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ZWITTERIONIC POLYSACCHARIDE POLYMERS HAVING
ANTIFOULING, ANTIMICROBIAL AND OPTICAL
TRANSPARENCY PROPERTIES

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. provisional patent application
serial number 61/890,515 entitled “Zwitteration of Dextran: A Facile Route to Integrate
Antifouling, Switchability and Optical Transparency into Natural Polymers,” filed

October 14, 2013, which are incorporated herein by reference in their entirety.

FIELD OF THE INVENTION

[0002] One or more embodiments of the present invention relates to switchable
antimicrobial and antifouling materials and coatings for use in various biomedical
applications. In certain embodiments, one or more embodiments of the present
invention relate to switchable antimicrobial and antifouling carboxybetaine-based

hydrogels with enhanced mechanical properties.

REFERENCE TO GOVERNMENT SUPPORT

[0003] The invention was developed at least in part with the support of U.S.
National Science Foundation grant number NSF CMMI-1129727. The government may

have certain rights in the invention.

BACKGROUND OF THE INVENTION

[0004] Recently, there has been increasing interests in antifouling materials for use
in various biomedical applications. Fouling is an undesired process in which molecules
and/or living organisms from environment attach and accumulate onto a surface. The
undesired surface adsorption of biomacromolecules for example, can cause the failure of
biomedical devices. Thus, materials with superior antifouling properties have been
urgently sought.

[0005] In recent years, zwitterionic materials, especially carboxybetaine (CB)-based
materials, have attracted great attention due to their outstanding antifouling properties,

as well as the capability of further functionalization for biosensing and drug delivery.
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These materials have been proven to effectively reduce bacterial attachment, biofilm
formation, and highly resist nonspecific protein adsorption even from undiluted blood
plasma.

[0006] These zwitterionic coatings can reduce initial attachment and delay biofilm
formation on surfaces, but they are not able to kill attached microorganisms. Pathogenic
microbes are sometimes introduced into the patient during implantation operations and
catheter insertions, causing the failure of implanted devices. Antimicrobial agents are
necessary to eliminate these microbes. Surface-responsive materials with antimicrobial
properties have been developed for a broad spectrum of applications, but there has been
a need for materials and coatings having both antimicrobial and
antifouling/biocompatibility capabilities.

[0007] Polysaccharides are most abundant and most commonly used natural
polymers, which have been used in many biotech and biomedical applications, including
coatings, biosensing, tissue engineering, drug delivery, and bioseparation/purification.
Polysaccharide-based materials have attracted a great attention due to their ability of
resisting proteins, mammalian cells and microbes, biocompatibility, biodegradability,
capability of further functionalization for biosensing and drug delivery, as well as design
flexibility for a broad range of applications.

[0008] Despite intense interests in polysaccharide materials, there are several
challenges to be addressed to let the potential of polysaccharide materials fully realized
in biotech and biomedical applications. Firstly, antifouling properties of natural
polysaccharides are unsatisfactory in applications dealing with the complex medium.
For example, antifouling surface from dextran-derivatives in biosensing is not effective
in resisting protein fouling from blood sample. Agarose-based affinity protein
purification system is troubled by non-specific protein adsorption. Secondly, natural
polysaccharides do not carry both antifouling property and functionality to conjugate
other moieties (such as capture ligand and cell adhesion molecule), which are needed in
affinity bioseparation, biosensing, tissue engineering and drug delivery. In most cases,
functional groups such as tetrazole and carboxylate groups have to be incorporated into
polysaccharides. Excessive unreacted functional groups cause non-specific protein
adsorption, thus either reducing the sensitivity of the biosensor or leading to low purity
in bioseparation. Thirdly, natural polysaccharides can resist bacterial attachment but

cannot kill a small amount of attached microbes. Microorganisms can be introduced into
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patients during surgical procedures, and colonized microorganisms on the surface of the
implanted material/device will trigger inflammation and immune response.

[0009] Therefore, there is a need in the art for a polysaccharide polymer material
integrating the desired properties including excellent antifouling property to prolong the
lifetime of implanted materials, antimicrobial property to eliminate surgical infection
and chronic inflammation, and functionality for conjugating bioactive moieties to

promote tissue integration, without the limitations present in the prior art.

