and
combinations thereof. In a preferred embodiment, the buffer solution is a basic buffer
solution of carbonate salts, phosphate salts, and combinations thereof.

[00124] In general, the high pH buffer is an aqueous solution that
neutralizes the effect of the acidic buffer, when it is added to the homogencous
solution of the first and second components and the acid buffer, so that the

nucleophilic groups of the first component regain their nucleophilic character (that
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has been masked by the action of the acidic buffer), thus allowing the nucleophilic
groups to react with the electrophilic groups of the second component.

[00125] An exemplary high pH buffer is an aqueous solution of carbonate
and phosphate salts. This buffer may be prepared by combining a base solution with a
salt solution. The salt solution may be prepared by combining appropriate quantities
of monobasic sodium phosphate monohydrate, sodium carbonate monohydrate, and
sufficient water to provide a desired final solution volume. The basic buffer is
typically prepared by adding the base solution as needed to the salt solution,
ultimately to provide a mixture having the desired pH, e.g., a pH 0f 9.65 to 9.75.

[00126] In general, the basic species present in the high pH buffer should
be sufficiently basic to neutralize the acidity provided by the acidic buffer, but should
not be so nucleophilic itself that it will react substantially with the electrophilic
groups of the second component. For this reason, relatively "soft" bases such as
carbonate and phosphate are preferred in this embodiment of the disclosure. For
example, certain types of reactions (e.g., nucleophilic substitution reactions) involving
sulfhydryl PEG and amino PEG need a higher (e.g., basic) pH to enhance
nucleophilicity.

[00127] To illustrate the preparation of an exemplary cross-linked matrix,
the liquid components of the compositions disclosed herein may each be separately
prepared by adding the activated synthetic polymer (in dry form or as a concentrated
solution) to a liquid medium. Suitable liquid media 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, the sulfhydryl-reactive PEG is prepared in water or a dilute buffer,
with a pH of between around 2 to 6. In some embodiments, the sulthydryl-reactive
PEG is prepared in a pH 2.2 buffer. Buffers with pKs between about § to 10.5 for
preparing the sulthydryl-PEG component are useful to achieve fast gelation time of
compositions containing mixtures of sulfhydryl-PEG and SG-PEG. These include
carbonate, borate and AMPSO (3-[(1,1-dimethyl-2-hydroxyethyl)amino]2-hydroxy-
propane-sulfonic acid). In contrast, using a combination of maleimidyl PEG and
sulfhydryl-PEG, a pH of around 5 to 9 is preferred for the liquid medium used to
prepare the sulthydryl PEG.

[00128] In an alternative embodiment, both components can be mixed

together in a single aqueous medium in which they are both unreactive, i.e. such as in

41



WO 2009/132153 PCT/US2009/041469

a low pH buffer. Thereafter, they can be applied (e.g., sprayed) onto the tissue site
along with a high pH buffer, after which they will rapidly react and form a gel.

[00129] In another exemplary method, one may combine an admixture of a
first component (e.g., a polyethyleneglycol core with four nucleophilic thiol groups,
such as pentaerythritol tetrakis[mercaptoethyl poly(oxyethylene) ether, also known as
pentaerythritol poly(ethylene glycol) ether tetra-sulthydryl] (4-arm PEG-SH)
available from Aldrich Chemical Co. (Milwaukee, WI), and a second component
(e.g., a polyethyleneglycol core with four electrophilic N-hydroxysuccinimide groups,
such as pentaerythritol tetrakis [1-(1’-0x0-5-succimidylpentanoate)-2-
poly(oxyethylene) ether, also known as 4-arm PEG-N-hydroxy-succinimidyl glutarate
ester] (4-arm PEG-NHS, 10,000 MW, available from Aldrich Chemical Co.), with a
first, low pH, buffer (e.g., an acid solution, e.g., a dilute hydrochloric acid solution)
to form a homogeneous solution. This homogeneous solution is mixed with a second,
high pH, buffer ( e.g., a basic solution, e.g., an aqueous solution containing phosphate
and carbonate salts) whereupon the first and second components substantially
immediately react with one another to form a cross-linked matrix. In certain
embodiments, the gel is formed in less than one minute.

[00130] While some specific compounds and methods are discussed above,
it is understood that the compositions and methods disclosed in any of the above-
incorporated patents (U.S. Patents 5,874,500, 6,051,648, 6,312,725, 6,458,889,
6,495,127, 6,624,245, 7,176,256, and U.S. 2005/0281883A1), whether specific or
generic, are suitable to carry out the objects of the disclosure as disclosed herein.

[00131] In another aspect, disclosed herein is a hydrogel composition
produced by a method comprising mixing a first compound, a second compound, and
an analgesic, wherein the first compound is Compound;-Y,, as described herein, and
the second compound is Compound,-(SH),, as described herein. Compound;-Y, and
Compound,-(SH),, may, for example, both be in the form of a dry powder. The
combination of dry compounds is dissolved in an aqueous solution (e.g., an acidic
buffer), and the solution is mixed with basic buffer to initiate cross-linking of the
compounds. In some embodiments, the Compound;-Y, is a compound of Formula
VI. In certain embodiments, the Compound;,-(SH)y, is a compound of Formula IV.3.

