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POLYMERS, PREPARATION AND USE THEREOF

[0001] This application claims priority under 35 U.S.C. § 119 to United States
Provisional Application Number 61/761,437, which was filed on February 6, 2013,
and which is incorporated by reference in its entirety.

[0002] The present teachings provide novel polymers and/or methods of
preparing and using thereof. For example, the novel polymers can be used to
produce polycations and/or polyanions, which can be used, for example, to produce
complex coacervates.

[0003] In one aspect, the present teachings relate to a polymer having a
sulfide, sulfinyl, or sulfonyl. In various embodiments, the polymer comprises a branch

having a sulfide, sulfinyl, or sulfonyl. For example, the polymer can have Formula I:

R1
|
SO

/H
4 m

R

wherein R', R*, A, m, n, and x are as defined herein.
[0004] In another aspect, the present teachings relate to methods of preparing
or using the polymers.
[0005] In another aspect, the present teachings relate to a polycation or a
polyanion. In various embodiments, the polycation or polyanion comprises a polymer
described herein.
[0006] In another aspect, the present teachings relate to a coacervate. In
various embodiments, the coacervate comprises a polycation and/or a polyanion
disclosed herein. In some embodiments, the coacervate is used as an adhesive.

-



WO 2014/123665 PCT/US2014/011391

[0007] In another aspect, the present teachings relate to methods of making
and using coacervates described herein. For example, the coacervate can be used
as an adhesive in the presence of water.

[0008] Fig. 1 illustrates an example of the formation of complex coacervates:
(a) a polycation is combined with a polyanion in the presence of metal cations; (b) a
polyanion is paired with the polycation to form a first complex coacervate; (c) a
second complex coacervate (e.g., an “initial ‘set’ solid gel”) is formed, for example,
by changing the pH of the first complex coacervate; and (d) a third complex
coacervate (e.g., a “covalently cured solid glue”) is formed, for example, by
crosslinking the second complex coacervate.

[0009] Fig 2. illustrates the formation of two exemplary complex coacervates:
(a) afirst complex coacervate was formed by combining polycations and polyanions;
(b) a second complex coacervate was formed, for example, by raising the pH of the
first complex coacervate; and (c) the second complex coacervate exhibited certain
properties, for example, having a density greater than water, immiscibility in water,
and the ability to adhere to an object.

[0010] Reference will be made to certain exemplary embodiments according
to the present teachings, certain examples of which are illustrated in the
accompanying drawings. It will be understood that both the description, the
references to certain exemplary embodiments, and the drawings are not restrictive.
[0011] As used herein, phrases and symbols are generally intended to have
the meanings as set forth below, except to the extent that the context in which they
are used indicates otherwise.

[0012] As used herein, the articles “a”, “an”, and “the” include plural referents

unless expressly and unequivocally limited to one referent. For example, reference
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to “a compound” includes a mixture of two or more compounds, and reference to “a
pharmaceutically acceptable carrier” includes a mixture of one or more carriers, and
the like. Accordingly, unless otherwise specified, the articles “a”, “an”, and “the” can
have the same meanings as the term “one or more” or “at least one.”

[0013] It should also be noted that the term “or” generally includes “and/or”
unless the context clearly dictates otherwise.

[0014] Unless otherwise specified, the chemical groups refer to their
unsubstituted and substituted forms. For example, “alkyl”, unless otherwise
specified, encompasses both “unsubstituted alkyl” and “substituted alkyl”. By
“optional” or “optionally”, it is meant that the subsequently described event or
circumstance may or may not occur, and that the description includes instances in
which is does not. For example, “optionally substituted aryl” encompasses both
“unsubstituted aryl” and “substituted aryl” as defined below. It will be understood by
those skilled in the art, with respect to any group containing one or more
substituents, that such groups are not intended to introduce any substitution or
substitution patterns that are sterically impractical, synthetically unfeasible, and/or
inherently unstable.

[0015] Unless otherwise specified, the chemical groups include their
corresponding monovalent and multivalent groups. For example, methyl include

monovalent methyl (—CHs), divalent methyl (~CHz—, methylyl), trivalent methyl (

H
~p _(I;_
| ), teravalent methyl (| ).
[0016] Unless otherwise specified, all numbers expressing quantities of

ingredients, reaction conditions, and other properties or parameters used in the

specification and claims are to be understood as being modified in all instances by
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the term “about.” Accordingly, unless otherwise indicated, it should be understood
that the numerical parameters set forth in the following specification and attached
claims are approximations. At the very least, and not as an attempt to limit the
application of the doctrine of equivalents to the scope of the claims, numerical
parameters should be read in light of the number of reported significant digits and
the application of ordinary rounding techniques.

[0017] All numerical ranges herein include all numerical values and ranges of
all numerical values within the recited range of numerical values. Further, while the
numerical ranges and parameters setting forth the broad scope of the disclosure are
approximations as discussed above, the numerical values set forth in the Examples
section are reported as precisely as possible. It should be understood, however, that
such numerical values inherently contain certain errors resulting from the
measurement equipment and/or measurement technique.

[0018] “Compounds” refers to compounds encompassed by structural
formulae described herein and includes any specific compounds within the formulae
whose structure is disclosed herein. Compounds may be identified either by their
chemical structure and/or chemical name. When the chemical structure and
chemical name conflict, the chemical structure is determinative of the identity of the
compound. The compounds described herein may contain one or more chiral
centers and/or double bonds and therefore may exist as stereoisomers such as
double-bond isomers (i.e., geometric isomers), enantiomers, or diastereomers.
Accordingly, any chemical structures within the scope of the specification depicted,
in whole or in part, with a relative configuration encompass all possible enantiomers
and stereoisomers of the illustrated compounds including the stereoisomerically pure

form (e.g., geometrically pure, enantiomerically pure, or diastereomerically pure) and
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enantiomeric and stereoisomeric mixtures. Enantiomeric and stereocisomeric
mixtures can be resolved into their component enantiomers or sterecisomers using
separation techniques or chiral synthesis techniques well known to the skilled
artisan.

[0019] For the purposes of the present teachings, “chiral compounds” are
compounds having at least one center of chirality (i.e., at least one asymmetric atom,
in particular, at least one asymmetric C atom), having an axis of chirality, a plane of
chirality, or a screw structure. “Achiral compounds” are compounds that are not
chiral.

[0020] Compounds described herein include, but are not limited to, optical
isomers of the polyanionic and polycationic compound described herein, racemates
thereof, and other mixtures thereof. In such embodiments, the single enantiomers or
diastereomers, i.e., optically active forms can be obtained by asymmetric synthesis
or by resolution of the racemates. Resolution of the racemates can be accomplished,
for example, by conventional methods such as crystallization in the presence of a
resolving agent, or chromatography using, for example, a chiral high-pressure liquid
chromatography (HPLC) column. However, unless otherwise stated, it should be
assumed that the polyanionic and polycationic compounds described herein cover all
asymmetric variants, including isomers, racemates, enantiomers, diastereomers, and
other mixtures thereof. In addition, the polyanionic and polycationic compounds
described herein include Z- and E-forms (e.g., cis- and trans-forms) of compounds
with double bonds. In embodiments in which the polyanionic and polycationic
compounds described herein exist in various tautomeric forms, compounds provided

by the present disclosure include all tautomeric forms of the compound.
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[0021] The term “alkyl” as used herein refers to a saturated straight or
branched hydrocarbon, such as a straight or branched group of 1 to 22, 1 to 8, or 1
to 6 carbon atoms, referred to herein as (C+-Cop)alkyl, (C1-Cs)alkyl, or (C1-Ce)alkyl,
respectively. The alkyl groups can be substituted with one or more groups each
independently selected from alkyl, alkenyl, alkynyl, aryl, arylalkyl, alkoxy, aryloxy,
cycloalkyl, heteroaryl, heterocyclyl, halogen, cyano, hydroxyl, oxo, amino, imino,
phosphate, sulfide, sulfinyl, sulfonyl, and sulfonic acid, and each of the alkyl, alkenyl,
alkynyl, aryl, arylalkyl, alkoxy, aryloxy, cycloalkyl, heteroaryl, and heterocyclyl
optionally can be substituted with one or more suitable substituents as described
herein. Exemplary alkyl groups include, but are not limited to, methyl, ethyl, propyl,
isopropyl, 2-methyl-1-propyl, 2-methyl-2-propyl, 2-methyl-1-butyl, 3-methyl-1-butyl, 2-
methyl-3-butyl, 2,2-dimethyl-1-propyl, 2-methyl-1-

pentyl, 3-methyl-1-pentyl, 4-methyl-1-pentyl, 2-methyl-2-pentyl, 3-methyl-2-pentyl, 4-
methyl-2-pentyl, 2,2-dimethyl-1-butyl, 3,3-dimethyl-1-butyl, 2-ethyl-1-butyl, butyl,
isobutyl, t-butyl, pentyl, isopentyl, neopentyl, hexyl, heptyl, octyl, etc.

[0022] The term “alkenyl” as used herein refers to an unsaturated straight or
branched hydrocarbon having at least one carbon-carbon double bond, such as a
straight or branched group of 2 to 22, 2 to 8, or 2 to 6 carbon atoms, referred to
herein as (C2-Co)alkenyl, (Co-Cs)alkenyl, or (Co-Ce)alkenyl, respectively. The alkenyl
groups can be substituted with one or more groups each independently selected
from alkyl, alkenyl, alkynyl, aryl, arylalkyl, alkoxy, aryloxy, cycloalkyl, heteroaryl,
heterocyclyl, halogen, cyano, hydroxyl, oxo, amino, imino, phosphate, sulfide,
sulfinyl, sulfonyl, and sulfonic acid, and each of the alkyl, alkenyl, alkynyl, aryl,
arylalkyl, alkoxy, aryloxy, cycloalkyl, heteroaryl, and heterocyclyl optionally can be

substituted with one or more suitable substituents as described herein. Exemplary
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alkenyl groups include, but are not limited to, vinyl, allyl, butenyl, pentenyl, hexenyl,
butadienyl, pentadienyl, hexadienyl,

2-ethylhexenyl, 2-propyl-2-butenyl, 4-(2-methyl-3-butene)-pentenyl, etc.

[0023] The term “alkynyl” as used herein refers to an unsaturated straight or
branched hydrocarbon having at least one carbon-carbon triple bond, such as a
straight or branched group of 2 to 22, 2 to 8, or 2 to 6 carbon atoms, referred to
herein as

(C2-Cop)alkynyl, (Co-Cs)alkynyl, or (Co-Ce)alkynyl, respectively. The alkynyl groups
can be substituted with one or more groups each independently selected from alkyl,
alkenyl, alkynyl, aryl, arylalkyl, alkoxy, aryloxy, cycloalkyl, heteroaryl, heterocyclyl,
halogen, cyano, hydroxyl, oxo, amino, imino, phosphate, sulfide, sulfinyl, sulfonyl,
and sulfonic acid, and each of the alkyl, alkenyl, alkynyl, aryl, arylalkyl, alkoxy,
aryloxy, cycloalkyl, heteroaryl, and heterocyclyl optionally can be substituted with
one or more suitable substituents as described herein. Exemplary alkynyl groups
include, but are not limited to, ethynyl, propynyl, butynyl, pentynyl, hexynyl,
methylpropynyl, 4-methyl-1-butynyl,

4-propyl-2-pentynyl, and 4-butyl-2-hexynyl, etc.

[0024] The term “alkoxy” as used herein refers to an alkyl group attached to
an oxygen (—O-alkyl). “Alkoxy” groups also include an alkenyl group attached to an
oxygen (“alkenyloxy”) or an alkynyl group attached to an oxygen (“alkynyloxy”)
groups. Exemplary alkoxy groups include, but are not limited to, groups with an alkyl,
alkenyl or alkynyl group of 1 to 22, 1 to 8, or 1 to 6 carbon atoms, referred to herein
as

(C+4-Cop)alkoxy, (C1-Cs)alkoxy, or (C1-Ce)alkoxy, respectively. The alkoxy groups can

be substituted with one or more groups each independently selected from alkyl,
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alkenyl, alkynyl, aryl, arylalkyl, alkoxy, aryloxy, cycloalkyl, heteroaryl, heterocyclyl,
halogen, cyano, hydroxyl, oxo, amino, imino, phosphate, sulfide, sulfinyl, sulfonyl,
and sulfonic acid, and each of the alkyl, alkenyl, alkynyl, aryl, arylalkyl, alkoxy,
aryloxy, cycloalkyl, heteroaryl, and heterocyclyl optionally can be substituted with
one or more suitable substituents as described herein. Exemplary alkoxy groups
include, but are not limited to, methoxy, ethoxy, alloxy, propynyloxy, etc.

[0025] The term “aryl” as used herein refers to a mono-, bi-, or other multi-
carbocyclic aromatic ring system. The aryl group can optionally be fused to one or
more rings selected from aryls, cycloalkyls, and heterocyclyls. The aryl groups can
be substituted with one or more groups each independently selected from alkyl,
alkenyl, alkynyl, aryl, arylalkyl, alkoxy, aryloxy, cycloalkyl, heteroaryl, heterocyclyl,
halogen, cyano, hydroxyl, oxo, amino, imino, phosphate, sulfide, sulfinyl, sulfonyl,
and sulfonic acid, and each of the alkyl, alkenyl, alkynyl, aryl, arylalkyl, alkoxy,
aryloxy, cycloalkyl, heteroaryl, and heterocyclyl optionally can be substituted with
one or more suitable substituents as described herein. Exemplary aryl groups
include, but are not limited to, phenyl, tolyl, anthracenyl, fluorenyl, indenyl, azulenyl,
and naphthyl, as well as benzo-fused carbocyclic moieties such as 5,6,7,8-
tetrahydronaphthyl. Exemplary aryl groups also include, but are not limited to a
monocyclic aromatic ring system, wherein the ring comprises 6 carbon atoms,
referred to herein as “(Ce)aryl.”

[0026] The term “arylalkyl” as used herein refers to an alkyl group having at
least one aryl substituent, e.g., aryl-alkyl—-. Exemplary arylalkyl groups include, but
are not limited to, arylalkyls having a monocyclic aromatic ring system, wherein the
ring comprises 6 carbon atoms, referred to herein as “(Ce)arylalkyl.” The term

“benzyl” as used herein refers to the group phenyl-CHy—.
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[0027] The term “aryloxy” as used herein refers to an aryl group attached to
an oxygen atom. Exemplary aryloxy groups include, but are not limited to, aryloxys
having a monocyclic aromatic ring system, wherein the ring comprises 6 carbon
atoms, referred to herein as “(Ce)aryloxy.”

