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SIMPLE ADHESIVE COACERVATES AND METHODS OF MAKING AND
USING THEREOF

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims priority upon U.S. provisional application Serial No.
61/412,834, filed November 12, 2010. This application is hereby incorporated by

reference in its entirety.
CROSS REFERENCE TO SEQUENCE LISTING

Proteins described herein are referred to by a sequence identifier number (SEQ
ID NO). The SEQ ID NO corresponds numerically to the sequence identifiers
<400>1, <400>2, cte. The Sequence Listing, in written computer readable format

(CFR), is incorporated by reference in its entirety.
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BACKGROUND

There has always been a need for the development of better adhesives,
particularly adhesives that are exposed to aqueous environments. For example,
adhesives that can be administered to a subject have numerous medical applications,
such as with, bone fractures which are a serious health concern in society today. In
addition to the fracture itself, a number of additional health risks are associated with
the fracture. Intra-articular fractures are bony injuries that extend into a joint surface
and fragment the cartilage surface. Fractures of the cartilage surface often lead to
debilitating posttraumatic arthritis. Currently, stainless steel and titanium implants are
the primary methods of fixation, but their size and the drilling necessary to place them
frequently interfere with the exact manipulation and reduction of smaller pieces of

bone and cartilage.
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In additional to medical applications, adhesives that can be used or exposed to
aqueous environments can have several beneficial applications in non-medical
applications as well. For example, an adhesive can be used to help restore marine
ecosystems by adhering coral and other materials to existing reefs to enhance the
growth and development of the reef. Described herein are adhesives that address

these needs.
SUMMARY

Described herein is the synthesis of adhesive from simple adhesive
coacervates and their uses thereof. The adhesives are produced by (a) preparing a
solution comprising (1) a polyelectrolyte, wherein the polyelectrolyte comprises a
polyanion or polycation but not a combination thereof, the polyeletrolyte comprises at
least one crosslinking group, and (2) a sufficient amount of a complimentary
counterion to produce a simple adhesive coacervate; and (b) crosslinking the simple
adhesive coacervate to produce the adhesive. The adhesives have numerous medical
and non-medical applications. The advantages of the invention will be set forth in
part in the description which follows, and in part will be obvious from the description,
or may be learned by practice of the aspects described below. The advantages
described below will be realized and attained by means of the elements and
combinations particularly pointed out in the appended claims. It is to be understood
that both the foregoing general description and the [ollowing detailed description are

exemplary and explanatory only and are not restrictive.
BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in and constilute a part

of this specification, illustrate several aspects described below.,

Figures 1-6 shows several protein sequences produced by P. californica that
can be used as polycations in the present invention as well as synthetic polycations

and polyanions useful in the present invention.
Figure 7 provides the amino acid mole % ol Pc1-Pc8.
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Figure 8 shows a chart displaying the underwater bond strengths of adhesives
prepared with polyphosphodopa on aluminum adherends in a standard lap shear

configuration (450 kPa is roughly 60 psi).

Figure 9 shows a chart displaying the underwater bond strengths of adhesives
prepared with polyphosphodopa on aluminum adherends in a standard lap shear
configuration (450 kPa is roughly 60 psi), where iron (IIT) oxide nanoparticles are

used as the oxidant and filler.
DETAILED DESCRIPTION

Before the present compounds, compositions, articles, devices, and/or methods
are disclosed and described, it is to be understood that the aspects described below are
not limited to specific compounds, synthetic methods, or uses as such may, of course,
vary. Itis also to be understood that the terminology used herein is for the purpose of

describing particular aspects only and is not intended to be limiting.

In this specification and in the claims that follow, reference will be made to a

number of terms that shall be defined to have the following meanings:

It must be noted that, as used in the specification and the appended claims, the
singular forms “a,” “an™ and “the” include plural referents unless the context clearly
dictates otherwise, Thus, for example, reference to “a pharmaceutical carrier”

includes mixtures of two or more such carriers, and the like.

“Optional” or “optionally” means that the subsequently described event or
circumstance can or cannot occur, and that the description includes instances where
the event or circumstance occurs and instances where it does not, For example, the
phrase “optionally substituted lower alkyl” means thal the lower alkyl group can or
can not be substituted and that the description includes both unsubstituted lower alkyl

and lower alkyl where there is substitution.

Ranges may be expressed herein as [rom “aboul” one particular value, and/or
to “about” another particular value. When such a range is expressed, another aspect
includes [rom the one particular value and/or (o the other particular value. Similarly,

3
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when values are expressed as approximations, by use of the antecedent “about,” it will
be understood that the particular value forms another aspect. It will be further
understood that the endpoints of each of the ranges are significant both in relation to

the other endpoint, and independently of the other endpoint.

References in the specification and concluding claims to parts by weight, of a
particular element or component in a composition or article, denotes the weight
relationship between the element or component and any other elements or
components in the composition or article for which a part by weight is expressed.
Thus, in a compound containing 2 parts by weight of component X and 5 parts by
weight component Y, X and Y are present at a weight ratio of 2:5, and are present in
such ratio regardless of whether additional components are contained in the
compound.

A weight percent of a component, unless specifically stated to the contrary, is
based on the total weight of the [ormulation or composition in which the component is
included.

Variables such as Rl, Rz, R3, R4, RS, R13—R22, R30, R40, R41, A, X,7,d,m,n, o,
s, t, U, v, w, and x used throughout the application are the same variables as
previously defined unless stated (o the contrary.

The term “alkyl group™ as used herein is a branched or unbranched saturated
hydrocarbon group of 1 to 25 carbon atoms, such as methyl, ethyl, n-propyl,
isopropyl, n-bulyl, isobulyl, #-butyl, pentyl, hexyl, heptyl, octyl, decyl, tetradecyl,
hexadecyl, eicosyl, tetracosyl and the like. Examples of longer chain alkyl groups
include, but are not limited (o, a palmitate group. A “lower alkyl” group is an alkyl
group containing from one to six carbon atoms.

'The term “aryl group” as used herein is any carbon-based aromatic group
including, but not limited to, benzene, naphthalene, etc. The term “aromatic” also
includes “heteroaryl group,” which is defined as an aromatic group that has at least
one heteroatom incorporated within the ring of the aromatic group. Examples of
heteroatoms include, but are not limited to, nitrogen, oxygen, sulfur, and phosphorus.

'The aryl group can be substituted or unsubstituted. 'The aryl group can be substituted
4
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with one or more groups including, but not limited to, alkyl, alkynyl, alkenyl, aryl,
halide, nitro, amino, ester, ketone, aldehyde, hydroxy, carboxylic acid, or alkoxy.

Any of the compounds described herein can be the pharmaceutically-
acceptable salt. In one aspect, pharmaceutically-acceptable salts are prepared by
treating the free acid with an appropriate amount of a pharmaceutically- acceptable
base. Representative pharmaceutically-acceptable bases are ammonium hydroxide,
sodium hydroxide, potassium hydroxide, lithium hydroxide, calcium hydroxide,
magnesium hydroxide, ferrous hydroxide, zinc hydroxide, copper hydroxide,
aluminum hydroxide, ferric hydroxide, isopropylamine, trimethylamine,
diethylamine, triethylamine, tripropylamine, ethanolamine, 2-dimethylaminoethanol,
2-diethylaminoethanol, lysine, arginine, histidine, and the like. In one aspect, the
reaction is conducted in water, alone or in combination with an inert, water-miscible
organic solvent, at a temperature of from about 0 °C to about 100 °C such as at room
temperature. In certain aspects where applicable, the molar ratio of the compounds
described herein to base used are chosen to provide the ratio desired for any particular
salts. For preparing, for example, the ammonium salts of the free acid starting
material, the starting material can be treated with approximately one equivalent of
pharmaceutically-acceptable base to yield a neutral salt.

In another aspect, il the compound possesses a basic group, it can be
protonated with an acid such as, [or example, HCI, HBr, or H»SOy, (0 produce the
calionic salt. In one aspecl, the reaction of the compound with the acid or base is
conducled in waler, alone or in combination with an inert, water-miscible organic
solvent, at a temperature of from about 0 °C to about 100 °C such as at room
temperature. In certain aspects where applicable, the molar ratio of the compounds
described herein to base used are chosen to provide the ratio desired for any particular
salts. For preparing, for example, the ammonium salts of the free acid starting
material, the starting material can be treated with approximately one equivalent of
pharmaceutically-acceptable base to yield a neutral salt.

Described herein are adhesives produced from simple adhesive coacervate and

their applications thereof. In general, the simple adhesive coacervates are a mixture
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of one or more polyelectrolytes (a polycation or a polyanion) capable of crosslinking
with itself and one or more complimentary counterions in balanced proportions to
produce stable aqueous coacervates at a desired pH. The simple adhesive coacervate
is an associative liquid with a dynamic structure in which the individual polymer
components diffuse throughout the entire phase. The adhesive complex coacervates
exhibit low interfacial tension in water when applied to substrates either under water
or that are wet. In other words, the simple adhesive coacervate spreads evenly over
the interface rather than beading up. Upon crosslinking of the polyelectrolyte, the

adhesive is produced.
In one aspect, the adhesive is produced by the process comprising:

(a) preparing a solution comprising (1) a polyelectrolyte, wherein the
polyelectrolyte comprises 4 polyanion or polycation but not a combination thereof, the
polyeletrolyte comprises at least one crosslinking group, and (2) a sufficient amount

of a complimentary counterion to produce a simple adhesive coacervate; and
(b) crosslinking the simple adhesive coacervate to produce the adhesive.

Each component of the coacervate and methods for making the same are

described below.

The polyelectrolyte is composed of a polyanion or polycation but not a
combination thereof. The term “polycation” is any polymer that has a net positive
charge at the pH the simple adhesive coacervate is formed. Conversely, 4
“polyanion” is any polymer that has a net negative charge at the pH the simple
adhesive coacervale is [ormed. Unlike a complex adhesive coacervate, which
includes a polycation and polyanion, the simple adhesive coacervale uselul herein
includes only a polycation or a polyanion bul not a combination thereol.

The polycation and polyanion are generally composed of a polymer backbone
with a plurality of chargeable groups at a particular pH. The groups can be pendant to
the polymer backbone and/or incorporated within the polymer backbone. In certain

aspects, (e.g., biomedical applications), the polycation is any biocompatible polymer

6
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by adjusting the pH.

In one aspect, the polycation is a polyamine compound. The amino groups of
the polyamine can be branched or part of the polymer backbone. The amino group
can bc a primary, sccondary, or tertiary amino group that can be protonated to
produce a cationic ammonium group at a selected pH. In general, the polyamine is a
polymer with a large excess of positive charges relative to negative charges at the
relevant pH, as reflected in its isoelectric point (pI), which is the pH at which the
polymer has a net neutral charge. The number of amino groups present on the
polycation 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. As will be discussed below, additional amino groups can
be incorporated into the polymer in order o increase the pl value. In general, the pl
of the polycation is greater than the pH used to make the simple adhesive coacervate.

In one aspect, the polycation has a pl value greater than 7.