[00132] In yet another aspect, disclosed herein is a hydrogel composition
produced by a method comprising mixing a first compound, a second compound, a

third compound, and an analgesic, wherein the first compound is Compound;-Y,, as
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described herein, the second compound is Compound,-(SH), as described herein,
and the third compound is a N-hydroxy-succinimidyl carbonate compound (e.g., a N-
hydroxy-succinimidyl carbonate PEG compound of Formulae II.1, I1.2 or I1.3, also
referred to as “SC-PEG”), as described herein. Compound,;-Y,, Compound,-(SH),,,
and the SC-PEG compound may, for example, all be in the form of dry powders. All
three components may be in admixture. The combination of dry compounds is
dissolved in an aqueous solution (e.g., a first, acidic buffer), and the solution is mixed
with a second, basic buffer to initiate cross-linking of the compounds. The analgesic
(e.g., bupivacaine in a particulate form) may be incorporated in the basic buffer, as
described herein. In some embodiments, the Compound;-Y, is a compound of
Formula VI. In some embodiments, the Compound,-(SH),, is a compound of
Formula IV.3. In some embodiments, the SC-PEG compound is a 4-arm SC-PEG
compound of Formula II.3. The addition of a 4-arm SC-PEG compound to
formulations containing a mixture of Compound;-Y,, Compound,-(SH), can yield
hydrogels that are capable of gelling rapidly and adhere well to tissue. The addition
of an SC-PEG component can cause the hydrogel to degrade more slowly (e.g., 7-200
days from the time of application, depending on the proportion of SC-PEG included
in the formulation) and, therefore, can last longer, i.e., decompose and degrade at a
slower rate, than other similar hydrogel compositions. Further, the addition of a third
SC-PEG component can produce hydrogel compositions which swell less than other
similar hydrogel compositions.

[00133] In some embodiments, the compounds are mixed in a first solution
prior to exposing them to cross-linking conditions. In some embodiments, the first
solution is an aqueous solution. In some of these embodiments, the aqueous solution
is acidic, which can optionally be buffered. In certain embodiments, the first solution
comprises hydrochloric acid. Thus, in some of these embodiments, the first and
second compounds are provided in dry, powder form and are then mixed in an
aqueous solution, e.g., an acidic solution, to provide the first solution. The first
solution, then, comprises both the first compound and the second compound.
However, in these embodiments, the first solution does not provide the conditions for
cross-linking to occur.

[00134] In some embodiments, the first solution comprising the compounds
of the disclosure is mixed in with a second solution. In some embodiments, the

second solution is an aqueous solution. In some of these embodiments, the second
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solution is basic, which can optionally be buffered. In certain embodiments, the
second solution comprises monobasic sodium phosphate/sodium carbonate buffer at
about pH 9-11. In other embodiments, the pH of the monobasic sodium
phosphate/sodium carbonate buffer is about 9-10. In other embodiments, monobasic
sodium phosphate/sodium carbonate buffer is about 10-11.

[00135]  After cross-linking has occurred, a hydrogel is formed. Because
the first solution is acidic, the final pH of the hydrogel is less than the pH of the
second solution. In some embodiments, the final pH of the hydrogel is less than 9.
The final pH of the hydrogel may be impacted by the extent of functional group
substitution on the reaction components (in particular, the extent of NHS
substitution).

[00136] In some embodiments, the first solution and the second solution are
mixed by simultaneously administering (e.g., spraying) the first and the second
solutions into the same space. Simultaneous administration of the two solutions
facilitates efficient mixing and rapid gelation.

[00137] Spraying the solutions into the desired space has the effect of
speeding the reaction time between Compound;-Y, and Compound,-(SH),,, When a
solution is sprayed, it is turned into aerosols, or small particles or droplets. The
surface to volume ratio of the solution is thus increased greatly. Since most of the
reaction between the two compounds takes place at the surface of the droplets, where
the two compounds come into contact, increasing the surface to volume ratio greatly
increases the incidents of contact between the two compounds and therefore increases
the reaction rate.

[00138] In some embodiments, the first and the second solutions are mixed
together immediately prior to the application of the mixture to the site of use, as
described above.

[00139] As noted above, the hydrogel compositions described herein are
biocompatible and, therefore, non-immunogenic and exhibit low levels of toxicity
and/or antigenicity. In addition, the hydrogel compositions are biodegradable.
Biodegradable segments and blocks may be 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 segments that are hydrolyzed in the presence

of water and/or enzymatically cleaved in situ. Biodegradable segments may be
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composed of small molecular segments such as ester linkages, anhydride linkages,
amide linkages, and the like. Larger biodegradable "blocks" will generally be
composed of oligomeric or polymeric segments incorporated within the polymer core.
Illustrative oligomeric and polymeric segments that are biodegradable include, by
way of example, poly(amino acid) segments, poly(orthoester) segments, and the like.
Biodegradable segments may be introduced into the polymer core by using a linker to
couple the electrophilic or nucleophilic functional group to the polymer core. For
example, a PEG core can be reacted with one or more glutarate molecules to
introduce a biodegradable ester linkage into the reaction product.