[0028] The term “cycloalkyl” as used herein refers to a saturated or
unsaturated cyclic, bicyclic, or bridged bicyclic hydrocarbon group of 3-12 carbons or
3-8 carbons, referred to herein as “(Cs-Cq2)cycloalkyl” or “(Cs-Cs)cycloalkyl,”
respectively. The cycloalkyl groups can be substituted with one or more groups each
independently selected from alkyl, alkenyl, alkynyl, aryl, arylalkyl, alkoxy, aryloxy,
cycloalkyl, heteroaryl, heterocyclyl, halogen, cyano, hydroxyl, oxo, amino, imino,
phosphate, sulfide, sulfinyl, sulfonyl, and sulfonic acid and each of the alkyl, alkenyl,
alkynyl, aryl, arylalkyl, alkoxy, aryloxy, cycloalkyl, heteroaryl, and heterocyclyl
optionally can be substituted with one or more suitable substituents as described
herein. Exemplary cycloalkyl groups include, but are not limited to, cyclohexyl,
cyclohexenyl, cyclopentyl, and cyclopentenyl. Cycloalkyl groups can be fused to
other cycloalkyl saturated or unsaturated, aryl, or heterocyclyl groups.

[0029] The term “heteroaryl” as used herein refers to a mono-, bi-, or multi-
cyclic aromatic ring system containing one or more heteroatoms, for example, 1 to 3
heteroatoms, such as nitrogen, oxygen, and sulfur. The heteroaryl groups can be
substituted with one or more groups each independently selected from alkyl, alkenyl,
alkynyl, aryl, arylalkyl, alkoxy, aryloxy, cycloalkyl, heteroaryl, heterocyclyl, halogen,
cyano, hydroxyl, oxo, amino, imino, phosphate, sulfide, sulfinyl, sulfonyl, and sulfonic
acid, and each of the alkyl, alkenyl, alkynyl, aryl, arylalkyl, alkoxy, aryloxy, cycloalkyl,
heteroaryl, and heterocyclyl optionally can be substituted with one or more suitable

substituents as described herein. Heteroaryls can also be fused to non-aromatic
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rings. lllustrative examples of heteroaryl groups include, but are not limited to,
pyridinyl, pyridazinyl, pyrimidyl, pyrazyl, triazinyl, pyrrolyl, pyrazolyl, imidazolyl,
(1,2,3)- and (1,2,4)-triazolyl, pyrazinyl, pyrimidilyl, tetrazolyl, furyl, thienyl, isoxazolyl,
thiazolyl, furyl, isoxazolyl, and oxazolyl. Exemplary heteroaryl groups include, but are
not limited to, a monocyclic aromatic ring, wherein the ring comprises 2 to 5 carbon
atoms and 1 to 3 heteroatoms, referred to herein as “(C,-Cs)heteroaryl.”

[0030] The terms “heterocycle,” “heterocyclyl,” or “heterocyclic” as used herein
refer to a saturated or unsaturated 3-, 4-, 5-, 6- or 7-membered ring containing one,
two, or three heteroatoms independently selected from nitrogen, oxygen, and sulfur.
Heterocycles can be aromatic (heteroaryls) or non-aromatic. The heterocycle,
heterocyclyl, or heterocyclic groups can be substituted with one or more groups each
independently selected from alkyl, alkenyl, alkynyl, aryl, arylalkyl, alkoxy, aryloxy,
cycloalkyl, heteroaryl, heterocyclyl, halogen, cyano, hydroxyl, oxo, amino, imino,
phosphate, sulfide, sulfinyl, sulfonyl, and sulfonic acid and each of the alkyl, alkenyl,
alkynyl, aryl, arylalkyl, alkoxy, aryloxy, cycloalkyl, heteroaryl, and heterocyclyl
optionally can be substituted with one or more suitable substituents as described
herein. Heterocycles also include bicyclic, tricyclic, and tetracyclic groups in which
any of the above heterocyclic rings is fused to one or two rings independently
selected from aryls, cycloalkyls, and heterocycles.

[0031] The term “amine” or “amino” as used herein refers to the formula —
NR4Re, where Rq and Re independently are selected from hydrogen, alkyl, alkenyl,
alkynyl, aryl, arylalkyl, cycloalkyl, and heterocyclyl. The amino can be attached to the
parent molecular group through the nitrogen. The amino also may be cyclic, for
example any two of Rq and Re may be joined together or with the N to form a 3- to

12-membered ring, e.g., morpholino or piperidinyl. The term amino also includes the

-10-
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corresponding quaternary ammonium salt of any amino group, for example, —
(NR4ReR¢)*, where Rq, Re, and Rt independently are selected from hydrogen, alkyl,
alkenyl, aryl, arylalkyl, cycloalkyl, and heterocyclyl. Exemplary amino groups include
alkylamino groups,

wherein at least one of Rq and Re is an alkyl group. Each of the alkyl, alkenyl, aryl,
arylalkyl, cycloalkyl, and heterocyclyl can be substituted with at least one suitable
substituent as further described below.

[0032] The terms “halo” or “halogen” or “hal” or “halide” as used herein refers
to F, Cl, Br, and I. The term “halide” as used herein can also refer to an ionic form of
F, Cl, Br, or |. For example, chloride can mean —Cl or CI".

[0033] The term “cyano” as used herein refers to —CN. The term “nitro” as

used herein refers to —NO-.

[0034] The term “ox0” as used herein refers to =O.
[0035] The term “hydroxyl” as used herein refers to —OH.
[0036] The term “imine” or “imino” as used herein refers to =NRg, where Rg is

selected from hydrogen, alkyl, alkenyl, aryl, arylalkyl, cycloalkyl, and heterocyclyl.
Each of the alkyl, alkenyl, aryl, arylalkyl, cycloalkyl, and heterocyclyl can be
substituted with at least one suitable substituent as further described below.

[0037] The term “phosphate” as used herein refers to the structure —
OP(O)(OH),, any one of its corresponding salts (e.g., —OP(O)(OH)ONa, —
OP(O)(0O)2Nay,

—-OP(0O)(OH)OK, —OP(0O)(0)2K>, etc.), or any one of its corresponding esters (e.g., —
OP(O)(OH)(ORy), —OP(O)(OR)2, etc., where Ry is alkyl, alkenyl, alkynyl, aryl,

arylalkyl, cycloalkyl, heteroaryl, or heterocyclyl).

-11-
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[0038] The term “phosphonate” as used herein refers to the structure
—P(O)(OH),, any one of its corresponding salts (e.g., —P(O)(OH)ONa, —P(O)(O)2Nay,
—P(O)(OH)OK, —P(0)(0)2K5, etc.) or any one of its esters (e.g., —P(O)(OH)(ORy), —
P(O)(ORn)2, where Ry is alkyl, alkenyl, alkynyl, aryl, arylalkyl, cycloalkyl, heteroaryl,
or heterocyclyl). In some embodiments, Ry is alkyl, alkenyl, aryl, arylalkyl, or
cycloalkyl.

[0039] The term “sulfide” as used herein refers to the structure —S—,

—RiS—, —RiSR—, or —=SRj—, where R; and R; each independently is alkyl, alkenyl,
alkynyl, aryl, arylalkyl, cycloalkyl, haloalkyl, or heterocyclyl, where each of the alkyl,
alkenyl, alkynyl, aryl, arylalkyl, cycloalkyl, haloalkyl, and heterocyclyl is optionally
substituted. The sulfide may be cyclic, for example, forming a 3 to 12-membered
ring. The term “alkylsulfide” as used herein refers to an alkyl group attached to a
sulfur atom.

[0040] The term “sulfinyl” as used herein refers to the structure —S(O)—,
—RkS(0)—, —RkS(O)Ri—, or —=S(O)R—, wherein Ri and R, each independently is alkyl,
alkenyl, alkynyl, aryl, arylalkyl, cycloalkyl, haloalkyl, or heterocyclyl, where each of
the alkyl, alkenyl, alkynyl, aryl, arylalkyl, cycloalkyl, haloalkyl, and heterocyclyl is
optionally substituted. Exemplary sulfinyl groups include, but are not limited to,
alkylsulfinyls wherein at least one of Rk or Ry is alkyl, alkenyl, or alkynyl.

[0041] The term “sulfonyl” as used herein refers to the structure —S(O).—,
—RmS(0)2—, —-RmS(0)2Rn—, or =S(O)2Rn—, wherein Ry and R, each independently is
alkyl, alkenyl, alkynyl, aryl, arylalkyl, cycloalkyl, haloalkyl, or heterocyclyl, where
each of the alkyl, alkenyl, alkynyl, aryl, arylalkyl, cycloalkyl, haloalkyl, and
heterocyclyl is optionally substituted. Exemplary sulfonyl groups include, but are not

limited to, alkylsulfonyls wherein at least one of Ri, or Ry, is alkyl, alkenyl, or alkynyl.

12-
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[0042] The term “sulfate” as used herein refers to —OSO,0H, any one of its
corresponding salts (e.g., -OSOsNa, —OSOsK, etc.), or any one of its corresponding
esters (e.g., —-OSO3Ry, where Ry is alkyl, alkenyl, alkynyl, aryl, arylalkyl, cycloalkyl,
heteroaryl, or heterocyclyl).

[0043] The term “sulfonate” as used herein refers to —SO,0OH (also known as
“sulfonic acid”), any one of its corresponding salts (e.g., —SOsNa, —SOsK, etc.), or
any one of its corresponding esters (e.g., —SO3Ry, where Ry is alkyl, alkenyl, alkynyl,
aryl, arylalkyl, cycloalkyl, heteroaryl, or heterocyclyl).

[0044] The term “borate” as used herein refers to —OB(OH), or salts thereof.
[0045] The term “boronate” as used herein refers to —B(OH),, —OBR;(OH),
salts or esters thereof where R is alkyl, alkenyl, alkynyl, aryl, arylalkyl, cycloalkyl,
heteroaryl, or heterocyclyl.

[0046] Each of “suitable substituents” referred to herein is selected from alkyl,
alkenyl, alkynyl, aryl, heteroaryl, cycloalkyl, heterocyclyl, heteroaryl, alkoxy, aryloxy,
cyano, hydroxyl, oxo, imino, halo, amino, phosphate, phosphonate, sulfate,
sulfonate, or borate. In some embodiments, each of the alkyl, alkenyl, and alkynyl
described herein comprises 1 to 22, 1 to 8, or 1 to 6 carbon atoms. In some
embodiments, the cycloalkyl described herein comprises 3 to 7 ring carbon atoms. In
some embodiments, the aryl described herein comprises 6 to 10 ring carbon atoms.
In some embodiments, the heterocyclyl or heteroaryl described herein each
comprises 3 to 10 ring carbon atoms. In some embodiments, the alkoxy described
herein comprises 110 22, 1 to 8, or 1 to 6 carbon atoms. In some embodiments, the
aryloxy is phenoxy. In some embodiments, the amino is selected from -NH(C+.o2, C+-
8, Or C1 alkyl), -N(C1.22, C1.s, and Cy.6 alkyl)z, -NH(pheny), and -N(phenyl),. In some

embodiments, the suitable substituent is selected from imino, amino, phosphate,
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phosphonate, sulfate, sulfonate, and borate. One of ordinary skill in art can readily

choose a suitable substituent based on the stability and synthetic activity of the

compounds of the present teachings.

[0047] Accordingly, alkyl can be substituted with one or more hydroxyl groups
OH

to form “hydroxylalkyl,” including 2-hydroxylpropy! ()\}{); aryl group can be

substituted with one or more hydroxyl groups to form “hydroxylaryl”; alkenyloxy (an

alkoxy) can be substituted with an oxo to form unsubstituted and substituted acryloxy

O

@) .
s o
groups (e.g., acryloxy ( ) ), methacryloxy ( )); and

methylamino (an amino) can be substituted with an amino group and an imino group

X

H-N N?.‘Z

to form guanidino ( H ).

[0048] The term “pharmaceutically acceptable salt(s)” refers to salts of acidic

or basic groups that may be present in compounds used in the present
compositions. Compounds included in the present compositions that are basic in
nature are capable of forming salts with various inorganic and organic acids. The
acids that may be used to prepare pharmaceutically acceptable acid addition salts of
such basic compounds are those that form non-toxic acid addition salts, i.e., salts
containing pharmacologically acceptable anions, including but not limited to sulfate,
citrate, malate, acetate, oxalate, chloride, bromide, iodide, nitrate, sulfate, bisulfate,
phosphate, acid phosphate, isonicotinate, acetate, lactate, salicylate, citrate, tartrate,
oleate, tannate, pantothenate, bitartrate, ascorbate, succinate, maleate, gentisinate,
fumarate, gluconate, glucaronate, saccharate, formate, benzoate, glutamate,

methanesulfonate, ethanesulfonate, benzenesulfonate, p-toluenesulfonate and
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pamoate (i.e., 1,1’-methylene-bis-(2-hydroxy-3-naphthoate)) salts. Compounds
included in the present compositions that include an amino moiety may form
pharmaceutically acceptable salts with various amino acids, in addition to the acids
mentioned above. Compounds included in the present compositions that are acidic
in nature are capable of forming base salts with various pharmacologically
acceptable cations. Examples of such salts include alkali metal or alkaline earth
metal salts and, particularly, calcium, magnesium, sodium, lithium, zinc, potassium,
and iron salts.

[0049] “Antimicrobial activity” referred to herein means the ability to kill or
inhibit the growth of microorganisms, including bacteria, yeasts, fungi, and
protozoan.

[0050] In one aspect, the present teachings provide a polymer having a
sulfide, sulfinyl, or sulfonyl. In various embodiments, the sulfide, sulfinyl, or sulfonyl
is included in the backbone of the polymer. In various embodiments, the polymer
comprises a branch having a sulfide, sulfinyl, or sulfonyl. For example, the polymer

can have a polymer of Formula I:

wherein
A at each occurrence independently is O, NR?, or C(R%);
R' or R® at each occurrence independently is hydrogen, alkyl, alkenyl, aryl,

arylalkyl, cycloalkyl, heteroaryl, or heterocyclyl, wherein each of the alkyl, alkenyl,
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aryl, arylalkyl, cycloalkyl, heteroaryl, and heterocyclyl optionally is substituted with
one or more suitable substituents;

R® at each occurrence is hydrogen, alkyl, alkenyl, aryl, arylalkyl, cycloalkyl,
heteroaryl, heterocyclyl, hydroxyl, alkoxyl, aroxyl, ester, sulfide, sulfinyl, sulfonyl,
halo, cyano, nitro, carbonyl, or carboxylate, wherein each of the alkyl, alkenyl, aryl,
arylalkyl, cycloalkyl, heteroaryl, heterocyclyl, alkoxyl, aroxyl, ester, sulfide, sulfinyl,
sulfonyl, carbonyl, and carboxylate optionally is substituted with one or more suitable
substituents, or

two R® groups are combined to form oxo or imino;

R* at each occurrence is hydrogen or alkyl;

xis 0, 1, or 2; and

m and n, at each occurrence, each is an integer;

or a salt thereof.