In one aspect, the amino group can be derived from a residue of lysine,
histidine, arginine, or imidazole attached to the polycation. Any anionic counterions
can be used in association with the cationic polymers. The counterions should be
physically and chemically compatible with the essential components ol the
composilion and do not otherwise unduly impair product performance, stability or
aesthetics. Non-limiling examples of such counterions include halides (e.g., chloride,

tluoride, bromide, iodide), sulfate and methylsulfate.

In one aspect, the polycation is naturally-occurring polymer. For example,
proteins produced by P. californica can be used as the polycation. Figures 1-5 show
the protein sequences of several cement proteins produced by P. californica (Zhao et
al. “Cement Proteins ol the wbe building polychaete Phragmatopoma calilornica” J.
Biol. Chem. (2005) 280: 42938-42944). Figure 20 provides the amino acid mole % of
each protein. Referring to Figures 1-4, Pcl, Pc2, Pc4-Pc18 (SEQ ID NOS 1, 2, 5-19,

7
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respectively) are polycations, where the polymers are cationic at neutral pH. The type
and number of amino acids present in the protein can vary in order to achieve the
desired solution properties. For example, referring to Figure 7 Pcl is enriched with
lysine (13.5 mole %) while Pc4 and Pc5 are enriched with histidine (12.6 and 11.3

mole %, respectively).

In another aspect, the polycation is a recombinant protein produced by
artificial expression of a gene or a modified gene or a composite gene containing parts
from several genes in a heterologous host such as, for example, bacteria, yeast, cOws,
goats, tobacco, and the like. In another aspect, the polycation can be a genetically

modified protein.

In another aspect, the polycation can be a biodegradable polyamine. The
biodegradable polyamine can be 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, they are 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 also possess chemically labile bonds.
For example, $-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.

In onc aspcect, the polycation includces a polysaccharide, a protcin, a synthetic
polyaminc, or a synthetic polypeptide. Polysaccharides bearing one or more amino
groups can be used hercin. In one aspect, the polysaccharide is a natural
polysaccharide such as chitosan. Similarly, the protein can be a synthetic or
naturally-occurring compound. In anothcr aspect, the biodegradable polyaminc is a
synthetic random copolypeptide, synthetic polyamine such as poly(B-aminoesters),
polyester amines, poly(disulfide amines), mixed poly(ester and amide amines), and

peptide crosslinked polyamines. It is desirable in certain aspects that the polycation

8
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as well as the polyanion be non-gelling and low-endotoxin.

In the case when the polycation is a synthetic polymer, a variety of different
polymers can be used; however, in certain applications such as, for example,
biomedical applications, it is desirable that the polymer be biocompatible and non-
toxic to cells and tissuc. In onc aspect, the biodegradable polyamine can be an amine-
modified natural polymer. The term “amine modified natural polymer” is defined as
any natural polymer that has been subsequently manipulated or processed to change
the natural state of the polymer. For example, the natural polymer can be chemically
modified using the techniques described herein. Alternatively, the natural polymer can
be denatured or digested by an enzyme. In one aspect, the amine-modified natural
polymer can be an amine-modified protein such as, for example, gelatin or collagen
modified with one or more alkylamino groups, heteroaryl groups, or an aromatic
group substituted with one or more amino groups. Examples of alkylamino groups

are depicled in Formulae IV-VI

-NR3(CH,)NRMR!3 v

-NR‘3(9H2)tN(CH2)uNR17R18 \Y
R16

NRP(GH ) N-{CH)WN} A-(CHy)NR? R VI
Rl 9 RZ()
wherein R"*-R* are, independently, hydrogen, an alkyl group, or a nitrogen

containing substitucnt;
s, t,u, v, w, and x arc an intcger from 1 to 10; and
A is an integer from 1 to 50,

where the alkylamino group is covalently attached to the natural polymer. In one
aspect, if the natural polymer has a carboxyl group (e.g., acid or ester), the carboxyl
group can be rcacted with a polyamine compound to produce an amide bond and

incorporate the alkylamino group into the polymer. Thus, referring to formulac [V-
9
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VI, the amino group NR" is covalently attached to the carbonyl group of the natural

polymer.

As shown in formula [V-VI, the number of amino groups can vary. In one
aspect, the alkylamino group is -NHCH,;NH,, -NHCH,CH,;NHo,

5  -NHCH,CH,CH,;NH,, -NHCH,CH,CH,CH;NH,, -NHCH,CH,CH,CH,CH;NH,,
-NHCH>NHCH-CH>CH:NH,, -NHCH,CH,NHCH»CH>CH;NH,,
-NHCH.CH>CH,NHCH-CH,CH>CH;NHCH2CH>CH;NH,,
-NHCHCH,NHCH,>CH,CH,CH,NH,,
-NHCH,CH,NHCH,CH,CH,NHCH,CH,CH,NH,, or

10 -NHCH,CH,NH(CH,CH-NH);CH,CH>NH,, where d is from 0 to 50.

In one aspect, the amine-modified natural polymer can include an aryl group
having one or more amino groups directly or indirectly attached to the aromatic
group. Alternatively, the amino group can be incorporated in the aromatic ring. For
example, the aromatic amino group is a pyrrole, an isopyrrole, a4 pyrazole, imidazole,

15 atriazole, or an indole. In another aspect, the aromatic amino group includes the
isoimidazole group present in histidine. In another aspect, the biodegradable

polyamine can be gelatin modified with ethylenediamine.

In one aspect, the polycation includes a polyacrylate having one or more
pendant amino groups. For example, the backbone can be a homopolymer or
20 copolymer derived from the polymerization of acrylate monomers including, but not
limited (o, acrylates, methacrylates, acrylamides, and the like. In one aspect, the
backbone ol the polycation is polyacrylamide. In other aspects, the polycation is a
block co-polymer, where segments or portions of the co-polymer possess cationic
groups depending upon the selection ol the monomers used Lo produce the co-

25  polymer.

In one aspect, the polycation is a polyamino compound. In another aspect, the
polyamino compound has 10 (o 90 mole % lertiary amino groups. In a [urther aspect,

the polycation polymer has at least one fragment of the formula I

10
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Rl
cC—~C
H, I
| — 0
X
(CI 12)111
NR?R3

wherein R', R%, and R” are, independently, hydrogen or an alkyl group, X is oxygen or
NR’, where R’ is hydrogen or an alkyl group, and m is from 1 to 10, or the
pharmaceutically-acceptable salt thereof. In another aspect, R', R’, and R’ are methyl
and m is 2. Referring to formula I, the polymer backbone is composed of CH,-CR!
units with pendant -C(0)X(CH,)NR’R’ units. In this aspect, the fragment having
the formula I is a residue of an acrylate, methacrylate, acrylamide, or methacrylamide.
Figure 2 (structures C and D) and Figure 5 (4 and 7) show examples of polycations
having the fragment of formula I, where the polymer backbone is derived from
acrylamide and methacrylate residues as discussed above. In one aspect, the
polycation is the (ree radical polymerization product of a catlionic tertiary amine
monomer (2-dimethylamino-ethyl methacrylate) and acrylamide, where the molecular
weight is [rom 10 Lo 20 kd and possesses lertiary monomer concentrations {rom 15 to
30 mol %. Figure 3 (structures E and F) and Figure 5 (5) provide examples ol
polycations useful herein, where imidazole groups are directly attached to the polymer
backbone (structure I) or indirectly attached to the polymer backbone via a linker

(structure E via a methylene linker).

Similar to the polycation, the polyanion can be a synthetic polymer or
naturally-occurring. 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 by adjusting the pH. Examples of groups that can be converted to anionic

11
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groups include, but are not limited to, carboxylate, sulfonate, phosphonate, boronate,
sulfate, borate, or a substituted or unsubstituted phosphate. The term “substituted
phosphate” is defined herein as a phosphate group where one of the OH protons is
substituted with an organic group such as, for example, an alkyl or aryl group. Any
cationic counterions can be used in association with the anionic polymers if the
considerations discussed above are met. Depending upon the selection of the anionic
group, the group can be pendant to the polymer backbone and/or incorporated in the

polymer backbone.

In one aspect, the polyanion is a polysaccharide. Examples of polysaccharides
useful herein include, but are not limited to, a hyaluronate, arabic gum, an alginate,
chondroitin sulfate, dermatan, dermatan sulfate, heparan sulfate, or any combination
thereof. In another aspect, the polyanion comprises a polysaccharide, a protein, or a

synthetic polypeptide.

In one aspect, the polyanion is a polyphosphate. In another aspect, the
polyanion is a polyphosphate compound having from 10 to 90 mole % phosphate
groups. For example, the polyphosphate can be 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), bone
proteins (e.g. osteopontin), or DNA. In another aspect, the polyphosphate is an
inorganic polyphosphate such as, [or example, sodium polymetaphosphalte (Graham’s

salt).

In other aspects, phosphorous containing polymers can be converted (o
polyanions. For example, a phospholipid or phosphosugar is not a polyanion but it
can be converled inlo a polyanion by creating a liposome or a micelle with it. Thus,
in this aspect, the complex coacervate is a charged colloid. Alternatively, the colloid

can be produced by any of the polyanions or polycations described herein.

In another aspect, the polyphosphalte can be a synthetic compound. For
example, the polyphosphate can be a polymer with pendant phosphate groups attached
to the polymer backbone and/or present in the polymer backbone. (e.g.. a

12
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phosphodiester backbone). In one aspect, the polyphosphate can be produced by
chemically or enzymatically phosphorylating a natural compound. In another aspect,
a natural serine-rich protein can be phosphorylated to incorporate phosphate groups
into the protein. In a further aspect, hydroxyl groups present on a polysaccharide can

5  be phosphorylated to produce a polyanion useful herein.

In one aspect, the polyanion includes a polyacrylate having one or more
pendant phosphate groups. For example, the backbone can be a homopolymer or
copolymer derived from the polymerization of acrylate monomers including, but not
limited to, acrylates, methacrylates, acrylamides, and the like. In one aspect, the

10 backbone of the polyanion is derived from the polymerization of polyacrylamide. In
other aspects, the polyanion is a block co-polymer, where segments or portions of the
co-polymer possess anionic groups depending upon the selection of the monomers
used to produce the co-polymer. In a further aspect, the polyanion can be heparin
sullate, hyaluronic acid, chitosan, and other biocompatible and biodegradable

15  polymers typically used in the art.

In another aspect, the polyanion is 4 polymer having at least one fragment

having the formula X

o~

R
I
T

CcC=—0

!

|

(CHy),

|

wherein R” is hydrogen or an alkyl group;

20  nis from 1 to 10;

13
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Y is oxygen, sulfur, or NR*, wherein R* is hydrogen, an alkyl group, or an aryl
group;
7.is an anionic group or a group that can be converted to an anionic group,

or the pharmaccutically-acceptable salt thercof.

5 In onc aspcect, 7. is sulfatc, sulfonate, carboxylate, borate, boronate, a

substituted or unsubstituted phosphate, or a phosphonatc.

In onc aspcect, the polyanion is a polyphosphate. In another aspect, the

polyanion is a polymer having at least one fragment having the formula II

R4
S ’
>—0
0]
(CHZ )11

O
0]
N7
/ \OR4O
HO
10 wherein R* is hydrogen or an alkyl group,

nis from 1 to 10,

R¥ is hydrogen, an alkyl group, or an aryl group, or

0 o

——P—O—1—P—OR*

OR41 OR41
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wherein R* is, independently, hydrogen, an alkyl group, an aryl group, a phosphate

group, or the pharmaceutically-acceptable salt thereof.