SUMMARY OF THE INVENTION

[0010] In general outline, the present invention is directed to a versatile and high
performance zwitterionic polysaccharide platform for various biotech and biomedical
applications that addresses the deficiencies found in existing polysaccharide materials.
Embodiments of the present invention depart from the conventional approach of
blending of polysaccharide with other functional materials by integrating all required
functions (e.g. enhanced antifouling, biocompatibility, functionality for further
modification, sensitivity to environmental stimuli and antimicrobial properties) into one
polymer chain. The integrated zwitterionic polysaccharides of various embodiments of
the present invention consist of a polysaccharide backbone and multifunctional
zwitterionic side chains. These polysaccharides can obtain excellent biocompatibility,
sensitivity to environmental stimuli, functional groups for bioconjugation and
antimicrobial property via multifunctional zwitterionic side chains, while zwitterionic
materials can obtain biodegradability from the polysaccharide backbone.

[0011] In a first aspect, the present invention provides a zwitterionic composition
having excellent anti-fouling, switchability, antimicrobial and optical properties
comprising: a polymer backbone and one or more zwitterionic moieties chemically
bonded to said polymer backbone wherein the zwitterionic moieties further comprising a
carboxybetaine group. In some embodiments, the zwitterionic moieties have at least one
ethanol, propanol, butanol or pentanol group bonded to the nitrogen atom of said
carboxybetaine group. In some embodiments, the polymer backbone comprises a
polysaccharide polymer backbone. In one or more embodiments, the zwitterionic
composition may include, without limitation, any one or more embodiments of the first

aspect of the present invention wherein the degree of substitution of one or more
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zwitterionic moieties comprise from 1% to 300%. In one or more embodiments, the
zwitterionic composition may include any one or more embodiments of the first aspect
of the present invention wherein the weight average molecular weight of the
zwitterionic composition is from 300 to 10,000,000 daltons.

[0012] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention wherein the
polymer backbone comprises a (poly(vinyl alcohol), poly(2-hydroxyethyl methacrylate),
poly(2-hydroxyethyl  acrylate), poly(3-hydroxypropyl methacrylate), poly(3-
hydroxypropyl acrylate), poly(4-hydroxybutyl methacrylate), poly(5-hydroxypentyl
acrylate), poly(5-hydroxypentyl methacrylate), poly(4-hydroxybutyl acrylate), poly(N(2-
hydroxyethyl)methacrylamide), poly(N-(3-hydroxypropyl)methacrylamide), poly(N-(4-
hydroxybutyl)methacrylamide), poly(N-(5-hydroxypentyl)methacrylamide), poly(N-(2-
hydroxyethyl)acrylamide), poly(N-(3-hydroxypropyl)acrylamide), poly(N-(4-
hydroxybutyl)acrylamide), poly(N-(5-hydroxypentyl)acrylamide), polyserine, poly
lysine, polyamine, polyphenol, poly(1-glycerol methacrylate), poly(2,3-
dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanol), poly(2-(2,3-dihydrothieno[3,4-
b][1,4]dioxin-2-yl)ethan-1-ol), poly(3-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-
yDpropan-1-ol), poly(1-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)propan-2-ol), poly(3-
(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)propane-1,2-diol), poly(4-(2,3-
dihydrothieno[3,4-b][1,4]dioxin-2-yl)butan-1-ol), poly(5-(2,3-dihydrothieno[3,4-
b][1,4]dioxin-2-yl)pentan-1-ol), poly(5-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-
yDpentan-2-ol), poly(5-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)pentane-2,3-diol),
poly(1-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)pentane-2,3,4-triol), poly(1-(2,3-
dihydrothieno[3,4-b][1,4]dioxin-2-yl)ethan-1-0l), or poly(5-(2,3-dihydrothieno[3,4-
bl[1,4]dioxin-2-yl)pentan-1-ol) ) having hydroxyl or amine groups available for
bonding.

[0013] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention wherein said
polymer backbone is selected from the group consisting of dextran, cellulose, starch,
glycosaminoglycans, mannan, dextrin, agar, agarose, alginic acid, alguronic acid,
amylose, alpha glucan, amylopectin, beta-glucan, callose, carrageenan, cellodextrin,
chitin, chitosan, chrysolaminarin, cyclodextrin, DEAE-sepharose, ficoll, fructan,

fucoidan, galactoglucomannan, galactomannan, gellan gum, glucan, glucomannan,
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glucuronoxylan, glycocalyx, glycogen, hemicellulose, homopolysaccharide,
hypromellose, inulin, laminarin, lentinan, levan polysaccharide, lichenin, mixed-linkage
glucan, paramylon, pectic acid, pectin, pentastarch, phytoglycogen, pleuran,
polydextrose, polysaccharide peptide, porphyran, pullulan, sepharose, xylan, xyloglucan,
zymosan, hyaluronan, heparin, and combinations thereof.