[00140] Typically, the polymers described herein will be degraded in vivo
over a period of days to months, depending on the nature of the bond formed by the
cross-linking reaction. /n vivo degradation of the hydrogels described herein can be
affected by the extent of functional group substitution and the total amount of
polymer (e.g., PEG) solids in the formulation. Certain cross-linked hydrogels (e.g.,
hydrogels formed form the reaction of compounds of Formula I and Formula II) begin
to degrade fairly quickly in vivo and are substantially bioresorbed within about 1
month or less after administration to a tissue site, depending on the type of tissue and
the physiological environment in the area of the tissue site. In some embodiments, the
hydrogel may be substantially degraded within about 14 days. In certain
embodiments, it can take between 7-14 days for the hydrogel to completely degrade.

[00141] As noted above, the cross-linked hydrogels formed as described
herein contain nterstitial space in which certain molecules can be trapped for later
release. Therefore, the hydrogel compositions described herein are a useful and
efficient manner for applying pharmaceuticals to a site of use in a slow-release, or
time-release formulation.

[00142] In addition to the uses previously contemplated, the hydrogels
described herein are particularly well-suited for controlled local delivery of analgesics
and local anesthetics for the management of post-operative pain.

[00143] Thus, in another aspect, disclosed herein is a composition
comprising a biocompatible hydrogel and an analgesic, where the biocompatible
hydrogel is produced by a method comprising combining (e.g., mixing) a first
solution comprising a first compound and a second solution comprising a second
compound, where the first compound is Compound,-Y,, as described herein, and the

second compound is Compound,-(SH)m, as described herein. In some embodiments,
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both the first and second compounds are combined into one solution. In some
embodiments, Compound;-Y, is the compound of Formula VI. In certain
embodiments, Compound,-(SH),, is the compound of Formula I'V.3.

[00144] In yet another aspect, a composition is provided that includes a
biocompatible hydrogel and an analgesic, where the biocompatible hydrogel is
produced by a method that involves combining Compound;-Y,, as described herein,
and Compound;-(SH)m, as described herein, wherein the compounds are each in a dry
form. In some embodiments, Compound;-Y, is the compound of Formula VI. In
certain embodiments, Compound;-(SH),, the of Formula IV.3. Compound,-Y, and
Compound,-(SH),, may, for example, both be in the form of a dry powder. The
combination of dry compounds is dissolved in an aqueous solution (e.g., an acidic
buffer), and the solution is mixed with basic buffer to initiate cross-linking of the
compounds.

[00145] In yet other embodiments, the analgesic is mixed in both the first
and the second solutions prior to the mixing of the first and the second solutions. In
still other embodiments, the analgesic is provided in a dry form and is mixed with the
dry forms of the compounds of Formula VI and IV.3 before the first solution is
prepared.

[00146] The analgesic may be contained in either of the first or the second
solutions, depending on the stability, solubility, pKa, and/or reactivity or other
properties of the compound in the solution(s). In some embodiments, the analgesic is
mixed in the first solution (e.g., an acidic buffer) prior to the mixing of the first and
the second solutions. In other embodiments, the analgesic is mixed in the second
solution (e.g., basic buffer) prior to the mixing of the first and the second solutions.
Depending on the form of the analgesic (e.g., free base or a salt), it may be beneficial
to alter the type and pH of the basic (e.g., alkaline) buffer. For example, if a basic
solution of a salt form of an analgesic (e.g., an analgesic that contains acid group(s),
such as carboxylic) is combined with a mixture of reactive components as described
herein in an acidic buffer, the pH of the combined solutions may be lower than if a
free base is used. The lower pH may slow the rate of gelation of the hydrogel. Thus,
it may be necessary to increase the pH of the basic buffer in order to still achieve
rapid gelation of the hydrogel when a salt form of the analgesic is used.

[00147] Since sustained release of the analgesic may occur by a

combination of degradation of the gel and dissolution of the drug particulates,
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analgesic release from the hydrogel also may be controlled by manipulating the
composition of the gel itself (e.g., by selecting the composition of the individual
reactive components, and/or functional group type and/or percentage of substitution
of functional groups). Alternatively, or in addition, the gel composition may be
altered by varying the molecular weight of the PEG components used. Alternatively,
or in addition, the hydrogel composition may be altered by manipulating the
concentration of reactive components used to form the hydrogel (i.e., solids content).
For example, the concentration of total reactive components (e.g., PEG components)
in the final, reaction mixture (i.e., the mixture formed by the addition of aqueous
solutions and electrophilic and nucleophilic components) may be varied from about
5% to about 30%. In some embodiments, the combination of reactive components in
the final reaction mixture may be varied from about 5% to about 10% (weight per
volume of reaction mixture), or about 10% to about 15%, or about 15% to about 20%,
or about 20% to about 30%. In one embodiment, the weight of combined reactive
components in the final volume of hydrogel is about 5-15%. In one embodiment, the
weight of combined reactive components in the final volume of hydrogel is about
10%. In one embodiment, the weight of combined reactive components in the final
volume of hydrogel is about 15-25%. In one embodiment, the weight of combined
reactive components in the final volume of hydrogel is about 20%.