In another aspect, wherein R* is methyl, R*" is hydrogen, and n is 2. Similar to
formula I, the polymer backbone of formula II is composed of a residue of an acrylate
or mcthacrylate. The remaining portion of formula II is the pendant phosphate group.
Figure 6 (structure B), shows an example of a polyanion useful herein that has the
fragment of formula II, where the polymer backbone is derived from acrylamide and
methacrylate residues. In one aspect, the polyanion is the copolymerization product
of ethylene glycol methacrylate phosphate and acrylamide, where the molecular
weight is from 10,000 to 50,000, preferably 30,000, and has phosphate groups in the

amount of 43 to 90 mol%.

In another aspect, the polycation or polyanion are electrostatically associated
block copolymers. The electrostatically associated block copolymers are water-
soluble polymers composed of a polymer backbone with alternating polycationic
blocks (i.e., blocks having a net positive charge) and polyanionic blocks (i.e., blocks
having a net negative charge). Individual positive or negative charged groups are
present in each block. The groups can be pendant to the polymer backbone and/or
incorporated within the polymer backbone. In certain aspects, (e.g., biomedical
applications), the polycationic blocks are composed of a series of cationic groups or
groups that can be readily converled Lo calionic groups by adjusting the pH. In one
aspect, the polycationic block is a polyamine compound. The amino groups ol the
polyamine can be branched or part of the polymer backbone. The amino group can be
a primary, secondary, tertiary, or a guanidinium group that can be protonated to

produce a cationic ammonium group at a selected pH.

In one aspect, the polycationic block of the copolymer can be derived [rom
residues of lysine, histidine, arginine, and/or imidazole. Any anionic counterions can
be used in association with the polycationic block. 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
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aesthetics. Non-limiting examples of such counterions include halides (e.g., chloride,

fluoride, bromide, iodide), sulfate and methylsulfate.

In another aspect, the polycationic block can be a biodegradable polyamine.
The biodegradable polyamine can be any of the synthetic polymers or naturally-
occurring polymers described above. In one aspect, when the polycationic block is an
amine-modified natural polymer, the amine-modified natural polymer can include an
aryl group having one or more amino groups directly or indirectly attached to the
aromatic group. Alternatively, the amino group can be incorporated in the aromatic
ring. For example, the aromatic amino group is a pyrrole, an isopyrrole, a pyrazole,
imidazole, a triazole, or an indole. In another aspect, the aromatic amino group
includes the isoimidazole group present in histidine. In another aspect, the

biodegradable polyamine can be gelatin modified with ethylenediamine.

In one aspect, the polycationic block includes a polyacrylate having one or
more pendant amino groups. For example, the backbone of the polycationic block
can be a homopolymer or copolymer derived from the polymerization of acrylate or

methacrylate monomers.

In other aspects, the polycationic block can in itself be a co-polymer (i.e.,
random or block), where segments or portions of the co-polymer possess cationic
groups depending upon the selection of the monomers used to produce the co-
polymer. In this aspect, the number of positively charged groups present in the
polycationic block can vary [rom a [ew percent up Lo 100 percent (e.g., between 10
and 50%). In this aspect, the polycationic block can be the polymerization product
between a neutral monomer (i.¢., no charged groups) and a monormer possessing a
positively charged group, where the amount ol each monomer will determine the
overall positive charge ol the polycationic block. Thus, it is possible Lo produce

different polycationic blocks within the electrostatically associated block copolymer.

Equations 1-3 below depict dillerent embodiments regarding the polyactionic
block. In equation 1, the same polycationic block (A) is incorporated into the block
copolymer. In equation 2, two ditferent polycationic blocks (A and B) are present in
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each polycationic block. In the case of the polycationic block AB in equation 2,
monomers possessing different cationic groups can be used to produce the
polycationic block AB. Thus, the polycationic block can in itself be a block
copolymer. This is depicted in equation 2, where A depicts the first block in the
polyactionic block and B depicts the second block. In equation 3, there are two
different polycationic blocks, where each block (A and B) is the polymerization

product of the same monomer.

SV A VY A v A vy (1)

s ABonnvr ABinnnnv ABvvninnna (2)

A v Buvvuruu A vvvuuve - (3)

In one aspect, the polycationic block has at least one fragment of the formula I

described above.

Similar to the polycationic block, the polyanionic block in the copolymers
described herein can be any synthetic polymer described above. The polyanionic
block can in itself be a co-polymer (i.e., random or block), where segments or
portions of the co-polymer possess cationic groups depending upon the selection of
the monomers used to produce the co-polymer. In this aspect, the number of
negatively charged groups present in the polyanionic block can vary from a few
percent up to 100 pereent (c.g., between 10 and 50%). In this aspect, the polyanionic
block can be the polymerization product between a neutral monomer (i.e., no charged
groups) and a monomer posscssing a ncgatively charged group, where the amount of
each monomer will determine the overall negative charge of the polyanionic block.
Thus, it is possible to produce different polyanionic blocks within the electrostatically

associated block copolymer.

In onc aspcect, the polyanionic block is a polyphosphate. In another aspect, the
polyanion is a polyphosphatc compound having from 10 to 90 molc % phosphate

groups (i.e., arandom co-polymer). For example, the polyphosphatc can be a
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polymer with pendant phosphate groups attached to the polymer backbone of the
polyanionic block and/or present in the polymer backbone of the polyanionic block
(e.g., a phosphodiester backbone). In one aspect, the polyphosphate can be produced
by chemically or enzymatically phosphorylating a protein (e.g., natural serine-rich

proteins).

In one aspect, the polyanionic block includes a polyacrylate having one or
more pendant phosphate groups. For example, the backbone of the polyanionic block
can be a homopolymer or copolymer derived from the polymerization of acrylate
monomers including, but not limited to, acrylates and methacrylates, Similar to above
for the polycationic blocks as shown in equations 1-3, the polycationic blocks can be

composed of the same or different blocks (A and B).

In one aspect, the polyanionic block is a polyphosphate. In another aspect, the
polyanionic block is a polymer having at least one fragment having the formula X or

II described above.

The polycations and polyanions useful herein have at least one crosslinking
group. The mode of crosslinking between the polyelectrolyte can vary depending
upon the nature of the crosslinking group. In one aspect, the crosslinking group can
crosslink with itself without the need for additional reagents or chemistry. For
example, a polycation that contains free thiol groups can crosslink with itself to
produce disulfide bonds. Alternatively, a first polycation can have a nucleophilic
group as a crosslinking group and a second polyelectrolyte can have an electrophilic
group capable of reacting with the nucleophilic group. Examples ol nucleophilic
groups that are uselul include, but are not limited o, hydroxyl, thiol, and nitrogen
containing groups such as substituted or unsubstituted amino groups and imidazole
groups. For example, residues ol lysine, histidine, and/or cysteine or chemical
analogs can be incorporated into the polycationic block and introduce nucleophilic
groups. Examples ol electrophilic groups include, but are not limited to, anhydride
groups, esters, ketones, lactams (e.g., maleimides and succinimides), lactones,

epoxide groups, isocyanate groups, and aldehydes. For example, a thiol group
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(nucleophile) on a first polyeletrolyte can react with an olefinic group (electrophile)
on a second polyeletrolyte via a Michael addition to crosslink the two

polyelectrolytes.

In other aspects, the crosslinking group present on the polyeletrolyte can
undergo crosslinking via catalytic reactions. For example, the polyelectrolytes can
possess alkynes and azides capable of undergoing cyclization via a Click reaction.
Alternatively, crosslinking between the polyelectrolytes can be performed

enzymatically (e.g. transglutaminase).

In one aspect, the crosslinking group is an actinically crosslinkable group. As
used herein, “actinically crosslinkable group™ in reference to curing or polymerizing
means that the crosslinking of the polyelectrolyte 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 certain aspects, when
the crosslinking group is an actinically crosslinkable group, the polyelectrolyte is
capable ol crosslinking with it sell in the presence ol an initiator. Alternatively, the
actinically crosslinkable groups can polymerize with any ol the polymerizable

monomers described herein.

In another aspect, the crosslinking group includes a dihydroxyl-substituted
aromalic group capable ol undergoing oxidation in the presence ol an oxidant, In one
aspect, the dihydroxyl-substituted aromaltic group is a dihydroxyphenol or
halogenated dihydroxyphenol group such as, for example, DOPA and catechol (3,4
dihydroxyphenol). For example, in the case ol DOPA, it can be oxidized (o
dopaquinone. Dopaquinone is an electrophilic group that is capable of either reacting

with a neighboring DOPA group or another nucleophilic group. In the presence of an
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oxidant such as oxygen or other additives including, but not limited to, peroxides,
periodates (e.g., NalQy), 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. In another
aspect, crosslinking can occur between the polycation and polyanion via light
activated crosslinking through azido groups. Once again, new covalent bonds are

formed during this type of crosslinking.

In certain aspects, the oxidant can be stabilized. For example, a compound
that forms a coordination 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 dihydroxyl-substituted aromatic group while in the
complex. The coordination complex is reversible and even if it has a very high
stability constant there is a small amount of uncomplexed periodate present. The
dihydroxyl-substituted aromalic group competes with the compound for the small
amount of free periodate. As the free periodate is oxidized more is released from the
reversible complex. In one aspect, sugars possessing a cis,cis-1,2,3-triol grouping on
a six-membered ring can form competitive periodate complexes. An example of a
specilic compound that [orms stable periodale complex is 1,2-O-isopropylidene-
alpha-D-glucofuranose. The stabilized oxidant can control the rate of crosslinking.
Not wishing (o be bound by theory, the stabilized oxidant slows down the rate of
oxidation so that there is time (o add the oxidant and position the substrate belore the

fiber (i.e., adhesive) hardens irreversibly,

The stability of the oxidized crosslinker can vary. For example, polyanions
described herein can contain oxidizable crosslinkers that are stable in solution and do
not crosslink with each other. This permits nucleophilic groups present on another
polyanion Lo react with the oxidized crosslinker. This is a desirable [ealure, which
permits the formation of intermolecular bonds and, ultimately, the formation of a

strong adhesive.
Not wishing to be bound by theory, the polyelectrolyte with the dihydroxyl
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aromatic group(s) are stable in that they react slowly with itself in solution. Thus, the
polyeletrolyte reacts with itself primarily via intermolecular cross-linking (e.g.,
polycation has a nucleophilic group or a dihydroxyl aromatic group) to produce a
simple adhesive coacervate. This provides numerous advantages with respect to the
use and administration of the adhesive. For example, the polyelectrolyte can be
premixed and administered to a subject instead of the sequential administration of the
polymers. This greatly simplifies administration of the coacervate and ultimately the

adhesive that is not an option with currently available bioadhesives.