[0014] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention wherein said one

or more zwitterionic side chains have a formula selected from the group consisting of:
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[0015] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention wherein said one

or more zwitterionic moieties have a formula selected from:

Ry o) (XXXD)
wherein R, is -O-, -NH-, -C(O)NH-, -CH,C(O)NH-, -CH,CH,C(O)NH-, -(CH,),,C(O)NH-,
— NHC(O)-, -NHC(0O)CH,-, -NHC(0O)CH,CH,-, -NHC(0O)(CH,) .-, -(CH,) ,NHC(O)(CH,),-,
-(CH,) ,NHC(O)O(CH,),-, -(CH,),,OC(O)NH(CH,),-, -(CH,),,C(O)NH(CH,),-,
NHC(O)(CH,),,C(O)NH-, -OC(0)(CH,),,C(O)NH-, -O(CH,),,C(O)NH-, -
NHC(0O)(CH,),,0-, -NHC(0O)(CH,),C(0)0-, -C(0)0-, -CH,C(0)0O-, -CH,CH,C(0)0-,
(CH,),C(0)O-, O0C(0)-, -0C(O)CH,, -0C(O)CH,CH,-, -OC(0O)(CH,,-,
OC(0)(CH,),,C(0)0O-, -0OC(0)(CH,,0-, -0(CH,,C(0)O-, -(CH,),O0C(0)(CH,),-,
(CH,),,C(O)O(CH,),-, -CH,0-, -CH,CH,0-, -CH,CH,CH,0-, -CH,CH,CH,CH,O-,
CH,CH,CH,CH,CH,0-, -CH,CH,CH,CH,CH,CH,0-, -(CH,),,0-, -O(CH,),0-, -O(CH,) .-, —
(CH,),-, —O(CH,CH,0),,,—(0OCH,CH,),- or —-(CH,CH,0),-; R, is -CH,-, -CH,CH,-, -
CH,CH,CH,-, -CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,-, or —(CH,),~; Ry is -H, -CH,,
CH,CH, -CH,CH,CH,, -CH,CH,CH,CH,, -CH,CH,0H, -CH,CH,CH,0H, -CH,CH,CH,CH,0H
or -CH,CH,CH,CH,CH,OH; R, is -H, -CH,, CH,CH,, -CH,CH,CH,, -CH,CH,CH,CH,, -
CH,CH,0OH, -CH,CH,CH,0H, -CH,CH,CH,CH,0OH, or -CH,CH,CH,CH,CH,OH; R, is -CH,-,
-CH,CH,-, -CH,CH,CH,-, -CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,-, or -(CH,),; m, n, x and

y are each an integer from 1 to 20; vwvw is the polymer backbone.
[0016] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention wherein said one

or more zwitterionic moieties has the formula:
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Ry
e RZ\/\S/ Rs\,L/ RG\H/O_
Rs o (XXXID)