[00148] Applicants have recognized that particularly effective sustained
release formulations of certain analgesics can be produced by incorporating the
analgesic in a particulate form into the hydrogels described herein. Accordingly, in
some embodiments, the biocompatible hydrogel is loaded with an analgesic that is in
a particulate form. In certain embodiments, the particulate analgesic may be
substantially insoluble in the hydrogel. Hydrogels containing particulate analgesics
can provide a significant advantage over standard solution-based post-surgery pain
relief formulations in which an analgesic (e.g., bupivacaine dissolved in pH adjusted
saline) is administered via a local infiltration procedure (e.g., subcutancously or
intrathecally). Saline-based formulations typically provide pain relief for a period of
4-6 hours. To assist in localizing the drug at the target site, saline-based bupivacaine-
HCI formulations (e.g., MARCAINE available from Sterling Drug Inc., New York,
NY) are frequently co-administered with epinephrine. Incorporation of analgesic
(e.g., bupivacaine) particulates in the present hydrogels can provide sustained release

of an effective amount of the drug from the hydrogel for many days, thus extending
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the duration of pain relief for up to a week or more. The local analgesic delivery
systems provided herein minimize systemic exposure and obviate the need for
concomitant epinephrine treatment.  Further, unintended intravascular injection
associated with traditional systemic and local analgesic treatments may be minimized.

[00149] The term "effective amount” refers to the amount of composition
required in order to obtain the effect desired. For example, a "pain relieving amount"
or "pain treating amount" of a composition refers to the amount needed in order to
relieve pain in a patient to a detectable degree. 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.

[00150] Hydrogels may be used to deliver analgesics to treat pain
associated with a variety of medical procedures, including but not limited to, for
example, hernia repair, vasovasotomy, appendectomy, arthroscopic procedures,
laparoscopic procedures, myomectomys, cosmetic and wound procedures, and
excision of masses and biopsies.

[00151] The extent of analgesic release from the hydrogel can be adjusted
by manipulating the particle size and amount of drug in the hydrogel (ie.,
concentration). The drug concentration also may vary depending on the method used
to incorporate the drug into the hydrogel, as discussed below. In certain
embodiments, the analgesic (e.g., bupivacaine) may be incorporated into the hydrogel
at a concentration of about 1 mg/mL to about 500 mg/mL; or about 10 mg/mL to
about 100 mg/mL. In certain embodiments, the concentration of analgesic may be
about 1 mg/mL to about 10 mg/mL. In certain embodiments, the concentration of
analgesic may be about 30 mg/mL to about 90 mg/mL. In certain embodiments, the
concentration of analgesic may be about 40-60 mg/mL. In certain embodiments,
concentration of analgesic is about 45-55 mg/mL. In certain embodiments,
concentration of analgesic (e.g., bupivacaine) is about 50 mg/mL.

[00152] The total dose of drug also depends on the total volume of hydrogel
delivered to the treatment site. In some embodiments, the total volume of gel
delivered to the treatment site is about 5-15 mL. In some embodiments, the total
volume of gel delivered to the treatment site is about 10 mL. Depending on the total
volume delivered, the delivered dose of the analgesic may be about 200 to about 700
mg. In certain embodiments, the delivered dose is about 300 to about 600 mg. In

certain embodiments, the delivered dose is about 400 to about 500 mg.
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[00153] The particulates may take any shape and may have a cross-
sectional diameter that ranges in size from micrometers to nanometers. The
particulates may be homogenously sized or may have a distribution of sizes and may
contain drug that is in solid form which can be a crystalline and/or amorphous state.

[00154] In some preferred embodiments, the analgesic is in a crystalline
state. The crystalline form of the analgesic may contain one crystalline form or a
combination of crystalline forms. The analgesic may exist as two or more crystalline
phases (i.e., polymorphs), each phase having a different arrangement and/or
conformation of molecules in the crystal lattice. A crystalline adduct, in contrast, may
be formed if a certain amount of solvent is incorporated within the crystal lattice. If
the solvent is water, the adduct may be referred to as a hydrate. The extent of
crystallinity may be evaluated using standard analytical methods such as DSC
(Differential Scanning Calorimetry) and XRD (X-ray diffraction).

[00155] Polymorphs and solvates of the analgesic can have different
physical and chemical properties (e.g., melting point, chemical reactivity, solubility,
optical properties, vapor pressure, and density). Further, differences in chemical and
physical properties can impact the stability, dissolution, aqueous solubility, and
bioavailability of the analgesic. For example, a solid compound may have a
metastable crystalline structure that evolves over time in response to environmental
and processing conditions. A solvate may desolvate in response to environmental and
processing conditions, as well.

[00156] Phase conversion of some analgesics may occur during the
manufacturing process. For example, milling or micronization processes may cause
conversion of one polymorphic form into another polymorphic form.