In other aspects, the crosslinking group present on the polyeletrolyte can form
coordination complexes with transition metal ions. For example, a transition metal
ion can be added to a mixture of polyeletrolyte, where the polyeletrolyte contains
crosslinking groups capable of coordinating with the transition metal ion. The rate of
coordination and dissociation can be controlled by the selection of the crosslinking
group, the (ransition meltal ion, and the pH. Thus, in addition to covalent crosslinking
as described above, crosslinking can occur through electrostatic, ionic, or other non-
covalent bonding, Transition metal ions such as, for example, iron, copper,

vanadium, zinc, and nickel can be used herein.

In order to produce the simple adhesive coacervate, a sufficient amount a
complimentary counterion is used. The nature and amount of complimentary
counterion that is used will vary depending upon, among other things, the
polyeletrolyte that is selected, the pH used (o make the coacervate, and the dielectric
conslant ol the solution used (o prepare the coacervale. Methods for producing the

simple adhesive coacervate are described in detail below.

In certain aspects, when the polyeletrolyle is a polyanion, the complimentary
counterion is a multivalent cation (i.e., cations having a charge of 42 or greater). In
one aspect, the multivalent cation can be a divalent cation composed of one or more
alkaline earth metals. For example, the divalent cation can be Ca** and/or Mg+2. In
other aspects, transition metal ions with a charge of +2 or greater can be used as the

multivalent cation. In other aspects, when the polyeletrolyte is a polycation, the
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complimentary counterion can be a sulfate, a sulfonate, a carboxylate, a borate, a

boronate, a substituted or unsubstituted phosphate, or a phosphonate.

In certain aspects, prior to crosslinking the simple adhesive coacervate, the
coacervate can include one or more polymerizable monomers capable of undergoing
polymerization in order to produce an internal network within the coacervate. The
selection of the polymerizable monomer can vary depending upon the application.
Factors such as molecular weight can be altered in order to modify the solubility

properties of the polymerizable monomer in water.

The selection of the functional group on the polymerizable monomer
determines the mode of polymerization. For example, the polymerizable monomer
can be a polymerizable olefinic monomer that can undergo polymerization through
mechanisms such as, for example, free radical polymerization and Michael addition
reactions. In one aspect, the polymerizable monomer has two or more olefinic
groups. In one aspect, the monomer comprises one or two actinically crosslinkable
groups as defined herein in the presence of a photoinitiator. Alternatively,
polymerization can be performed in the presence of thermal or chemical initiators,

which are also discussed in detail below.

Examples of hydrophilic polymerizable monomers include, but not limited to,
hydroxyalkyl methacrylate (HEMA), hydroxyalkyl acrylate, N-vinyl pyrrolidone, N-
methyl-3-methylidene-pyrrolidone, allyl alcohol, N-vinyl alkylamide, N-vinyl-N-
alkylamide, acrylamides, methacrylamide, (lower alkyl)acrylamides and
methacrylamides, and hydroxyl-substituted (lower alkyl)acrylamides and -
methacrylamides. In one aspect, the polymerizable monomer is a diacrylate
compound or dimethacrylate compound. In another aspect, the polymerizable
monomer is a polyalkylene oxide glycol diacrylate or dimethacrylate. For example,
the polyalkylene can be a polymer of ethylene glycol, propylene glycol, or block co-
polymers thereofl. In one aspect, the polymerizable monomer is polyethylene glycol
diacrylate or polyethylene glycol dimethacrylate. In one aspect, the polyethylene

glycol diacrylate or polyethylene glycol dimethacrylate has a M,, of 200 to 2,000, 400
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to 1,500, 500 to 1,000, 500 to 750, or 500 to 600.

In other aspects, the simple adhesive coacervate can include a water-insoluble
filler. Not wishing to be bound by theory, stress transfer from the polymeric matrix to
the rigid filler can be reasonably expected to provide greater strength and a higher
clastic modulus to the coacervate. The filler can have a varicty of different sizes and
shapes, ranging from particles to fibrous materials. In one aspect, the filler is a nano-
sized particle. Compared to micron-sized silica fillers, nanoscale fillers have several
desirable properties. First, with regard to toughening properties, nano-particles have
been shown to be more effective in some cases than micro-particles. The higher
specific surface area of nano- vs. microparticles increases the stress transfer from the
polymer matrix to the rigid filler. Second, smaller volumes of nanofiller are required

than of the larger micron-sized particles for a greater increase in toughness.

Additionally, an important consequence of the smaller diameters and lower fill
volumes of nanoparticles is reduced viscosity of the uncured adhesive, which has
direct benefits for processability. This is advantageous, as the coacervate can retain
its injectable character while potentially increasing bond strengths dramatically.
Third, maximum toughening requires uniform dispersion of the filler particles within
the adhesive. Nanoscale colloidal particles, again because of the small diameter, lend
themselves more readily to stable dispersions within the coacervate. In the case of
stale-o[-the-art filled epoxy adhesives, gel-sol techniques create nearly perfect

dispersions of nanosilica.

In one aspect, the [iller comprises a metal oxide, a ceramic particle, or a water
insoluble inorganic salt. Examples ol the nanoparticles or nanopowders useful herein
include those manulactured by SkySpring Nanomaterials, Inc., which are listed

below.

Metals and Non-metal Elements

Ag, 99.95%, 100 nm

Ag, 99.95%, 20-30 nm
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Ag, 99.95%, 20-30 nm, PVP coated

Ag, 99.9%, 50-60 nm

Ag, 99.99%, 30-50 nm, oleic acid coated
Ag, 99.99%, 15 nm, 10wt%, sclf-dispersible
Ag, 99.99%, 15 nm, 25wt%, sclf-dispersible
Al, 99.9%, 18 nm

Al, 99.9%, 40-60 nm

Al, 99.9%, 60-80 nm

Al 99.9%, 40-60 nm, low oxygen

Au, 99.9%, 100 nm

Au, 99.99%, 15 nm, 10wt%, sclf-dispersible
B, 99.9999%

B, 99.999%

B, 99.99%

B, 99.9%

B, 99.9%, 80 nm

Diamond, 95%, 3-4 nm

Diamond, 93%, 3-4 nm

Diamond, 55-75 %, 4-15 nm

Graphite, 93%, 3-4 nm

Super Activated Carbon, 100 nm

Co, 99.8%, 25-30 nm

Cr, 99.9%, 60-80 nm

PCT/US2011/060500
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Cu, 99.5%, 300 nm

Cu, 99.5%, 500 nm

Cu, 99.9%, 25 nm

Cu, 99.9%, 40-60 nm

Cu, 99.9%, 60-80 nm

Cu, 5-7 nm, dispersion, oil soluble
Fc, 99.9%, 20 nm

Fe, 99.9%, 40-60 nm

Fe, 99.9%, 60-80 nm

Carbonyl-Fe, micro-sized

Mo, 99.9%, 60-80 nm

Mo, 99.9%, 0.5-0.8 um

Ni, 99.9%, 500 nm (adjustable)

Ni, 99.9%, 20 nm

N1 coated with carbon, 99.9%, 20 nm
Ni, 99.9%, 40-60 nm

Ni, 99.9%, 60-80 nm

Carbonyl-Ni, 2-3 um

Carbonyl-Ni, 4-7 um
Carbonyl-Ni-Al (Ni Shell, Al Core)

Carbonyl-Ni-Fe Alloy

Pt, 99.95%, 5 nm, 10wt%, selt-dispersible

Si, Cubic, 99%, 50 nm

PCT/US2011/060500
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Si, Polycrystalline, 99.99995%, lumps
Sn, 99.9%, <100 nm
Ta, 99.9%, 60-80 nm

Ti, 99.9%, 40-60 nm

(9]

Ti, 99.9%, 60-80 nm

W, 99.9%, 40-60 nm

W, 99.9%, 80-100 nm

Zn, 99.9%, 40-60 nm

Zn, 99.9%, 80-100 nm

10 Mectal Oxidcs
AlOOH, 10-20nm, 99.99%
Al,Oszalpha, 98+%, 40 nm
Al Os alpha, 99.999%, 0.5-10 pm
Al,O3 alpha, 99.99%, 50 nm

15 AlLOs3 alpha, 99.99%, 0.3-0.8 um
Al,O5 alpha, 99.99%, 0.8-1.5 um
Al O3 alpha, 99.99%, 1.5-3.5 um
Aly,O3 alpha, 99.99%, 3.5-15 pm
Al,O3 gamma, 99.9%, 5 nm

20  AlLOj; gamma, 99.99%, 20 nm

Al,O3 gamma, 99.99%, 0.4-1.5 wm

Al,O3 gamma, 99.99%, 3-10 tm

Al,O3 gamma, Uxtrudate
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Al,03 gamma, Extrudate
Al(OH)3, 99.99%, 30-100 nm
Al(OII)3, 99.99%, 2-10 pm
Aluminium Iso-Propoxide (ALP), CoH3103AlL, 99.9%
AN, 99%, 40 nm

Bali03, 99.9%, 100 nm
BBr3, 99.9%

B»03, 99.5%, 80 nm

BN, 99.99%, 3-4 pm

BN, 99.9%, 3-4 um

B4C, 99%, 50 nm

Bi,03, 99.9%, <200 nm
CaCO0s, 97.5%, 15-40 nm
CaCOs;, 15-40 nm

Ca3(POy),, 20-40 nm
Ca;o(PO4)6(OH),, 98.5%, 40 nm
Ce0s, 99.9%, 10-30 nm
Co0, <100 nm

C0,03, <100 nm

Co0304, 50 nm

Cu0, 99+%, 40 nm

Er03, 99.9%, 40-50 nm

Fe, 05 alpha, 99%, 20-40 nm

PCT/US2011/060500
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Fe;03 gamma, 99%, 20-40 nm
Fe;0y4, 98+%, 20-30 nm
Fe;04, 984+%, 10-20 nm
(Gd;03, 99.9%<100 nm
HfO;, 99.9%, 100 nm
In,05:5n0,=90:10, 20-70 nm
In;03, 99.99%, 20-70 nm
In(OH)3, 99.99%, 20-70 nm
LaBg, 99.0%, 50-80 nm
La;03, 99.99%, 100 nm
LiFcPQy, 40 nm

MgO, 99.9%, 10-30 nm
MgQ, 99%, 20 nm

MgO, 99.9%, 10-30 nm
Mg(OH);, 99.8%, 50 nm
Mn;03, 98+%, 40-60 nm
Mo(Cls, 99.0%

Nd» 03, 99.9%, <100 nm
NiQ, <100 nm

Ni;O3, <100 nm

Sb;03, 99.9%, 150 nm

5102, 99.9%, 20-60 nm

Si0;, 99%, 10-30 nm, treated with Silane Coupling Agents

PCT/US2011/060500
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Si0,, 99%, 10-30 nm, treated with Hexamethyldisilazane

Si0,, 99%, 10-30 nm, treated with Titanium Ester

Si0;, 99%, 10-30 nm, treated with Silanes

5i0,, 10-20 nm, modificd with amino group, dispersible

S5i0,, 10-20 nm, modified with cpoxy group, dispersible

Si0;, 10-20 nm, modificd with double bond, dispersible

Si0,, 10-20 nm, surface modificd with double laycr, dispersible

5i0;, 10-20 nm, surface modified, super-hydrophobic & oleophilic, dispersible
5i0,, 99.8%, 5-15 nm, surface modified, hydrophobic & oleophilic, dispersible
S5i0,, 99.8%, 10-25 nm, surface modified, super-hydrophobic, dispersible
SiC, beta, 99%, 40 nm