[0051] In various embodiments, n at each occurrence is from 1 to 10. For
example, n at each occurrence canbe 1, 2, 3,4, 5,6, 7, 8,9, or 10. In various
embodiments, A at each occurrence independently is O or C(R%).. In various

embodiments, R® is hydrogen or optionally substituted alkyl.

[0052] In various embodiments, m is in the range of 20 to 6000.
[0053] In some embodiments, the polymer has a moiety of Formula I
R1
wrs Nné(ox

wherein m’, m”, n’, and n”, at each occurrence, each is an integer;

J represents other parts of the polymer;
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A’ at each occurrence is O, NR? C(R®), or CR?;

R" at each occurrence is hydrogen, alkyl, alkenyl, aryl, arylalkyl, cycloalkyl,
heteroaryl, or heterocyclyl, wherein each of the alkyl, alkenyl, aryl, arylalkyl,
cycloalkyl, heteroaryl, and heterocyclyl optionally is substituted with one or more
suitable substituents; and

A, R? R® R? and x are as defined herein.

[0054] In various embodiments, at least one R' comprises a vinyl or ethynyl
group. In some embodiments, at least one R" comprises a vinyl group.

[0055] In various embodiments, the sum of m’ and m” is m. Without attempting
to limit the scope of the present teachings, the ratio of m’ to m” can be adjusted so
that the polymer can have a certain percentage of the sulfide, sulfinyl, or sulfonyl
moiety. For the purpose of illustration only and not an attempt to limit the scope of

the present teachings, if the molar percentage of the sulfide, sulfinyl, or sulfonyl

n

m

moiety is defined as

x 100%, it can range from about 1% to about 100%. In

(m'+m")
some embodiments, the percentage ranges from about 10% to about 90%, about
20% to about 80%, about 30% to about 70%, about 40% to about 60%, or about
50%. In some embodiments, the percentage is about 5%, about 10%, about 20%,
about 30%, about 40%, about 50%, about 60%, about 70%, about 80%, about 90%,
or about 100%.

[0056] In various embodiments, at least one A’ is O. In some embodiments,
(A" comprises —OCHx—. In various embodiments, at least one A is O. In some
embodiments, (A), comprises —OCH,—, —OCH,CH2—, or -OCH>CH,CH2—. In
particular embodiments, (A),- comprises —-OCH,CH_—. In particular embodiments,

(A)nr comprises —OCH,CH,CH,—.
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[0057] In certain embodiments, the polymer has Formula llla or lllb:

S(O)X H H\
miﬁf ft

R4m R4m
R4m R4m

llla lle)

wherein

p’ and p”, at each occurrence, each is an integer; and

J, R', R*, m’, m”, and x are as defined herein.
[0058] In various embodiments, x is O (i.e., a sulfide). In various embodiments,
p'is 1. In various embodiments, p”is 1.
[0059] In certain embodiments, the polymer has a moiety of Formula IVa or

IVb:

IVa IVb

wherein J, R', R* m’, m”, and x are as defined herein.

[0060] In some embodiments, x is 0.
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[0061] Another aspect of the present teachings relates to a polycation
comprising a polymer described herein. In various embodiments, the polycation has
a formula selected from Formulae I, 11, llIA, [lIB, IVa, and IVDb.

[0062] The polycation described herein generally comprises a polymer
backbone with a plurality of cationic groups at a particular pH. In various
embodiments, the polymer backbone is J. The cationic groups can be pendant to the
polymer backbone (e.g.,part of R"), and/or incorporated within the polymer backbone
(e.g., part of J). In various embodiments, the polycation is any biocompatible polymer
possessing cationic groups or groups that can be readily converted to cationic
groups, for example, by adjusting the pH.

[0063] In various embodiments, the polycation has analgesic effects,
antitumor activity, anticoagulant activity, anticholesterolemic activity, antimicrobial
activity, and/or antioxidative activity. In some embodiments, the polycation promotes
cell interaction, including cell adhesion, cell migration, cell differentiation, and
morphogenesis.

[0064] In various embodiments, the polycation comprises a polycarbon, a
polyether, a polyamine, a polyamide, a polyester, or a natural polymer. For
example,in some embodiments, J is a moiety comprising polycarbon, polyether,
polyamine, polyamide, polyester, or natural polymer.

[0065] In some embodiments, the polycation comprises a polyether. For
example, J can include a polyether moiety. In certain embodiments, J comprises a
moiety selected from poly(t-butyl glycidyl ether), poly(ethoxyethyl glycidyl ether), and
poly(allyl glycidyl ether). In particular embodiments, J comprises a poly(allyl glycidyl

ether) (PAGE) moiety. For example, the polycation can have Formula V:
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H go\m
foJhfo g,

\'

wherein m’, m”, J, and R' are as defined herein.
[0066] In some embodiments, the polycation is a polyamine compound. The
amino groups of the polyamine can be branched (e.g., part of R') or part of the
polymer backbone (e.g., part of J). The amino group can be a primary, secondary, or
tertiary amino group that can be protonated to produce a cationic ammonium group
at a selected pH. As discussed herein, the amino group can be further substituted
with one or more suitable substituents. In particular embodiments, the amino group
can be substituted with an imino group (e.g., unsubstituted or substituted guanidine).
The amino group can also include quaternary ammonium group.
[0067] In general, the polyamine is a polymer with a large excess of positive
charges relative to negative charges at a relevant pH, as reflected in its isoelectric
point (pl), which is the pH at which the polymer has a net neutral charge. The
number of amino groups present on the polycation, for example, as part of J and/or
R', ultimately determines the charge of the polycation at a particular pH. For
example, the polycation can have from 10 to 90 mole %, 10 to 80 mole %, 10 to 70
mole %, 10 to 60 mole %, 10 to 50 mole %, 10 to 40 mole %, 10 to 30 mole %, or 10
to 20 mole % amino groups. In some embodiments, the polyamine has an excess
positive charge at a pH of about 7, with a pl significantly greater than 7.
[0068] In some embodiments, the amino group is derived from a residue of

lysine, histidine, or arginine attached to the polycation, for example, through a
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sulfide, a sulfinyl, or a sulfonyl. Thus, in some embodiments, R includes one or
more amino groups each derived from a residue of lysine, histidine, or arginine. Any
anionic counterions can be used in association with the cationic polymers. The
counterions should be physically and chemically compatible with the essential
components of the composition and do not otherwise unduly impair product
performance, stability or aesthetics. Non-limiting examples of such counterions
include halides (e.g., chloride, fluoride, bromide, iodide), sulfate and methylsulfate.
[0069] In various embodiments, the polycation comprises a biodegradable
polyamine. For example, in some embodiments, J includes a biodegradable
polyamine. In some embodiments, the biodegradable polyamine is a synthetic
polymer or naturally-occurring polymer. The mechanism by which the polyamine can
degrade will vary depending upon the polyamine that is used. In the case of natural
polymers, without wishing to be bound by any particular theory, they can be
biodegradable because there are enzymes that can hydrolyze the polymers and
break the polymer chain. For example, proteases can hydrolyze natural proteins like
gelatin. In the case of synthetic biodegradable polyamines, they can also possess
chemically labile bonds. For example, B-aminoesters have hydrolyzable ester
groups. In addition to the nature of the polyamine, other considerations such as the
molecular weight of the polyamine and crosslink density of the adhesive can be
varied in order to modify the degree of biodegradability.

[0070] In various embodiments, the biodegradable polyamine is selected from
a saccharide, a peptide, a protein, a synthetic polyamine, or a combination thereof.
Thus, J can include a moieity selected from a saccharide, a peptide, a protein, or a
synthetic polyamine. In certain embodiments, the polyamine comprises a saccharide

bearing one or more amino groups. The saccharides described herein can be
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monosaccharides, disaccharides, oligosaccharides, or polysaccharides. For
example, the saccharides described herein have antimicrobial activity. In some
embodiments, the saccharides are oligosaccharides or polysaccharides. In particular
embodiments, the saccharide is chitosan or chemically modified chitosan.

[0071] In various embodiments, the polycation, for example, though J and/or
R', comprises a peptide. For example, J can include a peptide moiety. In some
embodiments, the polycation, for example, though J and/or R, comprises an
antimicrobial peptide. For example, the antimicrobial peptide can be part of or
independent from J and/or R'. The peptide can be a dipeptide, a tripeptide, a
tetrapeptide, an oligopeptide, or a polypeptide. In some embodiments, the peptide is
an oligopeptide or a polypeptide.

[0072] In some embodiments, the polycation, for example, though J and/or R',
comprises one or more polypeptide chains. The one or more polypeptide can be part
of or independent from J and/or R'. Thus, a person with ordinary skill in the art would
appreciate that the description of polypeptide herein applies to both J and/or R' and
polymer backbones that are not part of J or R".

[0073] In certain embodiments, the polycation, for example, through J and/or
R', comprises one polypeptide chain. In certain embodiments, the polycation, for
example, through J and/or R', comprises two polypeptide chains. In certain
embodiments, the polycation, for example, through J and/or R', comprises three
polypeptide chains. In certain embodiments, the polycation, for example, through J
and/or R, comprises four or more polypeptide chains. In some embodiments, the
polycation, for example, through J and/or R, comprises three polypeptide chains,

each of which has an a-configuration. For example, the three polypeptide chains can
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be identical or different. In certain embodiments, the three polypeptide chains form a
right-handed triple helix.

[0074] In some embodiments, each of the one or more polypeptide chains
above comprises a fragment of Formula VI:

—Gly—-Pro-Y-
VI

wherein Y is an amino acid and Pro is proline.
[0075] In some embodiments, each of the one or more polypeptide chains
above comprises a fragment of Formula VII:

—Gly-Y-Hyp-
Vil

wherein Y is an amino acid and Hyp is hydroxyproline.
[0076] In certain embodiments, the polycation comprises one or more
fragments each independently selected from Formula VI and Formula VII.
[0077] In various embodiments, the polycation, for example, though J and/or
R', comprises an engineered protein. In some embodiments, J comprises an
engineered protein. For example, the engineered protein can be produced by
chemical synthesis, recombination biology, direct evolution, or combination thereof.
In addition, the engineered protein can comprise one or more polypeptide chains. In
some embodiments, the engineered protein comprises a single polypeptide chain. In
some embodiments, the engineered protein comprises two single polypeptide
chains. In some embodiments, the engineered protein comprises three single

polypeptide chains.
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[0078] In various embodiments, the engineered protein comprises one or
more motifs each having certain biological characteristics. For example, the one or
more motifs can be part of or independent from R'. In some embodiments, the
engineered protein comprises a motif that promotes cell interaction. For example, the
engineered protein comprises a motif that promotes cell adhesion, cell migration, cell
differentiation, morphogenesis, or wound healing. In particular embodiments, the
engineered protein comprises a motif that promotes cell adhesion, for example,
platelet adhesion, keratinocyte adhesion, or the like. In particular embodiments, the
engineered protein comprises a motif that promotes cell migration, including
fibroblast proliferation, chondrocyte proliferation, or other cell proliferation. In
addition, the cell migration promoted by the engineered protein motif can exist in
arterial wound repair, bone growth, or the like. In particular embodiments, the
engineered protein comprises a motif that promotes cell differentiation, including
leukocyte differentiation. In particular embodiments, the engineered protein
comprises a motif that promotes morphogenesis, including branching
morphogenesis, growth plate morphogenesis, mammary gland development, or the
like. In certain embodiments, the engineered protein comprises a motif that promotes
one or more biological functions each independently selected from fibroblast
proliferation, regulation of cell proliferation, chondrocyte proliferation, platelet
adhesion, keratinocyte adhesion, bone growth, response to renal injury, arterial
wound repair, mast cell activation, differentiation and function of leukocytes, platelet
activation, immune cell regulation, branching morphogenesis, mammary gland
development, kidney function, regulation of collagen synthesis, matrix
metalloproteinase (MMP) expression, innate immunity, clearance of serum

glycoproteins, and collagen endocytosis.
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[0079] In various embodiments, the engineered protein is a collagen, including
a recombinant collagen. Thus, the recombinant collagens, described, for example, in
U.S. Patent Application Publication No. 2011-0288274, the content of which is
incorporated herein in its entirety, can be used here. Thus, in some embodiments,
the engineered protein comprises one or more biological functioning motifs each
having a sequence independently selected from SEQ ID NO: 1, SEQ ID NO: 2, SEQ
ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5, SEQ ID NO: 6, SEQ ID NO: 7, SEQ ID NO:
8, SEQ ID NO: 9, SEQ ID NO: 10, SEQ ID NO: 11, and SEQ ID NO: 12. For
example, the biological functioning motif can have a sequence of SEQ ID NO: 4,
SEQ ID NO: 7, SEQ ID NO: 10, or SEQ ID NO: 11. In some embodiments, the
engineered protein comprises one or more units each having a sequence
independently selected from SEQ ID NO: 13, SEQ ID NO: 14, SEQ ID NO: 15, SEQ
ID NO: 16, SEQ ID NO: 17, SEQ ID NO: 18, SEQ ID NO: 19, SEQ ID NO: 20, SEQ
ID NO: 21, SEQ ID NO: 22, SEQ ID NO: 23, SEQ ID NO: 24, SEQ ID NO: 25, and
SEQ ID NO: 26.

[0080] In various embodiments, the engineered protein comprises a
biodegradable motif. For example, the motif can be degraded in various
predetermined durations.

[0081] In certain embodiments, the peptide is selected from cathelicidins,
cecropins, defensins, dermcidins, histatins, magainins, melittins, protegrins,
polymyxins, tachyplesins, and thionins.