[00157] The analgesic may be in an amorphous state. Amorphous solids
consist of disordered arrangements of molecules and do not have a discernible crystal
lattice structure. Amorphous forms of the analgesic may be prepared using various
techniques known to those skilled in the art (including spray draying processes).
Analgesics in an amorphous state may readily dissolve and dissipate from the
hydrogels described herein under physiological conditions. Once dissolved, the
analgesic is available for uptake by the tissue. Analgesics in a crystalline form may
take longer to dissolve, making them relatively less bioavailable than if in an
amorphous form. Although amorphous forms of the analgesic may be utilized with

the hydrogels described herein, formulations containing amorphous dosage forms may
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be not be stable when stored for long periods of time (either as a powder or in
solution). Lower solubility may be particularly valuable when extremely rapid
dissolution of the analgesic is undesirable and/or when it is preferred to deliver the
dissolved (i.e., bioavailable) form of the drug to the tissue over longer periods of time.
Further, crystalline forms of the analgesic may be advantageously used when long-
term stability is required, and certain crystalline polymorphs may be particularly
stable and well-suited for use in the preparation of pharmaceutical formulations.
Those of skill in the art can choose the proper form of the analgesic for the particular
need and the particular degree of bioavailability desired.

[00158] In certain embodiments, hydrogel compositions are provided that
include particulates having a mean particle size of less than one micrometer. In other
embodiments, particulates range in size from about 500 nanometers to 5 micrometer.
In other embodiments, particulates range in size from about 500 nanometers to 2
micrometers. In other embodiments, the particulates have a size of less than 500
nanometers; or less than 400 nanometers; or less than 300 nanometers; or less than
200 nanometers, or less than 100 nanometers; or less than 50 nanometers.

[00159] In certain embodiments, hydrogel compositions are provided that
include particulates having a size of less than 5 micrometers. In other embodiments,
particulates range in size from about 700 nanometers to 3 micrometer. In other
embodiments, the particulates have a size of less than 2 micrometers; or less than 1.5
micrometer. In certain embodiments, the particulates have size of about 0.5 to about
1.5 micrometers or a mean particle size of about 1 micrometer.

[00160] Analgesic particles may be provided as a suspension in aqueous
medium. A given suspension may utilize particles ranging in size from several
nanometers to several micrometers and may contain particles having a narrow size
distribution or a large distribution of sizes. Suspensions prepared using particles of
similar size, however, may be more stable than those prepared using particles having
a large distribution of sizes. Particles with a narrow particle size distribution typically
are less prone to increase in size over time due to recrystallization. Particles having a
size distribution that spans less than one order of magnitude (i.e., less than 10-fold
distribution of sizes) may have similar dissolution rates in aqueous solutions and,
therefore, can produce more stable suspensions.  Suspensions prepared using a
particles with a narrow distribution of sizes can remain as homogeneous dispersions

(or can be easily re-suspended with agitation) for a period of many months and up to

50



WO 2009/132153 PCT/US2009/041469

several years, making them particularly useful when long term shelf stability is
required. In certain embodiments, suspensions remain stable for up to about 6
months, or up to about 1 year, or up to about 2 years.

[00161] The stability of the suspensions may be further improved by
including a surfactant, suspending agent, and/or viscosity modifier into formulation
(e.g., PLURONIC FI127 (BASF), PLURONIC F68 (BASF), TWEEN
(POLYSORBATE 80) (Spectrum Chemicals) poly(ethylene glycol) 3350 (Spectrum
Chemicals), and/or hydroxypropyl methylcellulose (Spectrum Chemicals)).

[00162] In certain embodiments, combinations of surfactants or other
additives may be used for producing suspensions of sub-micron or micron-sized
particles that remain stabile for several months or more at room temperature. An
exemplary combination of additives is PLURONIC F127 and PEG 3350 can be used
to form suspensions of analgesic particles that remain stable for about one month.

[00163] Particulate analgesic may be formed in various manners. A
method of preparing a hydrogel that contains a spontaneously precipitated analgesic is
provided. In some embodiments, the analgesic (e.g., bupivacaine) is loaded into the
gel by spontaneously precipitating the drug into the hydrogel as it is being formed.
An analgesic (e.g., bupivacaine) is combined with electrophilic and nucleophilic
components, as described herein in a low pH buffer (e.g., pH 2.2 HCI buffer). To this
solution is added a high pH carbonate buffer (for example, pH ~9.5-11). The higher
pH causes two different reactions to occur. First, a hydrogel is formed when the two
component system, i.e., compounds of Formula I and compounds of Formula III, or
Compound;-Y, and Compound,-(SH),, react. Second, the analgesic precipitates
during the mixing. Thus, a hydrogel is formed containing a homogenous dispersion
of precipitated analgesic in particulate form. Spontaneously precipitated formulations
typically comprise particles of analgesic that range in size from about 1 — 50 microns,
however spontaneously precipitated formulations containing particles sized outside of
this range also may be formed using the methods described herein.

[00164] Hydrogels prepared by the described precipitation process can be
loaded with analgesic (e.g., bupivacaine) in concentrations of up to about 30 mg/mL
of final hydrogel volume, depending on the particular analgesic used. In one
embodiment, the hydrogel contains analgesic in a concentration of up to about 20

mg/mL; or about 5 mg/mL to about 20 mg/mL of final hydrogel volume. In yet
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another embodiment, the analgesic concentration is about 10 mg/mL to about 15
mg/mL of final hydrogel volume.