SiC, beta, whisker, 99.9%

Si3Ny4, amorphous, 99%, 20 nm

Si3Ny alpha, 97.5-99%, fiber, 100nmX800 nm

Sn0;,, 99.9%, 50-70 nm

ATO, Sn0,:Sb,03=90:10, 40 nm

TiO; anatasc, 99.5%, 5-10 nm

TiO, Rutile, 99.5%, 10-30 nm

TiO, Rautile, 99%, 20-40 nm, coated with SiO;, highly hydrophobic

TiO; Rutile, 99%, 20-40 nm, coated with Si0Oy/Al,03

TiO, Rutile, 99%, 20-40 nm, coatcd with AlO3, hydrophilic

TiO; Rutile, 99%, 20-40 nm, coated with SiO,/Al;Os/Stearic Acid

TiO; Rutile, 99%, 20-40 nm, coated with Silicone Qil, hydrophobic
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TiC, 99%, 40 nm

TiN, 97+%, 20 nm

W03, 99.5%, <100 nm

WS,, 99.9%, 0.8 um

WCls, 99.0%

Y03, 99.995%, 30-50 nm

7/n0, 99.8%, 10-30 nm

710, 99%, 10-30 nm, treated with silane coupling agents
7n0, 99%, 10-30 nm, treated with stearic acid
Zn0, 99%, 10-30 nm, treated with silicone oil
7n0, 99.8%, 200 nm

7107, 99.9%, 100 nm

710, 99.9%, 20-30 nm

Zr0,-3Y, 99.9%, 0.3-0.5 um

Z1r0»-3Y, 25 nm

Z1r0»-5Y, 20-30 nm

7r():-8Y, 99.9%, 0.3-0.5 um

7r0,-8Y, 20 nm

71rC, 97+%, 60 nm

PCT/US2011/060500

In onc aspect, the filler is nanosilica. Nanosilica is commercially available

from multiple sources in a broad size range. For example, aqueous Nexsil colloidal

silica is available in diameters from 6-85 nm from Nyacol Nanotechnologics, Inc.

Amino-modified nanosilica is also commercially available, from Sigma Aldrich for

example, but in a narrower range of diameters than unmodified silica. Nanosilica
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does not contribute to the opacity of the adhesive, which is an important attribute of

the coacervates and glues produced therefrom.

In another aspect, the filler can be composed of calcium phosphate. In one
aspect, the filler can be hydroxyapatite, which has the formula Cas(PO4);OH. In
another aspect, the filler can be a substituted hydroxyapatite. A substituted
hydroxyapatite is hydroxyapatite with one or more atoms substituted with another
atom. The substituted hydroxyapatite is depicted by the formula MsX5Y, where M is
Ca, Mg, Na; X is PO4 or COs; and Y is OH, F, Cl, or CO3. Minor impurities in the
hydroxyapatite structure may also be present from the following ions: Zn, Sr, Al, Pb,
Ba. In another aspect, the calcium phosphate comprises a calcium orthophosphate.
Examples of calcium orthophosphates include, but are not limited to, monocalcium
phosphate anhydrate, monocalcium phosphate monohydrate, dicalcium phosphate
dihydrate, dicalcium phosphate anhydrous, octacalcium phosphate, beta tricalcium
phosphate, alpha tricalcium phosphate, super alpha tricalcium phosphalte, tetracalcium
phosphate, amorphous tricalcium phosphate, or any combination thereof. In certain
aspects, the calcium phosphate crystals include crystals possessing carbonate groups
(CO3), which can facilitate the adhesion of the coacervate to certain types of cells
such as, for example, bone cells. In other aspects, the calcium phosphate can also
include calcium-deficient hydroxyapatite, which can preferentially adsorb bone

malrix proteins.

In certain aspects, the coacervale also includes one or more initiators, For
example, a pholoinitiator can be entrapped in the coacervate. Thus, when the
photoinitiator is activated (e.g., exposed to light), polymerization of the polymerizable
monomer also entrapped in the coacervate occurs to produce the internal network.
Examples ol photoinitiators include, but are not limited to a phosphine oxide, a
peroxide group, an azide group, an a-hydroxyketone, or an o-aminoketone. In one

aspcct, the photoinitiator includces, but is not limited to, camphorquinonc, benzoin
methyl ether, 1-hydroxycyclohexylphenyl ketone, or Darocure® or Irgacure® types,
for example Darocure® 1173 or Irgacure® 2959. The photoinitiators disclosed in
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FEuropean Patent No. 0632329, which are incorporated by reference, can be used
herein. In other aspects, the photoinitiator is a water-soluble photoinitiator including,

but not limited to, riboflavin, eosin, eosin y, and rose Bengal.

In certain aspects, multiple initiators can be used to broaden the absorption
profilc 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 another aspect, a chemical initiator can be used in combination with a
photoinitiator. In another aspect, a co-initiator can be used in combination with any
of the polymerization initiators described herein. In one aspect, 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.

In certain aspects, the photoinitiator and/or co-initiator are covalently attached
to the polyelectrolyte. For example, the photoinitiator and/or co-initiator can be
copolymerized with monomers used to make the polyelectrolyte. In one aspect, the
photoinitiators and co-initiators can possess polymerizable olefinic groups such as
acrylate and methacrylate groups (e.g., see examples of co-initiators above) that can
be copolymerized with mononiers described used to make the polycation and
polyanion. In another aspect, the initiators can be chemically gralted onto the
backbone of the polyelectrolyte. Thus, in these aspects, the photoinitiator and/or co-
initiator are covalently attached to the polymer and pendant to the polymer backbone.

This approach will simplify formulation and possibly enhance storage and stability.

The simple adhesive coacervale can be synthesized a number ol dillerent
ways. In one aspect, coacervale is produced by preparing a solution comprising (1) a
polyelectrolyte, wherein the polyelectrolyte comprises a polyanion or polycation but
not a combination thereol, the polyeletrolytle comprises at least one crosslinking
group, and (2) a sufficient amount of a complimentary counterion to produce a simple

adhesive coacervate. As discussed above, the nature and amount of complimentary
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counterion used to coacervate can vary depending upon. In general, the amount of
complimentary counterion is sufficient to produce a solution having a net overall
charge approaching zero. It is when the net charge is neutral the simple adhesive
coacervate is formed. The pH of the solution can change the charge density on the
polyeletrolyte, which in turn changes the amount of complimentary counterion needed
to make the coacervate. Additionally, the dielectric constant of the solution can also
be modified to produce the coacervate. For example, organic solvents such as
alcohols, aldehydes, esters, and carboxylic acids can be used herein. In one aspect,
ethanol can be used to make the coacervates described herein. In the case when the
adhesives are to be used in biomedical applications, it is desirable that the organic
solvent be biocompatible. Exemplary methods for producing the simple adhesive

coacervates described herein are provided in the Examples.

After the simple adhesive coacervate, the coacervate is crosslinked in order to
produce an adhesive. The mode of crosslinking will vary depending upon the nature
of the crosslinking groups present on the polyeletrolyte. Exemplary methods for
crosslinking simple adhesive coacervates described herein to produce adhesives are
provided in the Examples. In certain aspects, the polyelectrolytes possess
crosslinking groups that are capable of crosslinking with each. These groups were
discussed in detail above and do not require the use of a crosslinker. For example, if
the crosslinking group is a dihydroxyl-substituted aromatic group (e.g., DOPA)
capable ol undergoing oxidation in the presence ol an oxidant to produce
dopaquinone, the dopaquinone is an electrophilic group that is capable of reacting

with a neighboring DOPA group in the absence ol a crosslinker.

In other aspects, a crosslinker is used to crosslink the polyelectrolytes. In one
aspect, the crosslinker comprises at least two nucleophilic groups. Examples of
nucleophilic groups include, but are not limited Lo, a hydroxyl group, a thiol group, an
amino group, or any combination thereof. This, the crosslinker can have tow or more
different nucleophilic groups present on the molecule. In one aspect, the crosslinker

includes an oligoamine, an oligopeptide, or a polythiol. In the case of the oligoamine,
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this is an amine compound possessing 2 to 10 substituted and/or unsubstituted amino
groups. Examples of suitable amino groups include, but are not limited to,
heterocyclic amines and aromatic amines (e.g., imidazole). An oligopeptide is a
peptide possessing from 2 to 10 amino acid residues. In one aspect, the oligopeptide
can include enzyme cleavage sequences or cell adhesion sequences. An oligothiol is a

compound possessing from 2 to 10 thiol groups.

In one aspect, the crosslinker comprises H.NCH,;NH,, H:NCH,CH;NH>,
H>NCH>CH>CH,NH,, H:.NCH,CH.CH>CH,NH,, H,NCH,CH.CH>CH>CH:NH>,
HNCH,NHCH,CH;CH,NH,, H,NCH,CH,NHCH,CH,CH,NH,,
HNCH-CH,CH,NHCH,CH,CH,CH,NHCH,CH,;CH,NH,,
H>-NCH>CH,NHCH,CH,CH,CH,NH>, or
H>-NCH>CH,NHCH,CH,CH,NHCH,CH,CH,NH,.

In other aspects, the crosslinker comprises a surface-modified nanoparticle. In
certain aspects, any of the fillers described above can be functionalized with one or
more functional groups that are capable of capable of reacting with a crosslinkable
group on the polyeletrolyte and, when applicable, the polymerizable olefinic
monomer. In this aspect, the filler is covalently attaches to the polyelectrolyte in
order to crosslink the polyeletrolyte. For example, the filler particle can be modified
with surface amines or thiols (i.e., nucleophiles) that can react with react with
electrophilic groups present on the polyelectrolyte as described above. In other
aspects, the [iller can be modified (o produce charged groups such that the [iller can
[orm electrostatic bonds with the polyeletrolyle. For example, aminated silica can be
added to a solution and the pH adjusted so that the amino groups are protonated and

available for electrostatic bonding.

In certain aspects, the polyelectrolyte can be crosslinked using multiple
reagents and steps. In one aspect, the crosslinking step is performed in the presence
ol an oxidant and a crosslinker. For example, il the crosslinking group is a
dihydroxyl-substituted aromatic group (e.g., DOPA) capable of undergoing oxidation

in the presence of an oxidant to produce dopaquinone, the dopaquinone is an
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electrophilic group that is capable of reacting with a crosslinker possessing two or
more nucleophilic groups. In one aspect, the crosslinker is an oligoamine, where an
amino group reacts with the dopaquinone to produce a new covalent bond.

Exemplary procedures for this aspect are provided in the Examples.