[0082] In various embodiments, the polycation comprises one or more
quaternary ammonium groups. The quaternary ammonium groups independently

can be part of the polymer back bone, for example, as part of J, or a pendant of the
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polymer back bone, for example, as part of R'. In some embodiments, the polycation

comprises a fragment having Formula VIl or a salt thereof:

R7
6
R,

R L

7
VIl
wherein
L is a divalent group selected from alkyl, aryl, arylalkyl, alkoxy, and —(A),—
S(O)-R'-;
R®, R® and R’, at each occurrence, each independently is hydrogen, alkyl,
alkoxy, amino, alkenyl, alkynyl, aryl, arylalkyl, cycloalkyl, or heterocyclyl;
or one of R®, R®, and R’ is connected with the polymeric back bone to form a
heterocyclyl;

or two of R°, R®, and R’ are connected to each other to form a heterocyclyl;

and

A, R% n, and x are as defined herein.
[0083] In some embodiments, the salt is a pharmaceutically acceptable salt.
[0084] In various embodiments, L is alkyl or —(A):—S(O),—R'—, wherein A, R,

n, and x are as defined herein. In some embodiments, L is alkyl. For example, L is
methylyl, ethylyl, or propylyl. In some embodiments, L is —(A),—S(O)x—R'—, wherein
A, R, n, and x are as defined herein. For example, the polycation has at least one

fragment having Formula IX:
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IX

wherein R', R*, R®, R® R’, A, n, and x are as defined herein.
[0085] In some embodiments, the polycation has at least one fragment having

Formula Xa or Xb:

6 R’
R\ﬂr RS
RS” OR! R | R

§ )
R
S
O

Xa Xb
wherein R', R?, R®, R®, and R’ are as defined herein.

[0086] In various embodiments, R®, R®, and R’, at each occurrence, each is
independently hydrogen, alkyl, aryl, arylalkyl, cycloalkyl, or heterocyclyl. For
example, at least one of R®, R®, and R’ is hydrogen. In some embodiments, at least
one R®, R®, and R’ at each occurrence independently is alkyl. For example, at least
one R®, R®, and R’ is methyl. In certain embodiments, R>, R®, and R’ each is methyl.
[0087] In some embodiments, one of R°, R®, and R’ is divalent alkyl that is
connected with the polymer back bone. In certain embodiments, one of R®, R®, and

R’ is divalent methyl (methylyl) that is connected with the polymer back bone. Each
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of the remaining two of R®, R®, and R’, for example, is methyl. Accordingly, the
polycation can have a fragment having Formula XI:

\ /
N+

54

XI.
[0088] In various embodiments, at least one R* is hydrogen. In various
embodiments, at least one R* is methyl. In some embodiments, the polycation
comprises a moiety selected from poly(diallyldimethylammonium halide),
poly(vinylbenzyltrimethylammonium halide), poly(acryloxyethyltrimethylammonium
halide), poly(methacryloxyethyltrimethylammonium halide), poly(methacryloxy-2-
hydroxypropyltrimethylammonium halide), and a co-polymer thereof. In certain
embodiments, the polycation is poly(diallyldimethylammonium chloride)
(PDADMAC).
[0089] In various embodiments, the polycation comprises a polyacrylate
having one or more pendant groups. For example, the backbone of the polycation,
including J, can be derived from the polymerization of acrylate monomers including,
but not limited to, acrylates, methacrylates, acrylamides, and the like. In some
embodiments, the polycation backbone, including J, is derived from polyacrylamide.
In other embodiments, the polycation, including J, is a block copolymer, where
segments or portions of the copolymer possess cationic groups or neutral groups
depending upon the selection of the monomers used to produce the copolymer. In
some embodiments, the pendant groups of polyacrylate, including R, comprises an
amino group. For example, the amino group can be a quaternary ammonium. In
certain embodiments, the polycation comprises a moiety selected from

poly(acryloxyethyltrimethylammonium halide),
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poly(methacryloxyethyltrimethylammonium halide), poly(methacryloxy-2-
hydroxypropyltrimethylammonium halide), and a co-polymer thereof.

[0090] Another aspect of the present teachings relates to a polyanion
comprising a polymer described herein. In various embodiments, the polyanion has a
formula selected from Formulae |, I, 1A, 11IB, IVa, and IVb.

[0091] The polyanion can comprise a synthetic polymer or naturally-occurring
a polyanion. Examples of naturally-occurring polyanions include glycosaminoglycans
such as condroitin sulfate, heparin, heparin sulfate, dermatan sulfate, and hyaluronic
acid. In other embodiments, the acidic proteins having a net negative charge at
neutral pH or proteins with a low pl can be used as naturally-occurring polyanions
described herein. The anionic groups can be pendant to the polymer backbone, for
example, as a part of R', and/or incorporated in the polymer backbone, for example,
as a part of J.

[0092] When the polyanion is a synthetic polymer, it is generally any polymer
possessing anionic groups or groups that can be readily converted to anionic groups,
for example, by adjusting the pH. Examples of groups that can be converted to
anionic groups include, but are not limited to, carboxylate, sulfonate, phosphonate,
boronate, sulfate, borate, or phosphate. Any cationic counterions can be used in
association with the anionic polymers if the considerations discussed above are met.
[0093] In various embodiments, the polyanion comprises a polycarbon, a
polyether, a polyamine, a polyamide, a polyester, or a natural polymer. For example,
J can be a moiety comprising polycarbon, polyether, polyamine, polyamide,
polyester, or natural polymer.

[0094] In some embodiments, the polyanion, for example, though J and/or R’,

comprises a polyphosphate. In other embodiments, the polyanion is a polyphosphate
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compound having from 5 to 90 mole % phosphate groups. For example, the
polyphosphate can comprise a naturally-occurring compound such as, for example,
highly phosphorylated proteins like phosvitin (an egg protein), dentin (a natural tooth
phosphoprotein), casein (a phosphorylated milk protein), or bone proteins (e.g.,
osteopontin).

[0095] Alternatively, the polyphosphate, for example, though J and/or R', can
comprise a synthetic polypeptide made by polymerizing the amino acid serine and
then chemically phosphorylating the polypeptide. In other embodiments, the
polyphosphoserine is produced by the polymerization of phosphoserine. In some
embodiments, the polyphosphate is produced by chemically or enzymatically
phosphorylating a protein (e.g., natural serine- or threonine-rich proteins). In further
embodiments, the polyphosphate is produced by chemically phosphorylating a
polyalcohol including, but not limited to, polysaccharides such as cellulose or
dextran.

[0096] In other embodiments, the polyphosphate can be a synthetic
compound. For example, the polyphosphate is a polymer with pendant phosphate
groups attached to the polymer backbone, for example, through R', and/or present in
the polymer backbone, (e.g., a phosphodiester backbone), for example, through J.
[0097] In other embodiments, phosphorous containing polymers, for example,
phospholipids, can be converted into a polyanions. For example, a phospholipid or
phosphosugar can be converted into a polyanion to produce a liposome or micelle.
[0098] In some embodiments, the polyanion includes a polyacrylate having
one or more pendant phosphate groups. For example, the polyanion can be derived
from the polymerization of acrylate monomers including, but not limited to, acrylates,

methacrylates, and the like. In certain embodiments, J is derived from the
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polymerization of acrylate monomers including, but not limited to, acrylates,
methacrylates, and the like. In other embodiments, the polyanion is a block co-
polymer, where segments or portions of the co-polymer possess anionic groups and
neutral groups depending upon the selection of the monomers used to produce the
co-polymer. In certain embodiments, J is such block co-polymer.

[0099] In some embodiments, J includes a polyacrylate moiety. In some

embodiments, R at each occurrence includes one or more phosphate groups.

[00100] In various embodiments, the polyanion has at least a fragment having
Formula XII:
M'Z
A
X
wherein

M at each occurrence is divalent group selected from alkyl, aryl, arylalkyl,
alkoxy, and —(A),—S(O)—R'—; wherein each of the alkyl, aryl, arylalkyl, and alkoxy
optionally is substituted with one or more suitable substituents;

Z at each occurrence independently is an anionic group or a group that can
be converted to an anionic group; and

A, R', R% n, and x are as defined herein.

[00101] In various embodiments, at least one M is —(A),—S(0),~R'-. For

example, the polyanion has at least one fragment having Formula XIlI:
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R4
Xl

wherein R', R?, A, n, x, and Z are as defined herein.

[00102] In some embodiments, the polyanion has at least one fragment having
Formula XIVa or XIVb:
Z\
1
R Z
S |

XIVa XIVb
wherein R, R?, and Z are as defined herein.

[00103] In various embodiments, Z is sulfate, sulfonate, carboxylate, borate,
boronate, a substituted or unsubstituted phosphate, or a phosphonate. In some
embodiments, Z is a phosphate.

[00104] In some embodiments, the polyanion is a polymer having at least one

fragment having Formula XV:
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wherein

t at each occurrence is an integer in the range of 1 and 10;

Y at each occurrence independently is oxygen, sulfur, or NR®, wherein R® is
hydrogen, an alkyl group, or an aryl group; and

R* and Z are as defined herein;

or a salt thereof.
[00105] In some embodiments, the salt is a pharmaceutically acceptable salt.
[00106] In some embodiments, the polyanion is a polymer having at least one

fragment having Formula XVI:

wherein

R* and t are as defined herein;

or a salt thereof.
[00107] In some embodiments, the salt is a pharmaceutically acceptable salt.
[00108] In certain embodiments, at least one R* is methyl and at least one tis
2. In some embodiments, the polyanion include the copolymerization product of
methacryloxyethyl phosphate and acrylamide, where the mass average molecular
weight is from 10,000 to 200,000, preferably 50,000, and has phosphate groups in
the amount of 20 to 90 mol%. For example, the polyanion has phosphate groups in

the amount of 20 to 80 mol%, 20 to 70 mol%, 20 to 60 mol%, 20 to 50 mol%, 20 to
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40 mol%, 20 to 30 mol%, 30 to 90 mol%, 40 to 90 mol%, 50 to 90 mol%, 60 to 90
mol%, 70 to 90 mol%, or 80 to 90 mol%.

[00109] Another aspect of the present teachings is an adhesive complex
coacervate and their applications thereof. In general, the complex coacervates are a
mixture of polycations and polyanions in balanced proportions to produce a phase
separated fluid at a desired pH. In various embodiments, the adhesive complex
coacervate comprises at least one polycation and at least one polyanion.

[00110] An adhesive complex coacervate is an associative liquid with a
dynamic structure in which the individual polymer components can diffuse
throughout the entire phase. The adhesive complex coacervates can exhibit low
interfacial tension with water and hydrophilic substrates. In other words, when
applied to substrates either under water or that are wet, the complex coacervate
spreads evenly over the interface rather than beading up, and penetrates cracks and
defects. Additionally, upon intermolecular crosslinking (or curing, discussed in detail
below), the adhesive complex coacervate forms a strong, insoluble, cohesive
material. Conversely, polyeletrolyte complexes (PECs), which can be a precursor to
the adhesive complex coacervates described herein, are small colloidal particles.
[00111] In various embodiments, the adhesive complex coacervate, or
coacervate, comprises a polycation described herein. In various embodiments, the
adhesive complex coacervate, or coacervate, comprises a polyanion described
herein.

[00112] Besides the polycation of the present teachings, in various
embodiments, the polycation also includes a micelle or mixed micelle formed with

cationic surfactants. The cationic surfactant can be mixed with nonionic surfactants
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to create micelles with variable charge ratios. The micelles are polycationic by virtue
of the hydrophobic interactions that form a polyvalent micelle.

[00113] Examples of nonionic surfactants include the condensation products of
a higher aliphatic alcohol, such as a fatty alcohol, containing about 8 to about 20
carbon atoms, in a straight or branched chain configuration, condensed with about 3
to about 100 moles, preferably about 5 to about 40 moles, most preferably about 5 to
20 moles of ethylene oxide. Examples of such nonionic ethoxylated fatty alcohol
surfactants are the Tergitol™ 15-S series from Union Carbide, and Brij™ surfactants
from ICI. Tergitol™ 15-S surfactants include C11-C1s secondary alcohol
polyethyleneglycol ethers. Brij™97 surfactant is polyoxyethylene(10) oleyl ether;
Brij™58 surfactant is polyoxyethylene(20) cetyl ether; and Brij™ 76 surfactant is
polyoxyethylene(10) stearyl ether.

[00114] Another useful class of nonionic surfactants includes the polyethylene
oxide condensates of one mole of alkyl phenol containing from about 6 to 12 carbon
atoms in a straight or branched chain configuration, with ethylene oxide. Examples of
nonreactive nonionic surfactants are the Igepal™ CO and CA series from Rhone-
Poulenc. Igepal™CO surfactants include nonylphenoxy poly(ethyleneoxy)ethanols.
lgepal™ CA surfactants include octylphenoxy poly(ethyleneoxy)ethanols.

[00115] Another useful class of hydrocarbon nonionic surfactants includes
block copolymers of ethylene oxide and propylene oxide or butylene oxide.
Examples of such nonionic block copolymer surfactants are the Pluronic™ and
Tetronic™ series of surfactants from BASF. Pluronic™ surfactants include ethylene
oxide-propylene oxide block copolymers. Tetronic™ surfactants include ethylene

oxide-propylene oxide block copolymers.
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[00116] In other embodiments, the nonionic surfactants include sorbitan fatty
acid esters, polyoxyethylene sorbitan fatty acid esters and polyoxyethylene
stearates. Examples of such fatty acid ester nonionic surfactants are the Span™,
Tween™, and Myj™ surfactants from ICI. Span™ surfactants include C12-C1s
sorbitan monoesters. Tween™ surfactants include poly(ethylene oxide) C12-Cis
sorbitan monoesters. Myj™ surfactants include poly(ethylene oxide) stearates.
[00117] In some embodiments, the nonionic surfactant can include
polyoxyethylene alkyl ethers, polyoxyethylene alkyl-phenyl ethers, polyoxyethylene
acyl esters, sorbitan fatty acid esters, polyoxyethylene alkylamines, polyoxyethylene
alkylamides, polyoxyethylene lauryl ether, polyoxyethylene cetyl ether,
polyoxyethylene stearyl ether, polyoxyethylene oleyl ether, polyoxyethylene
octylphenyl ether, polyoxyethylene nonylphenyl ether, polyethylene glycol laurate,
polyethylene glycol stearate, polyethylene glycol distearate, polyethylene glycol
oleate, oxyethylene-oxypropylene block copolymer, sorbitan laurate, sorbitan
stearate, sorbitan distearate, sorbitan oleate, sorbitan sesquioleate, sorbitan
trioleate, polyoxyethylene sorbitan laurate, polyoxyethylene sorbitan stearate,
polyoxyethylene sorbitan oleate, polyoxyethylene laurylamine, polyoxyethylene
laurylamide, laurylamine acetate, hard beef tallow propylenediamine dioleate,
ethoxylated tetramethyldecynediol, fluoroaliphatic polymeric ester, polyether-
polysiloxane copolymer, and the like.