[00165] In another exemplary method, particulate analgesic is combined as
a suspension of particles into one or both of the hydrogel precursor components. A
method of preparing a particulate analgesic involves combining an analgesic (e.g.,
bupivacaine or a salt thereof, such as bupivacaine-HCI) with a high pH (about 9.7)
buffer and micronizing the analgesic using high-shear homogenization. Optionally, a
surfactant, (e.g., PLURONIC F68 or F127 or TWEEN 20 or TWEEN 80, or a mixture
thereof) may be used to improve the stability of the suspension (e.g., be minimizing
settling and/or coagulation and/or agglomeration of the particles over time). A
suspending agent and/or viscosity modifier (e.g., PEG or methylcellulose additives)
also may optionally be included into the formulation to minimize sedimentation
and/or caking of the particles. The pH of the micronized suspension is adjusted to
about 9.3-9.7 (depending on which cross-linkable components will be combined with
the nanosuspension), and the particle size is reduced via high pressure
homogenization. High pressure homogenization can be used to reduce the size of the
particles such that the cross-sectional diameter ranges from about 0.3 to about 3
microns.

[00166] Suspensions may be formed using either amorphous or crystalline
forms of a particular analgesic or a mixture of amorphous and crystalline forms.
Depending on the analgesic, homogenization may alter the morphology of the starting
material. For example, an analgesic in a crystalline form may be transformed into an
amorphous state or another crystalline form during the homogenization process.

[00167] Although suspensions may be formed using any amorphous or
crystalline form of a particular analgesic, it may be preferable to utilize a relatively
stable form (e.g., polymorph) to ensure that the morphology of the analgesic does not
change during the homogenization process, during subsequent formation of the cross-
linked hydrogel, and/or during storage of the final product.

[00168] In certain embodiments, the suspension contains bupivacaine in
particulate form. Suspensions formed using bupivacaine as the starting material may
utilize bupivacaine in a salt form (e.g., HCI) or bupivacaine in a free base form.

[00169] Incorporation of a salt form of an analgesic into the hydrogel may
be achieved in different ways. The salt form of the analgesic may be added to the low

pH component of the buffer system. In this case, the pH of the basic buffer
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component would have to be adjusted to ensure that the hydrogel will gel.
Alternatively, the salt form may first be converted to the free base form and then
suspended in the high pH component of the buffer system. In the case of certain
analgesics, such as bupivicaine-HCI, the potential for generating a metastable
polymorph of the drug may increase using this route. To improve stability, it may be
preferable to prepare the suspension using a free base of bupivacaine that is
synthetically prepared instead of by in situ precipitation with a basic buffer.

[00170] If a bupivacaine salt, such as bupivacaine-HCl is used as the
starting material, the in-situ precipitated base material typically adopts a metastable,
or transiently stable polymorphic form (Form II: 7 ,=97.6+0.2°C), which may revert
to a more stable polymorphic form (Form I: 7 ,,=105.6+0.0°C) over time. Given the
transient nature of Form II, it may be preferable to utilize a more stable form of
bupivacaine in a pharmaceutical formulation.

[00171] A more stable form of bupivacaine may be generated by using
bupivacaine free base with melting point @ 105-107 °C (Form I) as the starting
material. Use of an analgesic free base to prepare the nanosuspension also may avoid
subsequent dilution with SM NaOH, further simplifying the manufacturing process.

[00172] Suspensions prepared by the described process can be loaded to
high levels with particulate analgesic due to the extremely small size (e.g., sub-
micron) of the particles. For example, aqueous solutions can be prepared according to
the processes described herein containing up to about 20% analgesic by weight. In
certain embodiments, the analgesic may be loaded to about 18% by weight. In other
embodiments, the analgesic (e.g., a crystalline form of bupivacaine free base) may be
loaded to about 10-15% by weight. Higher loadings of analgesic may be achievable
by using an appropriate surfactant, viscosity modifier, or combination thereof.

[00173] The suspension of analgesic particles may subsequently be
combined with cross-linkable components and additional buffer(s) and/or other
reagents. For example, the homogenized suspension is loaded into a first syringe.
The contents of the first syringe are mixed with a low pH (pH 2.2 HCI buffer)
solution of electrophilic (e.g., Compound;-Y,) and nucleophilic (e.g., Compound,-
(SH);) components, as described herein, housed in a second syringe to form a
hydrogel containing a homogenous dispersion of particulate analgesic (also referred to
herein as a “nanosuspension”). As noted above, hydrogels prepared by the described

process can be loaded to high levels with particulate analgesic due to the extremely
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small size (e.g., sub-micron) of the particles. In one embodiment, the hydrogel
contains analgesic in a concentration of greater than about 15 mg/mL of final
hydrogel volume. In yet another embodiment, the analgesic concentration is about 20
mg/mL to about 70 mg/mL of final hydrogel volume. In yet another embodiment, the
analgesic concentration is about 40 mg/mL to about 60 mg/mL of final hydrogel
volume.

[00174] In the context of the present disclosure, an analgesic is a compound
or a composition that reduces the pain in an individual. The term “analgesic”
encompasses anesthetics as well. The analgesic used in the compositions and
methods described herein can be an over-the-counter analgesic, such as a salicylate
(e.g., acetylsalicylic acid), acetaminophen, and ibuprofen, or an opioid analgesic, such
as codeine and morphine.