In another aspect, the crosslinker comprises two or morc actinically
crosslinkable groups. Any of the actinically crosslinkable groups described herein
can be used as the crosslinker. Thus, when the polyelectrolyte has one or more
actinically crosslinkable groups, the polyelectrolytes can be crosslinked with one with
a crosslinker having two or more actinically crosslinkable groups in the presence of
an initiator, Examples of such crosslinkers include, but are not limited to, diacrylates,
dimethacrylates, and the like. In one aspect, the crosslinker can be a polyalkylene
oxide glycol diacrylate or dimethacrylate. For example, the polyalkylene can be a
polymer of ethylene glycol, propylene glycol, or block co-polymers thereof. In one
aspect, the polymerizable monomer is polyethylene glycol diacrylate or polyethylene
glycol dimethacrylate. In one aspect, the polyethylene glycol diacrylate or
polyethylene glycol dimethacrylate has a M, of 200 to 2,000, 400 to 1,500, 500 to
1,000, 500 to 750, or 500 to 600.

Additional reaction conditions can be varied in order to facilitate crosslinking
and produce the adhesive. In one aspect, the pH of the coacervate can be raised. For
example, when the coacervale is applied at a pH of 5 and subsequently exposed Lo
seawaler at pH 8.2, (the coacervale crosslinks spontaneously Lo produce the adhesive.
The polyelectrolyles described herein can be stored as dry powders [or extended
periods of time. This feature is very usetful for preparing the coacervates and
ultimately the adhesives when desired. 'Thus, described herein are kits for making the
complex coacervates and adhesives described herein. In one aspect, the kit comprises
(1) a polyelectrolyte, wherein the polyelectrolyle comprises a polyanion or polycation
but not a combination thereof, wherein the polyeletrolyte comprises at least one
crosslinking group; (2) a sufficient amount of a complimentary counterion to produce

a simple adhesive coacervate; and (3) a crosslinker. In another aspect, the kit
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comprises (1) a simple adhesive coacervate comprising (a) a polyelectrolyte, wherein
the polyelectrolyte comprises a polyanion or polycation but not a combination thereof,
the polyeletrolyte comprises at least one crosslinking group, and (b) a sufficient
amount of a complimentary counterion to produce a simple adhesive coacervate, and

(2) a crosslinker. In this aspect, the simple adhesive coacervate is pre-made.

When stored as dried powders, water can be added to the polyelectrolyte and
complimentary counterion to produce the coacervate. In one aspect, prior to
lyophilizing the polyelectrolyte in order to produce a dry powder, the pH of the
polyelectrolyte can be adjusted such that when they are admixed in water the desired
pH is produced with the addition of acid or base. For example, excess base can be
present in the polyelectrolyte powder which upon addition of water adjusts the pH
accordingly. The kits can include additional components as needed such as, for
example, an oxidant, a polymerizable monomer and/or water-insoluble filler, and a

polymerization initiator and optionally a co-initiator.

The adhesives described herein have numerous applications, particularly
where the adhesive is to be used in aqueous environments. For example, the simple
adhesive coacervates have low initial viscosity, specific gravity greater than one, and
being mostly water by weight, low interfacial tension in an aqueous environment, all
of which contribute to their ability to adhere to a wet surface. The simple adhesive
coacervales prior Lo crosslinking can be applied (o variety of substrates. The
substrates can be wet or dry. Additionally, in certain aspects, the surlace ol the
substrate can be primed prior (o application ol the coacervate. For example, the
substrate surface can be primed with a separate solution before adding the coacervate
to increase interfacial adhesion. For example, the surface can be cleaned or etched.
Alternatively, the surface of the substrale can be modilied with groups that can
crosslink with the polyelectrolyte. For example, nucleophilic groups can be
introduced to the surface of the substrate that crosslink with the polyelectrolyte.
Examples of substrates that the coacervates can be applied to include, but are not

limited to, metal substrates, foils, fibers, a tapes, or cloth. In certain aquatic
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applications (fresh or salt water), the substrate can include coral, a marker, a beacon,
an ordinance, or a material for producing an artificial reef. The adhesives described
herein have particular relevance in restoring aquatic ecosystems such reefs. Here,
natural materials (e.g., coral) and other synthetic materials (e.g., calcium carbonate
rocks, dead coral, reef plugs, coral plugs, coral mounting pieces, etc.) can be adhered

to existing reefs in order to promote the growth of the reef.

Depending upon the application to be used, the adhesive can be prepared a
number of different ways on the substrate. For example, when a crosslinker is used to
produce the adhesive, the coacervate can be applied to the substrate first followed by
the addition of the crosslinker to the coacervate. Alternatively, the crosslinker can be
applied to the substrate first followed by the application of the coacervate. In another
embodiment, the coacervate and crosslinker can be applied to the substrate
simultaneously through a dual syringe. Here, the crosslinker and coacervate react

with one another (o produce the adhesive when it is applied (o the substrate.

The adhesives produced herein have numerous biological applications as
well. In one aspect, the adhesives are useful in adhering implantable devices in a
subject. For example, stents, pins, and screws can be adhered in a subject using the

adhesives described herein.

In other aspects, the substrate can be bone. For example, the adhesives can be
used to repair a number of different bone fractures and breaks. Examples of such
breaks include a complete [racture, an incomplete [racture, a linear [racture, a
transverse [racture, an oblique [Tacture, a compression [raclure, a spiral [raclure, a
comminuted [racture, a compacted [racture, or an open [racture. In one aspect, the
[racture is an intra-articular [racture or a craniolacial bone [racture, Fractures such as
intra-articular fractures are bony injuries that extend into and [ragment the cartilage
surface, The adhesives may aid in the maintenance of the reduction of such fractures,
allow less invasive surgery, reduce operaling room time, reduce costs, and provide a

better outcome by reducing the risk of post-traumatic arthritis.

In other aspects, the adhesives can be used to join small fragments of highly
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comminuted fractures. In this aspect, small pieces of fractured bone can be adhered to
an existing bone. For example, the coacervate can be applied to the fractured bone
and/or the existing bone. It is especially challenging to maintain reduction of the
small fragments by drilling them with mechanical fixators. The smaller and greater
number of fragments the greater the problem. In one aspect, the adhesive may be
injected in small volumes to create spot welds in order to fix the fracture rather than
filling the entire crack. 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.

In other aspects, the adhesives can be used to secure scaffolds to bone and
other tissues such as, for example, cartilage, ligaments, tendons, soft tissues, organs,
membranous tissues (e.g., vaginal, nasal, amniotic membrane) and synthetic
derivatives of these malterials. Using (he adhesives and spot welding techniques, the
adhesive complex coacervates and adhesives produced therefrom can be used to
position biological scaffolds in a subject. The adhesive can be applied to the
biological scaffold and/or the bone or tissue prior to securing the scaffold. Small
adhesive tacks would not interfere with migration of cells or transport of small
molecules into or out of the scaffold. In certain aspects, the scaffold can contain one
or more drugs that [acilitate growth or repair of the bone and tissue. In other aspects,
the scallold can include drugs thatl prevent inlection such as, [or example, antibiotics.
For example, the scatfold can be coated with the drug or, in the alternative, the drug
can be incorporated within the scallold so that the drug elutes [rom the scallold over

time.

The adhesives have numerous denltal applications. Using the spot weld
techniques, the adhesive can be applied (o specilic points in the mouth (e.g., jaw,
sections of a tooth). For example, the adhesives can be used in the treatment of
recession defects, increasing gingival tissue height and width, increase the amount of

attached gingival tissue at the gingival margin, and increase the zone of attached
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gingival tissue. In oral surgery they could be used to improve soft tissue outcomes
and grow new bone in guided bone regeneration procedures. Additionally, the
adhesives can facilitate wound healing of gums after a periodontal procedure and help
prevent or reduce bleeding. As will be discussed below, the adhesives can be used to
deliver bioactive agents. Thus, the adhesives can be used to deliver bioactive agents
to the gums and roots of teeth. In other aspects, the adhesives can be used to secure
dental implants to teeth (e.g., crowns, dentures). Alternatively, the adhesives can be
used as a primer to prepare the dentin or enamel surface of a tooth to bond dental

cements.

In other aspects, the adhesives can adhere a substrate to bone. Examples of
substrates include metal substrates (e.g., plates, medical implants, etc.), fibers, foils,
pieces of cloth, or any other materials that can be implanted within a subject. The
coacervate can be applied to the substrate and/or bone prior to use. For example,
implants made from titanium oxide, stainless steel, or other metals are commonly
used to repair fractured bones. The adhesives can be applied to the metal substrate,
the bone, or both prior to adhering the substrate to the bone. In certain aspects, the
crosslinking group present on the polyelectrolyte can form a strong bond with
titanium oxide. For example, it has been shown that DOPA can strongly bind o wet
titanium oxide surfaces (Lee er al., PNAS 103:12999 (2006)). Thus, in addition to
bonding bone [ragments, the adhesives described herein can [acilitate the bonding ol

metal substrates (o bone, which can [acililale bone repair and recovery.

It is also conlemplated that the adhesives can include one or more biocactive
agents. The bioactive agents can be any drug that will facilitate bone growth and
repair when the complex is applied to the bone. 'The rate of release can be controlled
by the selection of the malerials used (o prepare the complex as well as the charge ol
the bioactive agent il the agent is a sall. In certain aspects, when the adhesive is
converted to an insoluble solid by a change in temperature and/or pH, the adhesive
can be administered to a subject and produce an insoluble solid in situ. Thus, in this

aspect, the insoluble solid can perform as a localized controlled drug release depot. It
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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. In other aspects, the adhesives can include contrast agents typically used
in imaging procedures such as MRI. In this aspect, the position and amount of the
adhesive in the subject can be detected and monitored over time. Contrast agents

typically used in the art can be used herein.

The adhesives can be used in a variety of other surgical procedures. For
example, the adhesives can be used to treat ocular wounds caused by trauma or by the
surgical procedure itself. In one aspect, the adhesives can be used to repair a corneal
or schleral laceration in a subject. In other aspects, the adhesives can be 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 by reference, can be used to

apply the coacervates described herein Lo dillerent regions ol the eye.

In other aspects, the adhesives can be used to inhibit blood flow in a blood
vessel of a subject. In general, the adhesive is injected into the vessel in order 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

4 tumor or aneurysm.

The adhesives described herein can seal the junction between skin and an
inserted medical device such as cathelers, electrode leads, needles, cannulas, osseo-
integrated prosthetics, and the like. In this aspect, the adhesives prevent inlection at
the entry site when the device is inserted in the subject. In other aspects, the
adhesives can be applied to the entry site ol the skin alter the device has been

removed in order (o expedite wound healing and prevent [urther inlection.

In another aspect, the adhesives described herein can be used to close or seal a
puncture in an internal tissue or membrane. In cerlain medical applications, internal
tissues or membranes are punctured, which subsequently have to be sealed in order to
avoid additional complications. Alternatively, the adhesives described herein can be
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used to adhere a scaffold or patch to the tissue or membrane in order to prevent

further damage and facilitate wound healing.