[00118] Examples of cationic surfactants useful for making cationic micelles
include alkylamine salts, quaternary ammonium salts, sulphonium salts, and
phosphonium salts. Non-limiting examples of cationic surfactants include: the
quaternary ammonium surfactants, which can have up to 26 carbon atoms and

include alkoxylate quaternary ammonium (AQA) surfactants as discussed in U.S.
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Pat. No. 6,136,769; dimethyl hydroxyethyl quaternary ammonium as discussed in
U.S. Pat. No. 6,004,922; dimethyl hydroxyethyl lauryl ammonium chloride; polyamine
cationic surfactants as discussed in WO 98/35002, WO 98/35003, WO 98/35004,
WO 98/35005, and WO 98/350086; cationic ester surfactants as discussed in U.S.
Pat. Nos. 4,228,042, 4,239,660 4,260,529 and U.S. Pat. No. 6,022,844; and amino
surfactants as discussed in U.S. Pat. No. 6,221,825 and WO 00/47708, specifically
amido propyldimethyl amine (APA).

[00119] Besides the polyanion of the present teachings, in some embodiments,
the polyanion can be a micelle or mixed micelle formed with anionic surfactants. The
anionic surfactant can be mixed with any of the nonionic surfactants described
herein to create micelles with variable charge ratios. The micelles are polyanionic by
virtue of the hydrophobic interactions that form a polyvalent micelle.

[00120] Other useful anionic surfactants include, but are not limited to, alkali
metal and (alkyl)Jammonium salts of: 1) alkyl sulfates and sulfonates such as sodium
dodecyl sulfate, sodium 2-ethylhexyl sulfate, and potassium dodecanesulfonate; 2)
sulfates of polyethoxylated derivatives of straight or branched chain aliphatic
alcohols and carboxylic acids; 3) alkylbenzene or alkylnaphthalene sulfonates and
sulfates such as sodium laurylbenzene-4-sulfonate and ethoxylated and
polyethoxylated alkyl and aralkyl alcohol carboxylates; 4) glycinates such as alkyl
sarcosinates and alkyl glycinates; 5) sulfosuccinates including dialkyl
sulfosuccinates; 6) isothionate derivatives; 7) N-acyltaurine derivatives such as
sodium N methyl-N-oleyltaurate); 8) amine oxides including alkyl and
alkylamidoalkyldialkylamine oxides; and 9) alkyl phosphate mono or di-esters such

as ethoxylated dodecyl alcohol phosphate ester, sodium salt.
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AOS-40 manufactured by Pilot Corp. can be used herein as the surfactant. In other
embodiments, the surfactant is DOWFAX 2A1 or 2G manufactured by Dow
Chemical, which are alkyl diphenyl oxide disulfonates.

[00121] Representative commercial examples of suitable anionic phosphate
surfactants include a mixture of mono-, di- and tri-(alkyltetraglycolether)-o-
phosphoric acid esters generally referred to as trilaureth-4-phosphate commercially
available under the trade designation HOSTAPHAT™ 340KL from Clariant Corp., as
well as PPG-5 cetyl 10 phosphate available under the trade designation
CRODAPHOS™ SG from Croda Inc., Parsipanny, N.J.

[00122] Representative commercial examples of suitable anionic amine oxide
surfactants those commercially available under the trade designations AMMONYX™
LO, LMDO, and CO, which are lauryldimethylamine oxide,
laurylamidopropyldimethylaminc oxide, and cetyl amine oxide, all from Stepan
Company.

[00123] In some aspects of the present teachings, the polycations and
polyanions contain groups that permit crosslinking (“crosslinkable groups”) between
the two polymers upon curing to produce new covalent bonds. The mechanism of
crosslinking can vary depending upon the selection of the crosslinking groups. In
some embodiments, the crosslinking groups can be electrophiles and nucleophiles.
For example, the polyanion can have one or more electrophilic groups, and the
polycation can have one or more nucleophilic groups capable of reacting with the
electrophilic groups to produce new covalent bonds; or the polycation can have one
or more electrophilic groups, and the polyanion can have one or more nucleophilic
groups capable of reacting with the electrophilic groups to produce new covalent

bonds. Examples of electrophilic groups include, but are not limited to, anhydride
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groups, esters, ketones, lactams (e.g., maleimides and succinimides), lactones,
epoxide groups, isocyanate groups, and aldehydes.

[00124] In some embodiments, the polycation and polyanion can crosslink with
one another via a Michael addition. In certain embodiments, the crosslinking group
on the polyanion comprises an olefinic group and the crosslinking group on the
polycation comprises a nucleophilic group (e.g., a hydroxyl or thiol group) that reacts
with the olefinic group to produce a new covalent bond. In other embodiments, the
crosslinking group on the polycation comprises an olefinic group and the crosslinking
group on the polyanion comprises a nucleophilic group (e.g., a hydroxyl or thiol
group) that reacts with the olefinic group to produce a new covalent bond.

[00125] In other embodiments, the polycation and polyanion each have a
crosslinkable group, for example, an actinically crosslinkable group. For example, at
least one of R" includes a crosslinkable group. As used herein, “actinically
crosslinkable group” in reference to curing or polymerizing means that the
crosslinking between the polycation and polyanion is performed by actinic irradiation,
such as, for example, UV irradiation, visible light irradiation, ionized radiation (e.g.,
gamma ray or X-ray irradiation), microwave irradiation, and the like. Actinic curing
methods are well-known to a person skilled in the art. The actinically crosslinkable
group can be an unsaturated organic group such as, for example, an olefinic group.
Examples of olefinic groups useful herein include, but are not limited to, an acrylate
group, a methacrylate group, an acrylamide group, a methacrylamide group, an allyl
group, a vinyl group, a vinylester group, or a styrenyl group. In other embodiments,
the actinically crosslinkable group is an azido group. For example, crosslinking can
occur between the polycation and polyanion via light activated crosslinking through

azido groups.
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[00126] Any of the polymers described herein that can be used as the
polycation and polyanion can be modified to include the actinically crosslinkable
group. In some embodiments, the modification results in R' being an actinically
crosslinkable group. For example, a polyphosphate can be modified to include the
actinically crosslinkable group(s).

[00127] In some embodiments, the polycation and/or polyanion can include at

least one fragment having Formula XVII:

wherein

R® at each occurrence is hydrogen or alkyl;

R'™, and R" at each occurrence independently are hydrogen, alkyl, alkenyl,
alkynyl, aryl, arylalkyl, or alkoxy;

X is oxygen or NR'?, where R is hydrogen or an alkyl group;

wherein at least one of R' or R is a crosslinkable group; and

g is an integer in the range of 1 and 10,

or a salt thereof.
[00128] In some embodiments, R® is methyl. In some embodiments, R" is
hydrogen. In some embodiments, R'" is an acrylate or methacrylate group. In some
embodiments, X is NH. In some embodiments, q is 2.
[00129] In some embodiments, the crosslinkable group is an actinically

crosslinkable group.
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[00130] In various embodiments, the polycation includes one or more acrylate
or methacrylate groups. In some embodiments, at least one R' includes an acrylate
or methacrylate. In some embodiments, the polycation is a polyamine and any of the
polyamino compounds described herein that is useful as the polycation can be
chemically modified to incorporate one or more acrylate or methacrylate groups. An
example of this is where the branched polyamino compound has methacrylate
groups attached to each arm of the polyamine. The number of acrylate or
methacrylate groups attached to the polyamino compound can vary as needed.
[00131] In some embodiments, the polyanion is a phosphate compound
modified to include one or more acrylate or methacrylate groups. For example, at
least one R include a phosphate. Any of the phosphate compounds described
herein that is useful as the polyanion can be chemically modified to incorporate one
or more acrylate or methacrylate groups. An example is where a phosphate
compound with a pendant carboxylic acid group was reacted with glycidyl
methacrylate to produce the phosphate compound with a terminal methacrylate
group. The number of acrylate or methacrylate groups attached to the phosphate
compound can vary as needed.

[00132] In other embodiments, the crosslinkable group, for example, as part of
R', includes a dihydroxy-substituted aromatic group capable of undergoing oxidation
in the presence of an oxidant. In some embodiments, the dihydroxy-substituted
aromatic group is an ortho-dihydroxy aromatic group capable of being oxidized to the
corresponding quinone. In other embodiments, the dihydroxyl-substituted aromatic
group is a dihydroxyphenol or halogenated dihydroxyphenol group such as, for
example, DOPA and catechol (3,4-dihydroxyphenol). For example, in the case of

DOPA, it can be oxidized to dopaquinone. Dopaquinone is capable of either reacting
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with a neighboring DOPA group or another nucleophilic group. In the presence of an
oxidant such as oxygen or other additives including, but not limited to, peroxides,
periodates (e.g., NalOy), persulfates, permanganates, dichromates, transition metal
oxidants (e.g., a Fe™ compound, osmium tetroxide), or enzymes (e.g., catechol
oxidase), the dihydroxyl-substituted aromatic group can be oxidized.

[00133] In some embodiments, the polyanion comprises the polymerization
product between two or more monomers, where one of the monomers has a
dihydroxy aromatic group covalently attached to the monomer. For example, the
polyanion can comprises the polymerization product between (1) a phosphate
acrylate and/or phosphate methacrylate and (2) a second acrylate and/or second
methacrylate having a dihydroxy aromatic group covalently bonded to the second
acrylate or second methacrylate. In other embodiments, the polyanion comprises the
polymerization product between methacryloxyethyl phosphate and dopamine
methacrylamide. In each of these polymers, an acrylate containing the pendant
ortho-dihydroxyphenyl residue is polymerized with the appropriate monomers to
produce the polyanion with pendant ortho-dihydroxyphenyl residues. Oxidation of
ortho-dihydroxyphenyl groups results in orthoquinone groups, a reactive intermediate
and can crosslink (i.e., react) with nucleophiles such as, for example, amino,
hydroxyl, or thiol groups via a Michael-type addition to form a new covalent bond.
For example, a lysyl group on the polycation can react with the orthoquinone residue
on the polyanion to produce new covalent bonds. Although an ortho-dihydroxyphenyl
group is a suitable crosslinking group, other groups such as, for example, tyrosine
can be used herein. The importance of crosslinking with respect to the use of the

complex coacervates described herein will be discussed below.
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[00134] In certain embodiments, the oxidant used above can be stabilized. For
example, a compound that forms a complex with periodate that is not redox active
can result in a stabilized oxidant. In other words, the periodate is stabilized in a non-
oxidative form and cannot oxidize the ortho-dihydroxy-substituted aromatic group
while in the complex. The complex is reversible: there is a small amount of
uncomplexed periodate formed. The ortho-dihydroxyl-substituted aromatic group
competes with the compound for the small amount of free periodate. As the free
periodate is oxidized, more is released from the equilibrium complex. In some
embodiments, sugars possessing a cis,cis-1,2,3-triol grouping on a six-membered
ring can form competitive periodate complexes. An example of a specific compound
that forms stable periodate complex is 1,2-O-isopropylidene-alpha-D-glucofuranose
(A. S. Perlin and E. von Rudloff, Canadian Journal of Chemistry. Volume 43 (1965)).
The stabilized oxidant can control the rate of crosslinking. Without wishing to be
bound by any particular theory, the stabilized oxidant slows the rate of oxidation
providing time to add the oxidant and position the substrate before the adhesive
hardens irreversibly.

[00135] In certain aspects, the coacervate also includes one or more initiators
entrapped in the coacervate. Examples of initiators useful herein include a thermal
initiator, a chemical initiator, or a photoinitiator. In some embodiments, when the
coacervate includes a polymerizable monomer as a reinforcing component, when the
initiator is activated, polymerization of the polymerizable monomer entrapped in the
coacervate occurs to produce the interpenetrating network. Additionally, crosslinking
can occur between the polycation and polyanion as well as with the interpenetrating

network.
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[00136] Examples of photoinitiators include, but are not limited to, a phosphine
oxide, a peroxide group, an azide group, an a-hydroxyketone, or an a-aminoketone.
In some embodiments, the photoinitiator includes, but is not limited to,
camphorquinone, benzoin methyl ether, |I-hydroxycyclohexylphenyl ketone, or
Darocure® or Irgacure® types, for example Darocure® 1173 or Irgacure® 2959. The
photoinitiators disclosed in European Patent No. 0632329, which are incorporated by
reference, can be used herein. In other embodiments, the photoinitiator is a water-
soluble photoinitiator including, but not limited to, riboflavin, eosin, eosin y, and rose
Bengal.

[00137] In some embodiments, the initiator has a positively charged functional
group. Examples include 2,2'-azobis[2-(5-methyl-2-imidazolin-2-yl)propane]-
dihydrochloride; 2,2'-azobis[2-(2-imidazolin-2-yl) propane]dihydrochloride; 2,2-
azobis[2-(2-imidazo-lin-2-yl)propane]disulfate dehydrate; 2,2'-azobis(2-
methylpropionamidine)dihydrochloride; 2,2'-azobis[2-(3,4,5,6-tetrahydropyrimidin-2-
yl)propane]dihydrochloride; azobis(2-[1-(2-hydroxyethyl)-2-imidazolin-2-
yllpropane)dihydrochloride; 2,2'-azobis(1-imino-1-pyrrolidino-2-
ethylpropane)dihydrochloride and combinations thereof.

[00138] In some embodiments, the initiator is an oil soluble initiator. In
particular embodiments, the oil soluble initiator includes organic peroxides or azo
compounds. Examples of organic peroxides include ketone peroxides, peroxyketals,
hydroperoxides, dialkyl peroxides, diacyl peroxides, peroxydicarbonates,
peroxyesters, and the like. Some specific non-limiting examples of organic peroxides
that can be used as the oil soluble initiator include: lauroyl peroxide, 1,1-bis(t-
hexylperoxy)-3,3,5-trimethylcyclohexane, 1,1-bis(t-butylperoxy)-3,3,5-

trimethylcyclohexane, t-butylperoxylaurate, t-butylperoxyisopropylmonocarbonate, t-
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butylperoxy-2-ethylhexylcarbonate, di-t-bulylperoxyhexahydro-terephthalate, dicumyl
peroxide, 2,5-dimethyl-2,5-di(t-butylperoxy)hexane, di-t-butyl peroxide, t-bulylperoxy-
2-ethylhexanoate, bis(4-t-butylcyclohexyl)peroxydi-carbonate, t-amylperoxy-3,5,5-
trimethylhexanoate, 1,1-di(t-amylperoxy)-3,3,5-trimethylcyclohexane, benzoyl-
peroxide, t-butylperoxyacetate, and the like.