[00175] In some embodiments, the analgesic is a local anesthetic (i.e., an
anesthetic intended for localized, rather than systemic, delivery at a treatment site).
The analgesic may be a water-soluble or gel-soluble analgesic. Alternatively, the
analgesic may be relatively lipophilic (e.g., lipid solubility of more than about 1).
Lipophilic analgesics will not readily dissolve in the hydrogels described herein and
will typically release from the hydrogel more slowly than would a gel/water soluble
analgesic, depending on the polymer used to prepare the gel and its interaction with
the analgesic.

[00176] Representative examples of anesthetics that may be combined with
the hydrogel compositions described herein include those selected from the amino
ester and amino amide classes of anesthetics.

[00177] The local anesthetic may be in an ionized or a non-ionized form.
The proportion of ionized and non-ionized forms varies with the pH of the
environment. As the non-ionized form is capable of diffusing across nerve
membranes and blocking sodium channels, formulations having a larger amount of
material in non-ionized form will typically have a faster onset of action. Conversely,
a decrease in pH shifts equilibrium toward the ionized form, delaying onset of action.

[00178] Local anesthetics differ in respect to the pH at which the ionized
and non-ionized forms are present at equilibrium. This pH is generally in the range of
about 7.6-8.9. The onset of action may be more rapid when the equilibrium pH for a

given anesthetic approximates the physiologic pH of tissues (i.e., 7.35-7.45).

54



WO 2009/132153 PCT/US2009/041469

[00179] The pKa can be expressed as the pH at which 50 % of the
molecules are free base and 50 % of the molecules have a positive charge (i.e.,
ionized). Analgesics having pK,’s below about 8.5 may be particularly compatible
with certain hydrogel formulations, since such analgesics can suit the
physicochemical properties of the gel under the conditions and pH’s used to carry out
cross-linking.

[00180] In certain embodiments, the anesthetic may be an amino amide
local anesthetic. In certain embodiments, the analgesic is a local anesthetic (e.g.,
amino amide or amino ester anesthetic) having a pK, below about 8.5. Amino amide
anesthetics contain an amide linkage between an aromatic nucleus and an amino, or
piperidine group. In certain embodiments, the anesthetic is a member of the 1-alkyl-
2",6’-pipecoloxylidide family of compounds. Representative examples of amino
amide local anesthetics that may be combined with the hydrogel compositions
described herein include, for example, bupivacaine, levobupivacaine, ropivacaine,
lidocaine, mepivacaine, prilocaine, cinchocaine, etidocaine and articaine and salts and
hydrates thereof. Further examples of amino amide local anesthetics that may be used
with the described hydrogels include carticaine, trimecaine and salts and hydrates
thereof.

[00181] In other embodiments, the local anesthetic may be an amino ester
local anesthetic. The amino ester anesthetic may be an ester of aminobenzoic acid
anesthetic. ~ Although similar structurally to the amino amide local anesthetics,
members of this class of anesthetics include an ester linkage rather than an amide
linkage. Representative examples of amino ester local anesthetics that may be
combined with the hydrogel compositions described herein include, for example,
procaine, tetracaine and chloroprocaine. Further examples of amino ester type local
anesthetics that may be used with the described hydrogels include amylocaine,
benzocaine, butacaine, dimethocaine, meprylcaine, metabutozycaine, orthocaine,
propoxycaine, procaine, proparacaine, and risocaine.

[00182] The choice of analgesic will depend on the intended use of the
hydrogel and the properties (e.g., lipophilicity and pK,) of the anesthetic. For
example, if the intended use requires a potent form of the drug that readily crosses the
cell membrane, it may be desirable to use a lipophilic amino amide compound, such

as bupivacaine or a salt thereof. However, if a less potent form of analgesic is needed
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(e.g., to minimize toxicity), it may be preferable to use a less lipid soluble analgesic,
such as Ropivacaine, or Mepivacaine or a salt thereof.

[00183] The local anesthetic may be in the form of a racemic mixture of
enantiomers or may be a single enantiomeric form.

[00184] The local anesthetic may be in the form of an amorphous powder
or may be in a crystalline form that includes one or more polymorphs of the
anesthetic.

[00185] In certain embodiments, it may be preferable to combine the
hydrogel composition with bupivacaine. “Bupivacaine”, as used herein, refers to any
form of bupivacaine, including free base, salt, hydrate, solvate, or enantiomer of
bupivacaine. Bupivacaine (1-butyl-N-(2,6-dimethylphenyl) piperidine-2-carboxamide

) may be in the form of a free base represented by the following chemical structure:

[00186] In certain embodiments, it may be preferable to combine the
hydrogel composition with a salt of bupivacaine (i.e., bupivacaine-HCI). In one
embodiment, the analgesic is 2-piperidinecarboxamide, 1-butyl-N-(2,6-
dimethylphenyl)- monohydrochloride, monohydrate, represented by the following

chemical structure:

[00187] In certain embodiments, the hydrogel composition is combined
with bupivacaine (e.g., bupivacaine free base, salt, hydrate, solvate, or enantiomer
thereof) that is in a crystalline form. The crystalline form may a single polymorph or
pseudopolymorph or a combination of polymorphs or pseudopolymorphs. In one
embodiment, bupivacaine is in the polymorphic form (Form I). In another
embodiment, bupivacaine is in the polymorphic form (Form II).