In one aspect, the coacervates described herein can modify one or more the
properties of a substrate. For example, the coacervates prior to crosslinking can
modify the wettability, charge, or anti-fouling propertics corrosion resistance, anti-
fouling, of the surface as well as promote specific interactions on the surface (e.g.

biomolecule attachment, cell attachment, metal ion coordination, etc.).
EXAMPLES

The following examples are put forth so as to provide those of ordinary skill in
the art with a complete disclosure and description of how the compounds,
compositions, and methods described and claimed herein are made and evaluated, 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 (o 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 ambicnt temperature, and pressure is at or ncar
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.
Preparation of Simple Adhesive Coacervate

The simple adhesive coacervates were prepared as follows. Using multiple
independent variables, coacervation of the MOEDP-DOPA copolymer was determined
using a Design of Experiment (DOE) matrix with JMDP 8 software. Each independent
variable (pH of the solution, Mg:PQj ratio, ratio of cthanol to dcionized water) was
chosen and limits set to create a window where coacervation may occur. Variables

outside of the upper and lower limits would causec MOEP-DOPA copolymer to cither

41



WO 2012/065148 PCT/US2011/060500

10

15

20

create a gel or remain in solution. A design of experiment (DOE) was generated with
16 runs, varying pH, Mg:POy ratio, and EtOH:H,0 ratio. The results where rated
based on appearance using a scale of 1-3 (1-In solution, 2- appearance of coacervate,
3- Gel/Solid). The resulting data was input into the DOE matrix and modeled using
the software. The resulting parameters, based on the highest desirability for each
parameter, resulted in a pH of 6.8, Mg: PO, ratio of 0.45, and EtOH:H-0 ratio of
0.20.

The runs for the DOE where conducted at 5%wt MOEP-DOPA copolymer in
solution. Each run was done in a 1.7 mL. Ependorf tube, using a total 500 pL of
solution, at room temperature. MOEP-DOPA copolymer (5%wt) was weighed into an
empty tube. Deionized water with and without 450 mM of NaCl (simulated ocean
water) was added and the tube vortexed on high until MOEP-DOPA copolymer went
into solution. The pH of the solution was adjusted using a 6M solution of NaOH. The
volume of NaOH used [actored into total volume. The appropriate volume of MgCl,
in deionized H,O with and without 450 mM of NaCl was slowly added to the solution
while stirring. To this, ethanol was slowly added while stirring. The final solution
was vortexed, left on ice for 1 hr, and then left at room temperature. The coacervate

appeared within 2 hrs. Each run was rated based on appearance.
Preparation of Adhesive

Testing was done to maximize the bond strength based on the proportions of
NalOy4 used compared (o DOPA present and (o determine the allect of a diamine on
the strength. Bond strengths were tested with Al strips. The coacervate was applied (o
a wel strip, the appropriate cross-linking solution (ethylenediamine dihydrochloride)
added and stirred on the strip, and then covered with another wel strip and clamped
together. Samples where incubaled [or 24 hrs in deionized HO with and withoul 450
mM of NaCl at 37 °C. After 24 hrs, each Al strip was mounted on the Instron in
deionized H,O with and without 450 mM of NaCl at 37 °C and bond strengths were

determined.

'The crosslinking solution was prepared using sodium m-periodate and 1, 2-O-
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isopropylidenc-D-glucofuranosc vortexed in deionized H,O. The solution was
prepared bascd on the NalO4:DOPA ratio. It was then applicd to the coacervate on
the strips. For samples requiring diamine, the NalO4/sugar solution was then added to
ethylenediamine dihydrochloride and vortexed. The solution was then applied to the
coacervate on the metal strips. Figure 8 displays the underwater bond strengths of the
adhesives on the aluminum adherends in a standard lap shear configuration (450 kPa
is roughly 60 psi). Table 1 provides additional parameters for preparing numerous
adhesives: (1) FtOH was 20% in experiments 1-13 and 30% in experiments 14-21; (2)
Mg/PO4 was 0.45 in experiments 1-13 and 0.5 in experiments 14-21; (3) the amine
was ethylenediamine; and (4) deionized water was used in experiments 1-14 and 16,
and deionized water with 450 mM NaCl was used in experiments 16 and 18-21.
Amine modified filler was added in experiments 12 and 13. In experiments 18 and

19, 5 mg of crushed coral was added.

In Experiments 22-235 use Fe(II) oxide nanoparticles were used as the oxidant
and filler, where wt% of Fe203:DOPA is in the coacervate. The samples were
incubated and tested in instant ocean sea water (pH 8.4). The results are shown in

Table 1 and Figure 9.

Throughout this application, various publications are referenced. The
disclosures of these publications in their entireties are hereby incorporated by
reference into this application in order to more fully describe the compounds,

compositions and methods described herein.

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 specilication and examples be considered as exemplary.
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What is claimed:

1.

An adhesive produced by the process comprising

(a) preparing a solution comprising (1) a pelyelectrolyte, wherein the
polyclectrolyte compriscs a polyanion or polycation but not a combination
thereof, the polyeletrolyte comprises at least one crosslinking group, and (2) a
sufficient amount of a complimentary counterion to produce a simple adhesive

coacervate; and
(b crosslinking the simple adhesive coacervate to produce the adhesive.
The adhesive of claim 1, wherein the polyeletrolyte is a polycation.

The adhesive of claim 2, wherein the polycation comprises electrostatically
associated block copolymers, wherein the block co-polymers comprise
alternating polycationic blocks and polyanionic blocks, and the polycation has

a net positive charge at the pH the simple adhesive coacervate is formed.

The adhesive of claim 2, wherein the polycation comprises a polysaccharide, a

protein, a synthetic polyamine, or a synthetic polypeptide.

The adhesive of claim 4, wherein the protein comprises a recombinant protein

or a genetically modified protein.

The adhesive of claim 2, wherein the polycation comprises an amine-modified

natural polymer.

The adhesive of claim 2, wherein the polycation comprises an amine-modified

protein.

The adhesive of claim 7, wherein the amine-modified natural polymer
comprises gelatin or collagen modified with one or more alkylamino groups,
heteroaryl groups, or an aromatic group substituted with one or more amino
groups.
The coacervate of claim 2, wherein the polycation comprises gelatin modified
with ethylenediamine.
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10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

The adhesive of claim 2, wherein the polycation has a pI value greater than 7.
The adhesive of claim 1, wherein the polyeletrolyte is a polyanion.

The adhesive of claim 11, wherein the polyanion comprises electrostatically
associated block copolymers, wherein the block co-polymers comprisc
alternating polycationic blocks and polyanionic blocks, and the polycation has

a net negative charge at the pH the simple adhesive coacervate is formed.

The adhesive of claim 11, wherein the polyanion comprises a polysaccharide,

a protein, or a synthetic polypeptide.

The adhesive of claim 12, wherein the polysaccharide comprises a
hyaluronate, arabic gum, an alginate, chondroitin sulfate, dermatan, dermatan

sulfate, heparan sulfate, or any combination thereof.

The adhesive of claim 11, wherein the polyanion comprises one or more
sulfate, sulfonate, carboxylate, borate, boronate, phosphonate, phosphate

groups, or any combination thereof.

The adhesive of claim 11, wherein the polyanion comprises a polyphosphate

compound.

The adhesive of claim 16, wherein the polyphosphate compound comprises a
natural compound, a chemically modified natural compound, or a synthetic

analog.

The adhesive of claim 17, wherein the natural compound comprises DNA, a

cyclic polyphosphonate, or a protein.

The adhesive of claim 17, wherein the chemically modified natural compound
comprises a phosphorylated protein or polysaccharide.

The adhesive of claim 16, wherein the polyphosphate compound comprises at

least one phosphate group pendant to the polymer backbone and/or at least one

phosphate group incorporated in the polymer backbone.
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21.

22.

The adhesive of claim 11, wherein the polyanion comprises a polyacrylate

comprising one or more pendant phosphate groups.

The adhesive of claim 11, wherein the polyanion comprises a polymer

comprising at least one fragment comprising the formula X

R4
[ ]
N
C=—0
%
(CHZ)n
l

wherein R* is hydrogen or an alkyl group;
nis from 1 to 10;

Y is oxygen, sulfur, or NR™, wherein R is hydrogen, an alkyl group, or an
aryl group;
7. 1s an anionic group or a group that can be converted to an anionic group,

or the pharmaceutically-acceptable salt thereof.

The adhesive of claim 22, wherein Z comprises sulfate, sulfonate, carboxylate,

borate, boronate, a substituted or unsubstituted phosphate, or a phosphonate.

The adhesive of claim 11, wherein the polyanion comprises a polymer

comprising at least one fragment comprising the formula II
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|
EZ_T i
T
|
(CH,),

OR4O

wherein R* is hydrogen or an alkyl group,

nis from 1 o 10,

RY is hydrogen, an alkyl group, or an aryl group, or
0O O
——P—O0—1—P——OR*

OR41 OR41
V)

wherein R* is, independently, hydrogen, an alkyl group, an aryl group, a

phosphale group, or the pharmaceutically-acceptlable salt thereol.
25. The adhesive of claim 24, wherein R* is methyl, R is hydrogen, n is 2.

26. The adhesive of claim 11, wherein the polyanion compound comprises from

10 0 90 mole % phosphalte groups.

27. The adhesive ol claim 1, wherein the crosslinking group comprises an

electrophilic group.
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28.

29.

O8]
[O8]

34.

35.

36.

37.

38.

The adhesive of claim 1, wherein the crosslinking group comprises at least one
dihydroxyl aromatic group capable of undergoing oxidation, wherein the

dihydroxyl aromatic group is covalently attached to the polyanion.

The adhesive of claim 1, wherein the crosslinking group comprises an

actinically crosslinkable group.

The adhesive of claim 29, wherein the actinically crosslinkable group

comprises an olefinic group.

The adhesive of claim 30, wherein the olefinic group comprises 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.

The adhesive of claim 1, wherein the polyeletrolyte comprises a polycation
and the complimentary counterion comprises at least one multivalent metal

cation.

The adhesive of claim 32, wherein the multivalent cation comprises one or

more divalent cations or one or more transition metal ions or rare earth metals.

The adhesive of claim 32, wherein the multivalent cation comprises Ca™

and/or Mg*™.

The adhesive of claim 1, wherein the adhesive further comprises one or more

bioactive agents or contrast agents.

The adhesive of claim 1, wherein the adhesive further comprises a

polymerizable monomer, a water-insoluble filler, or a combination thereof,

The adhesive of claim 36, wherein the monomer comprises a polymerizable

olefinic monomer comprising at least one olefinic group.

The adhesive of claim 36, wherein the monomer comprises two olefinic

groups.

50



WO 2012/065148 PCT/US2011/060500

39. The adhesive of claim 38, wherein the olefinic group comprises 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.

40. The adhesive of claim 36, wherein the monomer is a diacrylate compound or

dimcthacrylate compound.

41. The adhesive of claim 36, wherein the monomer is polyethylene glycol

diacrylate or polyethylene glycol dimethacrylate.

42. The adhesive of claim 36, wherein the monomer produces a biodegradable

internal network upon polymerization.

43, The adhesive of claim 36, wherein the filler comprises a metal oxide, a

ceramic particle, or a water insoluble inorganic salt.

44, The adhesive of claim 36, wherein the filler comprises nanosilica or

microsilica.

45. The adhesive of claim 36, wherein the filler comprises hydroxyapatite or

substituted hydroxyapatite.

46. The adhesive of claim 36, wherein the filler comprises a nano calcium

phosphate particle

47. The adhesive of claim 36, wherein the filler comprises alpha-tricalcium
phosphate, beta-tricalcium phosphate, amorphous-tricalcium phosphate, or any

combination thereof,

48, The adhesive of claim 36, wherein the filler comprises one or more
polymerizable olefinic groups capable of reacting with a crosslinkable group
on the polycation, polyanion, and/or the polymerizable olefinic monomer.