[00139] Some specific non-limiting examples of azo compounds that can be
used as an oil soluble initiator include: 2,2'-azobis-isobutyronitrile, 2,2'-azobis-2,4-
dimethylvaleronitrile, 1,1’-azobis-I-cyclohexane-carbonitrile, dimethyl-2,2'-
azobisisobutyrate, 1,1’-azobis-(1-acetoxy-1-phenylethane), 4,4'-azobis(4-
cyanopentanoic acid) and its soluble salts (e.g., sodium, potassium), and the like.
[00140] In some embodiments, the initiator is a water-soluble initiator including,
but not limited to, potassium pensulfate, ammonium persulfate, sodium persulfate,
and mixtures thereof. In particular embodiments, the initiator is an oxidation-
reduction initiator such as the reaction product of the above-mentioned persulfates
and reducing agents such as sodium metabisulfite and sodium bisulfite; and 4,4'-
azobis(4-cyanopentanoic acid) and its soluble salts (e.g., sodium, potassium).
[00141] In some embodiments, multiple initiators are used, for example, to
broaden the absorption profile of the initiator system in order to increase the initiation
rate. For example, two different photoinitiators can be employed that are activated by
different wavelengths of light. In particular embodiments, a co-initiator is used in
combination with any of the initiators described herein. In some embodiments, the
co-initiator is 2-(diethylamino)ethyl acrylate, 2-(dimethylamino)ethyl acrylate, 2-
(dimethylamino)ethyl benzoate, 2-(dimethylamino)ethyl methacrylate, 2-ethylhexyl 4-
(dimethylamino)benzoate, 3-(dimethylamino)propyl acrylate, 4,4'-

bis(diethylamino)benzophenone, or 4-(diethylamino)benzophenone.
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[00142] In various embodiments, the initiator and/or co-initiator are covalently
attached to the polycation and/or polyanion. For example, in some embodiments, the
initiator and/or co-initiator is copolymerized with monomers used to make the
polycation and/or polyanion. In some embodiments, the initiators and co-initiators
possess polymerizable olefinic groups such as acrylate and methacrylate groups
(e.g., see examples of co-initiators above) that can be copolymerized with monomers
described used to make the polycation and polyanion. In some embodiments, the
initiators can be chemically grafted onto the backbone of the polycation and
polyanion. Thus, in some embodiments, the photoinitiator and/or co-initiator are
covalently attached to the polymer and pendant to the polymer backbone. Without
attempting to limit to any particular theory, this approach will simply formulate and
possibly enhance storage and stability.

[00143] In other embodiments, the crosslinkers present on the polycation
and/or polyanion form coordination complexes with transition metal ions. For
example, a transition metal ion can be added to a mixture of polycation and
polyanion, where both polymers contain groups capable of coordinating transition
metal ions. Examples of coordinating sidechains are catechols, imidazoles,
phosphates, carboxylic acids, and combinations. The rate of coordination and
dissociation can be controlled, for example, by the selection of the coordination
group, the transition metal ion, and the pH. Thus, in addition to covalent crosslinking
as described herein, crosslinking can occur through electrostatic, ionic, coordinative,
or other non-covalent bonding. Transition metal ions such as, for example, iron,
copper, vanadium, zinc, and nickel can be used herein.

[00144] Another aspect of the present teachings relates methods for preparing

polymers, polycations, and polyanions described herein. Without attempting to limit
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the scope of the present teachings, synthetic approaches of the present teachings
can introduce functionalities to polymers.

[00145] In various embodiments, the method comprises providing a polymer
having a vinyl group (i.e., having a carbon-carbon double bond) or a ethynyl group
(i.e., having a carbon-carbon triple bond) and transforming the vinyl group or the
ethynyl group.

[00146] The transformation can be a radical reaction, a nucleophilic reaction, or
an electrophilic reaction. In some embodiments, the transforming step comprises
forming one or more carbon-heteroatom bonds. In certain embodiments, the
transforming step comprises forming one carbon-heteroatom bonds. In certain
embodiments, the transforming step comprises forming two or more carbon-
heteroatom bonds. The heteroatom can be O, N, or S. In certain embodiments, the
heteroatom is N or S. In particular embodiments, the heteroatom is N. In particular
embodiments, the heteroatom is S.

[00147] The polymers having a vinyl or ethynyl group can be any polymers. For
example, the polymers can have a vinyl group. Thus, in various embodiments, the

method is illustrated as:

R1
R R ! 1 &
S ; (O)x
A, RisH e (AT W (A
i et Uk
R4 ™ RO ™ R4 R* ™ R4
wherein m’ + m” = m; and
A A, J, R, R", R* n,n, n”, and x are as defined herein.
[00148] In various embodiments, where the polymer before transformation is

pPAGE, the vinyl side group is transformed with a nucleophile under mild conditions.
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[00149] For example, the nucleophile can be a thiol and other sulfide salts,
such as thiolates, thiocarboxylic acids, dithiocarbonates, and dithiocarbamates.
Further, the nucleophile can be a nitrogen-containing compound, such as an azide,
amine or nitrite. Thus, in certain embodiments, the method comprises providing
pAGE and transforming a vinyl group in pAGE to produce a sulfide. For example, the

method can have the following general reaction scheme:

e 0 L
O Y WY

wherein m'+m” = m; and R’ is as defined herein.
[00150] As discussed here, at least one R can include a cationic moiety, an
anionic moiety, or a crosslinkable group.
[00151] Another aspect of the present teachings is synthesis of an adhesive
complex coacervate. The synthesis described herein can be performed using a
number of techniques and procedures. Exemplary techniques for producing the
coacervates with the polymerizable monomer are provided in the Examples. In some
embodiments, an aqueous solution of polycation is mixed with an aqueous solution
of polyanion, where one or both of the solutions may contain a polymerizable
monomer and other optional components (e.g., fillers, initiators, etc.). In some
embodiments, the pH of each solution is adjusted to a desired pH (e.g., physiological
pH) prior to mixing with one another to produce a complex coacervate. Alternatively,
in certain embodiments, after mixing the polycation, polyanion, polymerizable

monomer, and optional components, the pH of the resulting solution is adjusted to
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produce a complex coacervate. Upon mixing, the adhesive complex coacervate
forms as a separate phase that may be used to produce the adhesive.

[00152] In some embodiments, adhesive complex coacervate as described
herein is cured to induce crosslinking within the coacervate to produce a cured
adhesive complex coacervate. In various embodiments, the cured adhesive complex
coacervate is referred to herein as "an adhesive". Without limiting the scope of the
present teaching to certain theory or hypothesis, depending upon the selection of
starting materials, varying degrees of crosslinking can occur throughout the
coacervate during curing. In some embodiments, polycations and polyanions as
described herein are crosslinked with one another by covalent bonds upon curing. In
other embodiments, the polycations and/or polyanions as described herein are
crosslinked with a reinforcing component.

[00153] In various embodiments, after the adhesive complex coacervate has
been produced and applied to a substrate or adherend, it is converted to a load
bearing adhesive bond. In some embodiments, the adhesive is produced by a
process comprising (a) providing an adhesive complex coacervate described herein,
wherein the adhesive complex coacervate comprises a polymerizable monomer, and
(b) curing the adhesive complex coacervate to produce an interpenetrating network.
[00154] In the above embodiments, without limiting the present teachings to
any particular theory, step (b) involves curing the adhesive complex coacervate to
polymerize the polymerizable monomer and produce an interpenetrating network
throughout the coacervate. In some embodiments, the polycations and polyanions
are crosslinked with one another by covalent bonds upon curing. In some
embodiments, the polycations and/or polyanions are crosslinked with the

interpenetrating network. For example, the polymerizable monomer can possess
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groups that can covalently crosslink with the polycation and/or polyanion, which
enhances the overall mechanical properties of the coacervate. In certain
embodiments, adhesive complex coacervates as described herein have enhanced
mechanical properties.

[00155] Without limiting the scope of the present teachings to any particular
theory, polymerizing the polymerizable monomer to produce the interpenetrating
network can vary depending upon the nature of the polymerizable monomer. For
example, if the polymerizable monomer has one or more polymerizable olefinic
groups, an initiator and a co-initiator can be incorporated into the coacervate using
the method described herein, and the coacervate can be exposed to light. In certain
embodiments, the polymerizable monomer polymerizes in the coacervate to produce
an interpenetrating network. Any of the initiators and co-initiators described herein
can be used herein.

[00156] In certain aspects, when the polycation and polyanion possess
orthogonally crosslinkable groups, the groups can be crosslinked with one another
prior to the polymerization of the polymerizable monomer, after the polymerization of
the polymerizable monomer, or simultaneously with the polymerization of the
polymerizable monomer. For example, using the techniques described herein and in
the Examples, the coacervate can be contacted with an oxidant such as O,, NalQO4, a
peroxide, or a transition metal oxidant in order to facilitate crosslinking. As discussed
above, without limiting the scope of the present teachings to any particular theory,
the rate of oxidative crosslinking can be controlled when the oxidant is combined
with certain sugars. In certain embodiments, crosslinking of complex coacervates as

described herein is delayed. In certain embodiments, crosslinking of complex
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coacervates as described herein is accelerated. In certain embodiments, crosslinking
of complex coacervates as described herein is performed in a stage-wise manner.
[00157] As discussed above, the polycation and/or polyanion can be covalently
attached to the interpenetrating network. In some embodiments, the polycation
and/or polyanion as described herein include olefinic groups capable of polymerizing
with the polymerizable monomer to form a covalent bond with the interpenetrating
network. In some embodiments, the polycation and/or polyanion include nucleophilic
groups (e.g., thiols or amines) capable of reacting with groups on the
interpenetrating network (e.g., olefinic groups).

[00158] In other aspects, when the reinforcing component is afiller, the filler
can be functionalized such that it can form covalent or non-covalent bonds with the
polycation, polyanion, and/or interpenetrating network. For example, if the filler is
functionalized with olefinic groups such as acrylate groups, it can polymerize with the
polymerizable monomer such that the filler is covalently bonded to the resulting
interpenetrating network. Alternatively, in some embodiments, the filler is modified
with nucleophilic groups capable of reacting with electrophilic groups on the
polycation, polyanion, and/or interpenetrating network. In some embodiments, the
filler possesses groups that permit electrostatic interactions between the polycation,
polyanion, interpenetrating network, or any combination thereof.

[00159] In general, the interpenetrating polymer network should be
biodegradable and biocompatible for medical applications. Thus, in some
embodiments, the polymerizable monomer is selected such that a biodegradable
and biocompatible interpenetrating polymer network is produced upon
polymerization. For example, the polymerizable monomer can possess cleavable

ester linkages. In particular embodiments, the polymerizable monomer is
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hydroxypropyl methacrylate (HPMA). In some embodiments, biodegradable
crosslinkers are used to polymerize biocompatible water-soluble monomers such as,
for example, alkyl methacrylamides. The crosslinker could be enzymatically
degradable, like a peptide, or chemically degradable by having an ester or disulfide
linkage.

[00160] The adhesive complex coacervates described herein have several
desirable features. For example, the adhesive complex coacervates can be phase
separated from water although being water-borne and/or have low interfacial tension
with water and wettable substrates. Thus, in some embodiments, the adhesive
complex coacervates are delivered underwater without dispersing into the water. In
some embodiments, the adhesive complex coacervates spread over the interface
rather than beading up when applied to a wet substrate. In certain embodiments, the
adhesive complex coacervates are effective in bonding two adherends together,
particularly when the adherends are wet or will be exposed to an aqueous
environment. Without attempting to limit to any particular theory, the formation of the
interpenetrating network enhances the mechanical properties of the coacervate
including, but not limited to, cohesion (i.e., internal strength), fracture toughness,
extensibility, fatigue resistance, elastic modulus, etc. In other words, upon formation
of the interpenetrating network, the strength of the bond between the two adherends
formed by the coacervate is increased significantly. The degree of crosslinking that
occurs during the curing step can vary depending upon the selection of starting
materials.

[00161] Another aspect of the present teachings relate to kits for making
adhesive complex coacervates described herein. In some embodiments, the kit

comprises (1) a complex coacervate mixture comprising a polycation and a
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polyanion and (2) an initiator and optional coinitiator. In some embodiments, the kit
comprises a complex coacervate mixture comprising a polycation and a polyanion
where an initiator and optional coinitiator are covalently attached to the polycation
and/or polyanion. In some embodiments, the kit comprises (1) a complex coacervate
mixture comprising a polycation and a polyanion, (2) a polymerizable monomer, and
(3) an initiator and optional coinitiator. In some embodiments, the kit comprises (1) a
complex coacervate mixture comprising a polycation and a polyanion wherein an
initiator and optional coinitiator are covalently attached to the polycation and/or
polyanion and (2) a polymerizable monomer. In some embodiments, the kit
comprises (1) a complex coacervate mixture comprising a polycation and a
polyanion, (2) a polymerizable monomer, (3) a filler, and (4) an initiator and optional
coinitiator. In some embodiments, the kit comprises (1) a complex coacervate
mixture comprising a polycation and a polyanion wherein an initiator and optional
coinitiator are covalently attached to the polycation and/or polyanion, (2) a
polymerizable monomer, and (3) a filler. In some embodiments, the kit comprises (1)
a complex coacervate mixture comprising a polycation and a polyanion, (2) afiller,
and (3) an initiator and optional coinitiator. In some embodiments, the kit comprises
(1) a complex coacervate mixture comprising a polycation and a polyanion wherein
an initiator and optional coinitiator are covalently attached to the polycation and/or
polyanion and (2) a filler. The kits can include additional components, including an
oxidant as described herein.

[00162] The adhesive complex coacervates described herein have numerous
benefits with respect to their use as biological glues and delivery devices. For
example, the coacervates can have low initial viscosity, can have specific gravity

greater than one, and can contain a significant fraction of water by weight, can have
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a low interfacial tension in an aqueous environment, all of which may contribute to
their ability to adhere to a wet surface. Without limiting the scope of the present
teachings to any particular theory, adhesive complex coacervates of the present
teachigns are water-borne, eliminating the need for potentially toxic solvents. In
some embodiments, despite being water-borne, they are phase separated from
water. This may allow the adhesive complex coacervate to be delivered underwater
without dispersing. In some embodiments, the adhesive complex coacervates of the
present teachings are dimensionally stable after crosslinking so that when applied in
a wet physiological environment, they do not swell. Without being limited to any
particular theory, the lack of swelling, i.e., absorption of water, is due to the phase-
separated nature of the copolymer network. In various embodiments, the
dimensional stability of a cured adhesive complex coacervate is of critical importance
for medical adhesives; swelling after application can damage surrounding tissues
and/or cause pain. In some embodiments, dimensional stability is a major advantage
over tissue adhesives/sealants based on crosslinked PEG hydrogels. In some
embodiments, an additional advantage with respect to the bonding mechanism (i.e.,
crosslinking) of the adhesive complex coacervates includes low heat production
during setting, which prevents damage to living tissues.

[00163] The adhesive complex coacervates described herein can be applied to
a number of different biological substrates. The substrate can be contacted in vitro or
in vivo. The rate of curing can be modified accordingly based upon the type and
amount of initiator used and/or the amount of crosslinking groups. In the case when
the polyanion and polycation are capable of crosslinking with one another, the rate of
crosslinking can be controlled, for example, by pH and the presence of an oxidant or

other agents that facilitate crosslinking.