[00188] Bupivacaine has stereoisometric properties due to the presence of a
chiral center in the molecule. Bupivacaine is available commercially as a racemic

mixture of two isomers: levobupivacaine, L (-) isomer, and dextrobupivacaine D (+)
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isomer. A racemic mixture of bupivacaine may be used in the compositions described
herein. Alternatively, it may be preferable to combine the hydrogel composition with
a single enantiomer of bupivacaine, such as levobupivacine, an S(-)-enantiomer of
bupivacaine, or a salt thereof (e.g., levobupivacaine hydrochloride). Although the
pKa of levobupivacaine is 8.1, similar to the pKa of the racemic bupivacaine,
levobupivacaine may be preferred in certain situations since this enantiomer may be
associated with less vasodilation and cardiotoxicity and has a longer duration of
action than racemic bupivacaine.

[00189] The compositions of the disclosure can also be packaged in kits
and used in a variety of medical applications (e.g., in management of pain associated
with hernia repair or breast augmentation procedures).

[00190] The described hydrogels may be applied directly to the tissue or
may be introduced into a patient laparoscopically or arthroscopically, depending on
the location of the treatment site. The components may be mixed using a dual syringe
spray tip applicator well known to those skilled in the art. However, in certain
applications, it may be preferred to utilize an air-assisted spray tip to ensure that the
acidic and basic components are efficiently mixed during application of the gel.

[00191] Kits are provided that include compositions and devices configured
for use in various surgical settings. The kit would include buffer solutions, as well as
written or otherwise illustrated instructions for use. In certain embodiments, a kit for
use in medical applications (e.g., hernia repair or breast augmentation procedures),
comprises: (a) a homogenecous dry powder composition comprised of: (i) a first
component of Formula I, as described herein, and (i1) a second component that is a
compound having the Formula III, as described herein, wherein the reactive groups
are non-reactive in a dry environment but are rendered reactive upon exposure to an
aqueous environment such that the components react in the aqueous environment to
form a cross-linked matrix; (b) a first buffer solution having a pH within the range of
about 1.0 to 5.5; (b) a second buffer solution having a pH within the range of about
9.0 to 11.0 that further comprises an analgesic (e.g., bupivacaine in a sub-micron or
micron size particulate form); wherein each component is packaged separately and
admixed immediately prior to use.

[00192] In other embodiments, a kit for use in medical applications,
comprises: (a) a homogencous dry powder composition comprised of: (i) a first

component of formula Compound,;-Y,, wherein Y is a sulfthydryl reactive group and
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wherein n > 2, and (ii) a second component that is a sulfhydryl group-containing
compound having the formula Compound,-(SH),, wherein m > 2; wherein the
sulthydryl and sulfhydryl-reactive groups are non-reactive in a dry environment but
are rendered reactive upon exposure to an particular aqueous environment such that
the components react in this particular aqueous environment to form a cross-linked
matrix; (b) a first buffer solution having a pH within the range of about 1.0 to 5.5; (¢)
an analgesic (e.g., bupivacaine in a sub-micron or micron size particulate form); and
(d) a second buffer solution having a pH within the range of about 6.0 to 11.0;
wherein each component is packaged separately and admixed immediately prior to
use. The analgesic can be added as a powder with the polymeric components or can
be added in the first buffer solution (b).

[00193] Another exemplary kit would include buffer solutions, as well as
written or otherwise illustrated instructions for use. A typical kit for use in medical
applications (e.g., hernia repair or breast augmentation procedures), comprises: (a) a
homogeneous dry powder composition comprised of: (i) a first component of formula
Compound;-Y,, wherein Y is a sulfhydryl reactive group and wherein n > 2, and (ii) a
second component that is a sulfhydryl group-containing compound having the
formula Compound,-(SH)mm, wherein m > 2; wherein the sulfhydryl and sulfhydryl-
reactive groups are non-reactive in a dry environment but are rendered reactive upon
exposure to an particular aqueous environment such that the components react in this
particular aqueous environment to form a cross-linked matrix; (b) a first buffer
solution having a pH within the range of about 1.0 to 5.5; and (c) a second buffer
solution having a pH within the range of about 9.0 to 11.0 that further comprises an
analgesic (e.g., bupivacaine in a sub-micron or micron size particulate form); wherein
each component is packaged separately and admixed immediately prior to use.

[00194] In another embodiment, the kit can further comprise a delivery
system that will allow the composition to be delivered as a gel or spray. The spray can
be generated by manually mixing the components and passing them through a spray
nozzle. The spray generation can also be accomplished by using a flow of gas (for
example, air, nitrogen, carbon dioxide). Delivery devices that may be included in the
kits will preferably be one of the multi-component syringe device and/or the
pressurized delivery devices and devices adapted for laparoscopic delivery, such as
those described in, for example, U.S. Patent Application Publication No.
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