49, The adhesive of claim 36, wherein the filler comprises one or more

nucleophilic groups capable of reacting with a crosslinkable group on the

polycation, polyanion, and/or the polymerizable olefinic monomer.
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50. The adhesive of claim 36, wherein the coacervate further comprises a

polymerization initiator and optionally a co-initiator.

51. The adhesive of claim 50, wherein the polymerization initiator comprises (1)
one or more of a radical initiator, a thermal initiator, or a photoinitiator, or (2)

two or morc radical initiators, thermal initiators, or a photoinitiators.

52. The adhesive of claim 50, wherein the photoinitiator and optionally a co-

initiator are covalently attached to the polycation and/or polyanion.

|91
O8]

The adhesive of claim 50, wherein the photoinitiator comprises a water-

soluble initiator comprising riboflavin, eosin, eosin y, or rose Bengal.

54. The adhesive of claim 1, wherein the crosslinking step is performed in the

presence of an oxidant.

55. The adhesive of claim 54, wherein the oxidant comprises O, NalQy, a

peroxide, or a transition metal oxidant, or a reversible oxidant complex.

56. The adhesive of claim 1, wherein the crosslinking step further comprises

raising the pH in order to crosslink the coacervate.

57. The adhesive of claim 1, wherein the crosslinking group on the polyelectrolyte

crosslinks with itself.

58. The adhesive of claim 1, wherein the crosslinking step is performed in the

presence of a crosslinker.

59. The adhesive of claim 58, wherein the crosslinker comprises at least two
nucleophilic groups.

60. The adhesive of claim 59, wherein the nucleophilic group comprises a

hydroxyl group, a thiol group, an amino group, or any combination thereof.

61. The adhesive of claim 58, wherein the crosslinker comprises an oligoamine,

an oligothiol, or an oligopeptide.

62. The adhesive of claim 58, wherein the crosslinker comprises HNCH,;NH,

H,NCH,CH;NH,, H,NCH,CH,CH,NH,, H,NCH,CH,CH,CH,NH,,
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64.

66.

67.

68.

69.

70.

71.

H,NCH,CH.CH,CH,CH;NH,, H,NCH,NHCH,CH>CH;NH,,
H,NCH,CH;NHCH»CH>CH>NH,,
H,NCH,CH,CH,NHCH,CH-CH>CH>NHCH>CH,CH:NH,,
H;NCH,CH;NHCH,CH,CH,CH;NH,, or
H,NCH,CH;NHCH>CH>CH>,NHCH,CH,CH;NHa.

The adhesive of claim 58, wherein the crosslinker comprises a surface-

modified nanoparticle.

The adhesive of claim 1, wherein the crosslinker comprises two or more

actinically crosslinkable groups.

The adhesive of claim 1, wherein the crosslinking step is performed in the

presence of an oxidant and a crosslinker.

An adhesive comprising a crosslinked polyelectrolyte, wherein the
polyelectrolyte comprises a polyanion or polycation but not a combination
thereof, the polyelectrolyte comprises at least one crosslinking group, and the

adhesive comprises a complimentary counterion.

A simple adhesive coacervate produced by the process comprising preparing a
solution comprising (1) a polyelectrolyte, wherein the polyelectrolyte
comprises a polyanion or polycation but not a combination thereof, the
polyeletrolyte comprises at least one crosslinking group, and (2) a sufficient
amount of a complimentary counterion to produce a simple adhesive
coacervate,

A substrate comprising an adhesive of claims 1-66 on at least one surface of

the substrate.
The substrate of claim 68, wherein the substrate is wet,
The substrate of claim 68, wherein the substrate is dry.

The substrate of claim 68, wherein the substrate is used in an aqueous

environment.
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2.

76.

7.

78.

79.

80.

81

82.

The substrate of claim 68, wherein the substrate comprises a metal substrate, a

foil, a fiber, a tape, or a piece of cloth.

The substrate of claim 68, wherein the substrate comprises a device that can be

implanted in a subject.
The substrate of claim 68, wherein the substrate comprises coral.

A method for adhering two substrates to onc another comprising (a) applying
the adhesive of claims 1-66 to the surface of the first substrate and/or the
second substrate, and (b) applying the first substrate to the second substrate,
wherein the adhesive is in contact with both the first substrate and second

substrate.

The method of claim 75, wherein first substrate and/or the second substrate is

welt.

The method of claim 75, wherein first substrate and/or the second substrate is
dry.

The method of claim 75, wherein first substrate and/or the second substrate are

present in an aqueous environment.

The method of claim 75, wherein the first substrate and/or the second substrate
comprises coral, a marker, a beacon, an ordinance, or a material for producing

an artificial reef.

The method of claim 78, wherein the aqueous environment comprises
freshwater or salt water.

A method for repairing a bone fracture in a subject, comprising contacting the
fractured bone with the adhesive of claims 1-66.

The method of claim 81, wherein the fracture comprises 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
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84.

86.

g7.

88.

9.

90.

91.

92.

93.

fracture, an open fracture, an intra-articular fracture, or a craniofacial bone

fracture.

The method of claim 82, wherein the method comprises adhering a fractured

piece of bone to an existing bone.

A method for adhering a substrate to a bone of a subject comprising contacting

the bone and/or substrate with the adhesive of claims 1-66.

A method for adhering a bone-tissue scaffold to a bone of a subject
comprising (a) contacting the bone and/or tissue with the adhesive of claims 1-

66, and (b) applying the bone-tissue scaffold to the bone and tissue.

The method of claim 85, wherein the tissue comprises cartilage, a ligament, a
tendon, a soft tissue, an organ, a membranous tissue, or synthetic derivative

thereof.

The method of claim 85, wherein the scaffold comprises one or more drugs

that facilitate growth or repair of the bone and tissue.
The use of the adhesive of claims 1-66 in a dental application.
The use of claim 88, wherein the use comprises treating a dental defect.

A methaod for securing a dental implant, comprising (a) applying to an oral
substrate and/or dental implant the adhesive of claims 1-66, and (b) attaching

the dental implant to the substrate.

A method for delivering one or more bioactive agents comprising

administering the adhesive of claims 1-66 to a subject.

A method for inhibiting blood flow in a blood vessel of a subject comprising

introducing the adhesive of claims 1-66 into the vessel.

A method for treating an ocular wound in a subject, comprising applying to

the wound the adhesive of claims 1-66.
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94.

96.

97.

98.

99.

100.

101.

The method of claim 93, wherein the wound comprises a corneal laceration, a
schleral laceration, a surgical incision, a wound from glaucoma surgery, or a

corneal transplant.

The use of the adhesive of claims 1-66 to seal the junction between skin and

an inscrted medical device.

A method of closing or sealing a puncture in an internal tissue or membrane
comprising (a) applying the simple adhesive coacervate of claims 1-66 to the

puncture and (b) crosslinking the polyelectrolyte in the coacervate.

A method of closing or sealing a puncture in internal tissue or membrane by

adhering a scaffold to the puncture with the adhesive of claims 1-66.

A method for modifying the one or more surface properties of a substrate, the
method applying to the substrate surface a simple adhesive coacervate
prepared by a solution comprising (1) a polyelectrolyte, wherein the
polyelectrolyte comprises a polyanion or polycation but not a combination
thereof, the polyeletrolyte comprises at least one crosslinking group, and (2) a
sufficient amount of a complimentary counterion to produce a simple adhesive

coacervate.

The method of claim 98, wherein the surface property is wettability, corrosion
resistance, anti-fouling, or promotion of specific interactions on the surface of

the substrate,

A kit comprising (1) a polyelectrolyte, wherein the polyelectrolyte comprises a
polyanion or polycation but not a combination thereof, wherein the
polyeletrolyle comprises at least one crosslinking group; (2) a sufficient
amount a complimentary counterion to produce a simple adhesive coacervate;
and (3) a crosslinker.

A kil comprising (1) a simple adhesive coacervate comprising (a) a
polyelectrolyte, wherein the polyelectrolyte comprises a polyanion or
polycation but not a combination thereol, the polyeletrolyte comprises at least
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102.

one crosslinking group, and (b) a sufficient amount a complimentary

counterion to produce a simple adhesive coacervate, and (2) a crosslinker.

The kit of claims 100 or 101, wherein the kit further comprises (1) a
polymerizable monomer and/or water-insoluble filler, and (2) a

polymerization initiator and optionally a co-initiator.

The kit of claims 100-102, wherein the kit further comprises an oxidant.
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Protein Sequences
Amino Acid Mol %
Pc1 Pe2  Pc3a Pc3bh  Pc4 Pcs  Pc6  Pc7 Pc8 Predicted*Experimental

Ala(pA) 7.8 20.0 2.3 0.0 7.7 9.2 52 5.8 59 7.2 9.8

Ag(R) 05 21 100 03 04 20 58 36 142 20 2.9 @
Asn(Ny 0.0 21 0.0 0.0 24 1.4 30 H"7 1.2 1.0 2.8
Asp{D) 0.0 0.0 1.5 0.0 0.0 0.0 8.2 5.1 0.0 0.2

Cys(C) 3.1 1.1 48 0.6 0.8 0.0 1.5 3.6 124 1.5 0.4 N
Gin(Q) 05 0.0 0.0 0.0 0.0 0.0 2.1 2.2 0.6 0.1 1.4

Glu(E) 05 0.0 0.0 0.0 0.0 4.3 6.1 1.5 0.0 0.6

Gly (G) 41.7 274 0.0 00 337 206 97 182 325 20.0 26.2

His(H) 0.0 8.9 0.0 00 126 113 09 0.0 0.0 53 35 @ N
le() 16 0.5 1.5 0.0 1.6 2.8 1.2 1.5 1.2 11 0.6

leu(l) 36 3.2 46 0.0 7.7 5.7 42 2.2 11.8 3.8 34

Lys (K) 13.5 6.8 4.8 0.3 41 2.1 94 5.1 47 48 4.4 +IN
Mel (M) 0.5 0.0 0.0 0.0 0.0 4.3 0.3 0.7 0.6 0.6

Phe (F) 05 1.6 2.3 0.0 0.0 2.8 1.8 3.6 0.6 0.9 1.1

Pro(P) 0.0 3.7 0.8 0.0 2.4 1.3 6.1 5.8 1.2 2.5 2.7

Ser{(S) 1.0 3.7 515 881 3.3 1.4 7.0 4.4 24 30.1 285 @
Thr{T) 05 16 46 0.0 2.8 5.7 6.4 3.6 0.6 2.1 2.2
Tp(W) 0.0 2.6 0.8 0.0 2.0 43 0.6 0.7 0.0 1.4

Tyr{Y) 17.2 8.9 77 107 106 43 136 146 47 10.3 6.1

Val(v} 73 5.8 31 0.0 7.7 5.7 7.0 5.8 53 4.8 34
* Predicted mol% based on one copy of each of the five proteins. "
1 Experimental mol% from amino acid analysis of acid hydrolyzed glue. @: positive charge

@z negative charge
N = nucleophilic
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