-54-



WO 2014/123665 PCT/US2014/011391

[00164] In various embodiments, the adhesive complex coacervate described
herein has antimicrobial activity. Thus, adhesive complex coacervates of the present
teachings can be used to prevent or treat infection caused by bacteria, fungi, yeast,
or protozoan. In some embodiments, the adhesive complex coacervate is applied to
an infection of a subject in need thereof. In some embodiments, the adhesive
complex coacervate is part of wound dressing. In certain embodiments, the infection
occurs in epidermis, dermis, or hypodermis. Accordingly, in some embodiments, the
adhesive complex coacervate is used topically. In certain embodiments, the infection
occurs in muscle and related tissues (e.g., muscle, ligaments, tendons). In certain
embodiments, the infection occurs in certain body cavities. For example, the
infection occurs in the thoracic cavity, abdominal cavity, pelvic cavity, cranial cavity,
or spinal cavity. In certain embodiments, the infection occurs in certain internal
organs. For example, the infection occurs in stomach, intestines, bronchi, lung,
bladder, blood vessels, heart, ovaries, fallopian tubes, uterus, vagina, and cartilage.
Accordingly, in some embodiments, the adhesive complex coacervate is used
internally.

[00165] The adhesive complex coacervate as described herein can be used in
a variety of surgical procedures. In some embodiments, the adhesive complex
coacervates is used to treat ocular wounds caused by trauma or by the surgical
procedures. In some embodiments, the adhesive complex coacervate is used to
repair a corneal or schleral laceration in a subject. In other embodiments, adhesive
complex coacervate is used to facilitate healing of ocular tissue damaged from a
surgical procedure (e.g., glaucoma surgery or a corneal transplant). The methods

disclosed in U.S. Published Application No. 2007/0196454, which are incorporated
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by reference, can be used to apply the coacervates described herein to different
regions of the eye.

[00166] In other embodiments, the adhesive complex coacervate as described
herein is used to inhibit blood flow in a blood vessel of a subject. In some
embodiments, the adhesive complex coacervate is injected into the vessel followed
by polymerizing the polymerizable monomer as described herein to partially or
completely block the vessel. This method has numerous applications including
hemostasis or the creation of an artificial embolism to inhibit blood flow to a tumor or
aneurysm or other vascular defect.

[00167] In some embodiments, the adhesive complex coacervate as described
herein is used to seal the junction between skin and an inserted medical device such
as catheters, electrode leads, needles, cannulae, osseo-integrated prosthetics, and
the like. In certain embodiments, the adhesive complex coacervate prevents
infection at the entry site when the device is inserted in the subject. In other
embodiments, the adhesive complex coacervate is applied to the entry site of the
skin after the device has been removed in order to expedite wound healing and
prevent further infection.

[00168] In other embodiments, the adhesive complex coacervate as described
herein is used to close or seal a puncture in an internal tissue or membrane.
Alternatively, in some embodiments, the adhesive complex coacervate is applied to
the puncture or incision to seal the puncture and expedite the healing and prevent
further infection.

[00169] In various embodiments, the adhesive complex coacervate as
described herein is used for anastomosis. In some embodiments, the adhesive

complex coacervate is used to connect/reconnect two or more blood vessels, two or
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more segments in the gastrointestinal tract, two or more segments in the urinary
tract, two nerve tissues, two segments in the fallopian tube, or two segments in the
vas deferens. In some embodiments, the adhesive complex coacervate is used as
anastomosis and to expedite the healing and prevent further infection.

[00170] In various embodiments, the adhesive complex coacervate as
described herein is used to repair a number of different bone fractures and breaks.
Without limiting to any particular theory, it is believed that the adhesive complex
coacervate adheres to bone (and other minerals) through several mechanisms. The
surface of the bone's hydroxyapatite mineral phase (Cas(PQO4)3(OH)) is an array of
both positive and negative charges. The negative groups present on the polyanion
(e.g., phosphate groups) can interact directly with the positive surface charges or it
can be bridged to the negative surface charges through the cationic groups on the
polycation and/or multivalent cations. Likewise, direct interaction of the polycation
with the negative surface charges can contribute to adhesion. Additionally, when the
polycation and/or polyanion contain catechol moieties, they can facilitate the
adhesion of the adhesive complex coacervate to readily wet hydroxyapatite. Other
adhesion mechanisms include direct bonding of unoxidized crosslinker (e.g., ortho-
dihydroxyphenyl compounds or other catechols) to hydroxyapatite. Alternatively,
oxidized crosslinkers can couple to nucleophilic sidechains of bone matrix proteins.
[00171] Examples of such breaks include a complete fracture, an incomplete
fracture, a linear fracture, a transverse fracture, an oblique fracture, a compression
fracture, a spiral fracture, a comminuted fracture, a compacted fracture, or an open
fracture. In some embodiments, the fracture is an intra-articular fracture or a
craniofacial bone fracture. Fractures such as intra-articular fractures are bony injuries

that extend into and fragment the cartilage surface. In some embodiments, the
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adhesive complex coacervate aids in the maintenance of the reduction of such
fractures, allows for less invasive surgery, reduces operating room time, reduces
costs, and providse a better outcome by reducing the risk of post-traumatic arthritis.
[00172] In other embodiments, the adhesive complex coacervate is used to join
small fragments of highly comminuted fractures. In certain embodiments, small
pieces of fractured bone is adhered to an existing bone. In some embodiments,
without limiting to any particular theory, the adhesive complex coacervate is injected
in small volumes to create spot welds as described herein in order to fix the fracture
rather than filling the entire crack followed by curing the complex coacervate. The
small biocompatible spot welds would minimize interference with healing of the
surrounding tissue and would not necessarily have to be biodegradable. In this
respect, it would be similar to permanently implanted hardware.

[00173] Another aspect of the present teachings is using the adhesive complex
coacervate as described herein to secure a patch to bone and other tissues such as,
for example, cartilage, ligaments, tendons, soft tissues, organs, and synthetic
derivatives of these materials. In various embodiments, the patch is a tissue scaffold
or other synthetic materials or substrates typically used in wound healing
applications

[00174] In various embodiments, the adhesive complex coacervate as
described herein has numerous dental applications. In some embodiments, the
adhesive complex coacervate is used to seal breaks or cracks in teeth, for securing
crowns, or allografts, or seating implants and dentures. In some embodiments, the
adhesive complex coacervate is applied to a specific point in the mouth (e.g., jaw,
sections of a tooth) followed by attaching the implant to the substrate and

subsequent curing.

-58-



WO 2014/123665 PCT/US2014/011391

[00175] In other embodiments, the adhesive complex coacervate adheres a
substrate to a tissue. In some embodiments, the adhesive complex coacervate is
applied to the metal substrate, the tissue, or both prior to adhering the substrate to
the tissue. In certain embodiments, the crosslinking group present on the polycation
and/or polyanion form a strong bond with the implant. In particular embodiments, the
adhesive complex coacervate is used to bond a substrate to bone. In some
embodiments, the substrate is made of titanium oxide, stainless steel, or other
metals commonly used to repair fractured bones. In other embodiments, the
substrate is a fabric (e.g., an internal bandage), a tissue graft, or a wound healing
material. Alternatively, in some embodiments, the adhesive complex coacervate is
used to adhere a scaffold or patch to the tissue or membrane.

[00176] In some embodiments, the adhesive complex coacervate as described
herein is used in tissue engineering in vitro or in vivo. In particular embodiments, the
adhesive complex coacervate is used to make a structure, for example, by a known
process. In certain embodiments, the known process is selected from injection
molding, extrusion, compressing molding, transfer molding, laminating, vacuum
forming, and rotational molding. In certain embodiments, the known process is a
rapid prototyping process. The rapid prototyping process can be stereolithography,
laminated object manufacturing, or three dimensional (3-D) printing. The structure
obtained from the above process can be further modified for its application.

[00177] In various embodiments, the structure is a scaffold. In some
embodiments, the structure allows or facilitates cell attachment, cell adhesion, cell
differentiation, cell morphogenesis, protein binding, or wound healing. In certain
embodiments, the structure promotes cell attachment, cell adhesion, cell

differentiation, cell morphogenesis, or protein binding. In particular embodiments, the
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structure promotes cell attachment. In particular embodiments, the structure
promotes cell adhesion, for example, platelet adhesion, keratinocyte adhesion, or the
like. In particular embodiments, the structure promotes cell migration, including
fibroblast proliferation, chondrocyte proliferation, or other cell proliferation. In
addition, the cell migration promoted by the structure can exist in arterial wound
repair, bone growth, or the like. In particular embodiments, the structure promotes
cell differentiation, including leukocyte differentiation. In particular embodiments, the
structure promotes morphogenesis, including branching morphogenesis, growth
plate morphogenesis, mammary gland development, or the like. In particular
embodiments, the structure promotes protein binding. In some embodiments, the
structure promotes one or more biological functions each independently selected
from fibroblast proliferation, regulation of cell proliferation, chondrocyte proliferation,
platelet adhesion, keratinocyte adhesion, bone growth, response to renal injury,
arterial wound repair, mast cell activation, differentiation and function of leukocytes,
platelet activation, immune cell regulation, branching, morphogenesis, mammary
gland development, kidney function, regulation of collagen synthesis, matrix
metalloproteinase (MMP) expression, innate immunity, clearance of serum
glycoproteins, and collagen endocytosis.

[00178] In certain embodiments, the structure is implantable. In certain
embodiments, the structure is biodegradable.

[00179] Another aspect of the present teachings is using the adhesive complex
coacervate as described herein to encapsulate one or more bioactive agents. The
bioactive agents can be any drug including, but not limited to, antibiotics, pain

relievers, immune modulators, growth factors, enzyme inhibitors, hormones,
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mediators, messenger molecules, cell signaling molecules, receptor agonists, or
receptor antagonists.

[00180] In various embodiments, the bioactive agent is a nucleic acid. The
nucleic acid can be an oligonucleotide, deoxyribonucleic acid (DNA), ribonucleic acid
(RNA), or peptide nucleic acid (PNA). The nucleic acid of interest can be nucleic acid
from any source, such as a nucleic acid obtained from cells in which it occurs in
nature, recombinantly produced nucleic acid, or chemically synthesized nucleic acid.
For example, the nucleic acid can be cDNA or genomic DNA or DNA synthesized to
have the nucleotide sequence corresponding to that of naturally-occurring DNA. The
nucleic acid can also be a mutated or altered form of nucleic acid (e.g., DNA that
differs from a naturally occurring DNA by an alteration, deletion, substitution or
addition of at least one nucleic acid residue) or nucleic acid that does not occur in
nature.

[00181] In various embodiments, the bioactive agent is used in bone treatment
applications. For example, in some embodiments, the bioactive agent can be bone
morphogenetic proteins (BMPs) and prostaglandins. When the bioactive agent is
used to treat osteoporosis, bioactive agents known in the art such as, for example,
bisphosphonates, can be delivered locally to the subject by the adhesive complex
coacervate described herein.

[00182] In certain aspects, the filler used to produce the coacervate also
possesses bioactive properties. For example, in some embodiments, when the filler
is a silver particle, the particle can also behave as an anti-bacterial agent. The rate of
release can be controlled by the selection of the materials used to prepare the
complex as well as the charge of the bioactive agent if the agent is a salt. Thus, in

some embodiments, the insoluble solid can perform as a localized controlled drug
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release depot. It may be possible to simultaneously fix tissue and bones as well as
deliver bioactive agents to provide greater patient comfort, accelerate bone healing,
and/or prevent infections.

[00183] The following examples are put forth so as to assist those of ordinary
skill in the art in understanding the present teachings, including the claims, and are
intended to be purely exemplary and are not intended to limit the scope of what the
inventors regard as their invention. Efforts have been made to ensure accuracy with
respect to numbers (e.g., amounts, temperature, etc.), but some errors and
deviations should be accounted for. Unless indicated otherwise, parts are parts by
weight, temperature is in °C or is at ambient temperature, and pressure is at or near
atmospheric. There are numerous variations and combinations of reaction
conditions, e.g., component concentrations, desired solvents, solvent mixtures,
temperatures, pressures and other reaction ranges and conditions that can be used
to optimize the product purity and yield obtained from the described process. Only
reasonable and routine experimentation will be required to optimize such process
conditions.

[00184] Preparation of of poly(t-butyl glcidyl ether).

[00185] Solutions of 0.00426 mole of 3-phenyl-1-propanol and 0.000425 mole
of potassium t-butoxide were added to 15.0 mL of diglyme in a 100 mL round bottom
under dry conditions. The mixture was stirred for 30 minutes at room temperature,
afterwhich t-butanol was distilled off for one hour at 40 °C. The mixture was cooled
to room temperature and 0.0849 mole t-butyl glycidyl ether added to the flask to
make a final concentration of 20.0 M. The flask was placed in an oil bath at 120 °C
for 21 hours. The reaction mixture was cooled to room temperature, then vacuum

distilled at 80 °C for one hour. The polymer was dissolved in methylene chloride,
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and the solution was washed with 100 mL deionized water and 5% NaCl solution.
The organic phase was collected and distilled to remove excess solvent. The
polymer yield is greater than 95%.

[00186] The composition of the polymer was determined by 1H-NMR. The M,
value was 30.4 as determined by end-group analysis.

[00187] Poly(allyl glycidyl ether) (pAGE) can be prepared by using a similar
method. The monomer allyl glycidyl ether is used. To protect the vinyl side groups,
the polyethers are treated with trifluoracetic acid to yield the alcohol pendent group.
The polyol is derivatized with a vinyl group by reaction with glycidyl methacrylate in
the presence of a strong base such as NaOH.

[00188] To functionalize the polymer to form a polycation or a polyanion, thiol-
ene chemistry is used. The vinyl-containing polymer is reacted with an appropriate
thiolated group under mild conditions. For example, pAGE is reacted with thiol-
containing polyamine to form an amine-containing polycation or is reacted with thiol-
containing polyphosphate to form a phosphate-containing polyanion.

[00189] The adhesive coacervate is formed by crosslinking a mixture
comprising of polycations and polyanions. For example, amine-containing
polycations and phosphate-containing polyanions are dissolved in a solution of
polymerizable monomer polyethylene glycol (PEG) diacrylate. The pH of the solution
is adjusted to a desired pH while stirring. The coacervate phase settles to the bottom
with a clear supernatant at the top. The supernatant is then removed from the top of
the settled coacervate phase.

[00190] The vinyl-functionalized polymer can react with a thiol-modified
substrate, or other appropriate nucleophile, to create a crosslinked network. In

various embodiments, the nucleophilic group can be present on the exposed
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surfaces of tissues. In other embodiments, the nucleophilic group is a free thiol or a
primary amine group. In some embodiments, the nucleophile is present on a di-
functional or multi-functional substrate mixed with the vinyl-functionalized polymer. In
some embodiments, the functional substrate is a multi-functional small molecule, or
a polymer such as a linear, co- or branched-polymer, or a surface functionalized
particle, such as a microparticle or a nanoparticle.

[00191] Without limiting the present teachings to any particular theory, the
surface of the bone's hydroxyapatite mineral phase (Cas(PQO4)3(OH)) is an array of
both positive and negative charges. The negative groups in the functionalized
polycation, such phosphate groups, can interact directly with the positive surface
charges or be bridged to the negative surface charges through the cationic groups
on the polycation and/or multivalent cations. Likewise, direct interaction of the
polymer with the negative surface charges would contribute to adhesion.
Additionally, when the polycation and/or polyanion contain catechol moieties, they
can facilitate the adhesion of the coacervate to readily wet hydroxyapatite. Other
adhesion mechanisms include direct bonding of unoxidized crosslinker (e.g., ortho-
dihydroxyphenyl compounds or other catechols) to hydroxyapatite. Alternatively,
oxidized crosslinkers can couple to nucleophilic sidechains of bone matrix proteins.
[00192] Various modifications and variations can be made to the compounds,
compositions, and methods described herein. Other aspects of the compounds,
compositions and methods described herein will be apparent from consideration of
the specification and practice of the compounds, compositions and methods
disclosed herein. It is intended that the specification and examples be considered as

exemplary.
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WHAT IS CLAIMED |S:

1. A polymer comprising a moiety of Formula I:
R!
SO
I
wherein

A at each occurrence independently is O, NR?, or C(R%)z;

R' or R? at each occurrence independently is hydrogen, alkyl, alkenyl, aryl,
arylalkyl, cycloalkyl, heteroaryl, or heterocyclyl, wherein each of the alkyl, alkenyl,
aryl, arylalkyl, cycloalkyl, heteroaryl, and heterocyclyl optionally is substituted with
one or more suitable substituents;

R® at each occurrence is hydrogen, alkyl, alkenyl, aryl, arylalkyl, cycloalkyl,
heteroaryl, heterocyclyl, hydroxyl, alkoxyl, aroxyl, ester, sulfide, sulfinyl, sulfonyl,
halo, cyano, nitro, carbonyl, or carboxylate, wherein each of the alkyl, alkenyl, aryl,
arylalkyl, cycloalkyl, heteroaryl, heterocyclyl, alkoxyl, aroxyl, ester, sulfide, sulfinyl,
sulfonyl, carbonyl, and carboxylate optionally is substituted with one or more suitable
substituents, or

two R® groups are combined to form oxo or imino;

R* at each occurrence is hydrogen or alkyl;

xis 0, 1, or 2; and

m and n each at each occurrence is an integer;

or a salt thereof.

2. The polymer of claim 1, wherein n at each occurrence is from 1 to 10.
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3. The polymer of claim 1 or claim 2, wherein A at each occurrence
independently is O or C(R®)..
4. The polymer of any one of claims 1 to 3, wherein at least one A is C(R®),,

wherein R® is hydrogen or optionally substituted alkyl.

5. The polymer of any one of claims 1 to 4 comprising a moiety of Formula Il:
R1
|
~R" S(0)
AL W

wherein m’, m”, n’, and n”, at each occurrence, each is an integer;

J represents other parts of the polymer;

A’ at each occurrence is O, NR?, C(R®), or CR?; and

R" at each occurrence is hydrogen, alkyl, alkenyl, aryl, arylalkyl, cycloalkyl,
heteroaryl, or heterocyclyl, wherein each of the alkyl, alkenyl, aryl, arylalkyl,
cycloalkyl, heteroaryl, and heterocyclyl optionally is substituted with one or more

suitable substituents.

6. The polymer of claim 5, wherein at least one R' comprises a vinyl or ethynyl
group.
7. The polymer of claim 5 or claim 6, wherein at least one A’ is Oxygen.
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8. The polymer of any one of claims 1 to 7, wherein the polymer has a moiety of

Formula llla or Formula Illb:

R'I
|
S(O) |
J J S(O)s
O O ]
o O G
T J
y R4 m' R4 m
R4 m' R4 m
llla b

wherein p’ and p” each at each occurrence is an integer.
9. The polymer of any one of claims 1 to 7, wherein the polymer has a moiety of

Formula IVa or Formula IVb:

H H/ OO OO
0s O 0s_O
J
R4 M R4 m"
IVa or Vb.

10. A polycation comprising a polymer of any one of claims 1 to 9.

11.  The polycation of claim 10 comprising a moiety of Formula V:

v N
foHppo

\'
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wherein:

R' is hydrogen, alkyl, alkenyl, aryl, arylalkyl, cycloalkyl, heteroaryl, or
heterocyclyl, wherein each of the alkyl, alkenyl, aryl, arylalkyl, cycloalkyl, heteroaryl,
and heterocyclyl optionally is substituted with one or more suitable substituents;

m’ and m” each at each occurrence is an integer; and

J represents other parts of the polymer.

12.  The polycation of claim 10 or 11 comprising one or more amino groups.
13.  The polycation of claim 11, wherein at least one R’ comprises an amino
group.

14.  The polycation of any one of claims 10 to 13 comprising a fragment of

Formula VIlII:
R7
6
R L.
R5/ \L
7
VIII
wherein

L is a divalent group selected from alkyl, aryl, arylalkyl, alkoxy, and —(A)n—
S(O)-R'-;

R®, R® and R’, at each occurrence, each independently is hydrogen, alkyl,
alkoxy, amino, alkenyl, alkynyl, aryl, arylalkyl, cycloalkyl, or heterocyclyl;

or one of R®, R®, and R’ is connected with the polymeric back bone to form a
heterocyclyl;

or two of R®, R®, and R’ are connected to each other to form a heterocyclyl;

wherein

A at each occurrence independently is O, NR?, or C(R%);
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R' or R? at each occurrence independently is hydrogen, alkyl, alkenyl,
aryl, arylalkyl, cycloalkyl, heteroaryl, or heterocyclyl, wherein each of the alkyl,
alkenyl, aryl, arylalkyl, cycloalkyl, heteroaryl, and heterocyclyl optionally is
substituted with one or more suitable substituents;

R® at each occurrence is hydrogen, alkyl, alkenyl, aryl, arylalkyl,
cycloalkyl, heteroaryl, heterocyclyl, hydroxyl, alkoxyl, aroxyl, ester, sulfide, sulfinyl,
sulfonyl, halo, cyano, nitro, carbonyl, or carboxylate, wherein each of the alkyl,
alkenyl, aryl, arylalkyl, cycloalkyl, heteroaryl, heterocyclyl, alkoxyl, aroxyl, ester,
sulfide, sulfinyl, sulfonyl, carbonyl, and carboxylate optionally is substituted with one
or more suitable substituents, or

two R® groups are combined to form oxo or imino;

R* at each occurrence is hydrogen or alkyl;

xis 0, 1, or 2; and

n at each occurrence is an integer.

15.  The polycation of any one of claims 10 to 14 comprising a fragment of

Formula IX:
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16.  The polycation of any one of claims 10 to 15 comprising a fragment of

Formula Xa or Formula Xb:

6
7
<~/ R
1

R

RS |

$ N

H/ '/LS,R
O

Xa or Xb.
17.  The polycation of any one of claims 10 to 16 comprising a peptide or an

engineering protein.

18. A polyanion comprising the polymer of any one of claims 1 to 9.

19.  The polyanion of claim 18 comprising a sulfate, a sulfonate, a carboxylate, a
borate, a boronate, a phosphonate, or a phosphate group.

20.  The polyanion of claim 18 or claim 19 comprising a fragement of Formula XII:

X

wherein:

M at each occurrence is divalent group selected from alkyl, aryl, arylalkyl,
alkoxy, and —(A)—S(O)—R'—; wherein each of the alkyl, aryl, arylalkyl, and alkoxy
optionally is substituted with one or more suitable substituents;

R* at each occurrence is hydrogen or alkyl; and

Z at each occurrence independently is an anionic group or a group that can

be converted to an anionic group;
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wherein

Ais O, NR?, or C(R%);;

R' and R? at each occurrence is hydrogen, alkyl, alkenyl, aryl, arylalkyl,
cycloalkyl, heteroaryl, or heterocyclyl, wherein each of the alkyl, alkenyl, aryl,
arylalkyl, cycloalkyl, heteroaryl, and heterocyclyl optionally is substituted with one or
more suitable substituents;

R® at each occurrence is hydrogen, alkyl, alkenyl, aryl, arylalkyl,
cycloalkyl, heteroaryl, heterocyclyl, hydroxyl, alkoxyl, aroxyl, ester, sulfide, sulfinyl,
sulfonyl, halo, cyano, nitro, carbonyl, or carboxylate, wherein each of the alkyl,
alkenyl, aryl, arylalkyl, cycloalkyl, heteroaryl, heterocyclyl, alkoxyl, aroxyl, ester,
sulfide, sulfinyl, sulfonyl, carbonyl, and carboxylate optionally is substituted with one
or more suitable substituents, or

two R® groups are combined to form oxo or imino; and

xis 0,1, or 2.

nis an integer;

21.  The polyanion of claim 20, wherein at least one M is —(A),—S(O)x-R'—.
22.  The polyanion of any one of claims 18 to 21 comprising a fragment of Formula

X1z
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23.  The polyanion of any one of claims 18 to 22 comprising a fragment of Formula

XIVa or Formula XIVb:

Z ]
: 7
1
H\S/R
0]
7 *ﬂ
hE
R4
XlVa or XIVb.

24.  The polyanion of any one of claims 18 to 22 comprising a fragment of Formula

XV:

wherein
t at each occurrence is an integer in the range of 1 and 10; and
Y at each occurrence independently is oxygen, sulfur, or NR?®,

wherein

R® is hydrogen, an alkyl group, or an aryl group.
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25.  The polyanion of any one of claims 18 to 22 and 24 comprising a fragment of

Formula XVI:

XVI.
26. A coacervate comprising a polycation and a polyanion, wherein the polycation
comprises a crosslinkable group or the polyanion comprises a crosslinkable group.
27.  The coacervate of claim 26, wherein the crosslinkable group comprises a
nucleophilic group or an electrophilic group.
28.  The coacervate of claim 26 or claim 27, wherein the crosslinkable group
comprises an ortho-dihydroxy aromatic group capable of undergoing oxidative
crosslinking with a nucleophilic group.
29.  The coacervate of any one of claims 26 to 28, wherein the crosslinkable group
comprises an olefinic group, wherein the olefinic group is capable of reacting with a
nucleophilic group to form a covalent bond.
30. The coacervate of any one of claims 26 to 29, wherein the polycation or
polyanion is cross-linked.
31.  The coacervate of any one of claims 26 to 30, wherein the polycation and
polyanion are cross-linked.
32.  The coacervate of any one of claims 26 to 31, comprising the polycation of
any one of claims 10 to 17.
33.  The coacervate of any one of claims 26 to 32, comprising the polyanion of any

one of claims 18 to 25.
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34.  The coacervate of any one of claims 26 to 33 is an adhesive complex
coacervate.

35. A method of preparing a polymer of any one of claims 1 to 9 comprising:
providing a polymer having a vinyl group or a ethynyl group and transforming the
vinyl group or the ethynyl group.

36. A kit comprising (1) a complex coacervate mixture comprising a polycation
and a polyanion and (2) an initiator and optionally a co-initiator.

37.  Akit comprising (1) a complex coacervate mixture comprising a polycation
and a polyanion and (2) a polymerizable monomer, and wherein a polymerization
initiator and optional coinitiator are covalently attached to the polycation and/or
polyanion.

38.  The kit of claim 37, wherein the kit further comprises an oxidant.

39. A method for repairing a bone fracture in a subject, comprising (1) contacting
a fractured bone with the adhesive complex coacervate of any one of claims 26 to
34; and (2) curing the adhesive complex coacervate.

40. A method for adhering a substrate to a bone of a subject comprising (1)
contacting a bone with the adhesive complex coacervate of any one of claims 26 to
34; (2) applying a substrate to the coated bone; and (3) curing the adhesive complex
coacervate.

41. A method for adhering a bone-tissue scaffold to a bone of a subject
comprising (1) contacting a bone and tissue with the adhesive complex coacervate
of any one of claims 26 to 34; (2) applying a bone-tissue scaffold to the bone and
tissue; and (3) curing the adhesive complex coacervate.

42. A method to bond a soft tissue scaffold to soft tissue or two soft tissue

scaffolds or two soft tissues comprising (1) applying the adhesive complex
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coacervate of any one of claims 26 to 34 to a tissue scaffold and/or soft tissue; and
(2) curing the adhesive complex coacervate.

43. A method for treating an ocular wound comprising (1) applying to a wound the
adhesive complex coacervate of any one of claims 26 to 34; and (2) curing the
adhesive complex coacervate.

44.  The method of claim 43, wherein the wound comprises a corneal laceration, a
schleral laceration, a surgical incision, a wound from glaucoma surgery, or a corneal
transplant.

45.  Use of the coacervate of any one of claims 26 to 34 to seal the junction
between skin and an inserted medical device.

46. A method of closing or sealing a puncture in internal tissue or membrane
comprising (1) adhering a patch to a puncture with the adhesive complex coacervate
of any one of claims 26 to 34; and (2) curing the adhesive complex coacervate.

47. A method for delivering one or more bioactive agents to a subject comprising
administering the adhesive complex coacervate of any one of claims 26 to 34 to a
subject in need thereof, wherein a bioactive agent is encapsulated in the adhesive
complex coacervate.

48. The method of claim 47, wherein the bioactive agent comprises an antibiotic,
a pain reliever, an immune modulator, a growth factor, an enzyme inhibitor, a
hormone, a mediator, a messenger molecule, a cell signaling molecule, a receptor
agonist, a receptor antagonist, a nucleic acid, a bone morphogenetic protein (BMP),
a prostaglandin, or a combination thereof.

49. A method for delivering one or more bioactive agents to a subject in need

thereof comprising administering the adhesive complex coacervate of claim 30 or 31
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to a subject, wherein a bioactive agent is encapsulated in the crosslinked
coacervate.

50. A method for inhibiting blood flow in a blood vessel of a subject comprising (1)
introducing the adhesive complex coacervate of any one of claims 26 to 34 into a

blood vessel; and (2) curing the adhesive complex coacervate.
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