wherein R, is —O-, -NH-, -C(0)NH-, -CH,C(0)NH-, —-CH,CH,C(0)NH-, -(CH,),.C(O)NH-,
— NHC(0)-, -NHC(0)CH,-, -NHC(0)CH,CH,-, -NHC(0)(CH,),.-, -(CH,) .NHC(0)(CH,) -,
-(CH,),NHC(O)O(CH,),-, -(CH,),,0C(O)NH(CH,),-, -(CH,),,C(O)NH(CH,),-,
NHC(0O)(CH,),,C(O)NH-, -OC(0)(CH,),,C(O)NH-, -O(CH,),,C(0O)NH-, -NHC(O)(CH,),,0-
, -NHC(O)(CH,),C(0)0O-, -C(0)O-, -CH,C(0)0-, —-CH,CH,C(0)0O-, -(CH,),C(0)0-,
0C(0)-, -OC(O)CH,-, -OC(O)CH,CH,-, -OC(O)(CH,),-, -OC(0O)(CH,),C(0)O-, -
0OC(0)(CH,),0-, -O(CH,,,C(0)0O-, -(CH,),,0C(O)(CH,),-, -(CH,),C(O)O(CH,),-, -CH,0-
, -CH,CH,0-, -CH,CH,CH,0-, -CH,CH,CH,CH,0-, -CH,CH,CH,CH,CH,0O-,
CH,CH,CH,CH,CH,CH,0-, -(CH),0-, -0O(CH),0-, -O(CH,,-, -(CH,).-,
0(CH,CH,0),,,~(OCH,CH,)- or —(CH,CH,0),-; R, is -CH,-, -CH,CH,-, -CH,CH,CH,-, -
CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,-, —-(CH,),-, -NHC(0)-, -C(O)NH-, -NHC(0O)O-, —
NHC(O)CH,-, -NHC(0)CH,CH,-, NHC(0O)(CH,),-, -NHC(O)O(CH,),-, -OC(O)NH(CH,),-
-OC(O)NH(CH,),-, —OC(0)-, -OC(0)CH,-, -OC(O)CH,CH,- or —OC(O)(CH,),-; Ry is -
CH,CH,-, -CH,CH,CH,-, -CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,-, or —(CH,),-; R, is -H, -
CH,;, -CH,CH, -CH,CH,CH,, -CH,CH,CH,CH,;, -CH,CH,OH, -CH,CH,CH,OH,
CH,CH,CH,CH,0H, or -CH,CH,CH,CH,CH,OH; R, is -H, -CH,, CH,CH,, -CH,CH,CH,, -
CH,CH,CH,CH,,  -CH,CH,0H, -CH,CH,CH,0H, -CH,CH,CH,CH,0H, or -
CH,CH,CH,CH,CH,OH; R, is -CH,-, -CH,CH,, -CH,CH,CH,, -CH,CH,CH,CH,-,
CH,CH,CH,CH,CH,- or —-(CH,),-; m, n, X, y and z are each an integer from 1 to 20; and
s the polymer backbone.

[0017] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention wherein said one

or more zwitterionic moieties have the formula:

R4
Rs——N—Rs
R R, Rs
~— \/\s e
(0]
O (XXXIIT)
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wherein R, is —O-, -NH-, ~C(O)NH-, ~CH,C(0)NH-, -CH,CH,C(0)NH-, -(CH,),C(O)NH-,
~NHC(0)-, -NHC(0)CH,-, -NHC(0)CH,CH,-, -NHC(0) (CH,)..-, -(CH,)mNHC(0) (CH,) -,
-(CH,),NHC(O)O(CH,),-, -(CH,),,0C(O)NH(CH,),-, -(CH,),,C(O)NH(CH,),-, -
NHC(0O)(CH,),,C(O)NH-, -OC(0)(CH,),,C(O)NH-, -O(CH,),,C(0O)NH-, -NHC(O)(CH,),,0-
, -NHC(O)(CH,),,C(0)O-, -C(0)0-, —-CH,C(0)0-, —-CH,CH,C(0)0O-, -(CH,),,C(O)O-, -
0C(0)-, -OC(O)CH,-, -OC(O)CH,CH,-, -OC(O)(CH,),-, -OC(0O)(CH,),C(0)O-, -
0OC(0)(CH,),0-, -O(CH,,,C(0)0O-, -(CH,),,0C(O)(CH,),-, -(CH,),C(O)O(CH,),-, -CH,0-
, -CH,CH,0-, -CH,CH,CH,0-, -CH,CH,CH,CH,0-, -CH,CH,CH,CH,CH,O-, -
CH,CH,CH,CH,CH,CH,0-, -(CH),0-, -0O(CH),0-, -O(CH,,-, -(CH,).-,
0(CH,CH,0),,,~(OCH,CH,)- or —(CH,CH,0),-; R, is -CH,-, -CH,CH,-, -CH,CH,CH,-, -
CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,-, —(CH,),-, -NHC(O)-, -NHC(O)CH,-,
NHC(O)CH,CH,-, NHC(O)(CH,),-, —-OC(0)-, —-OC(O)CH,, —-OC(O)CH,CH,- or -
OC(0)(CH,)~; R, is -CH,CH,-, -CH,CH,CH,-, -CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,- or —
(CH),; R, is -H, -CH,, CH,CH, -CH,CH,CH,, -CH,CH,CH,CH,, -CH,CH,OH, -
CH,CH,CH,OH, -CH,CH,CH,CH,OH, or -CH,CH,CH,CH,CH,OH; R, is -H, -CH,, CH,CH.,
-CH,CH,CH,, -CH,CH,CH,CH,, -CH,CH,0H, -CH,CH,CH,0H, -CH,CH,CH,CH,0H or -
CH,CH,CH,CH,CH,0H; R, is -H, -CH,, CH,CH, -CH,CH,CH,, -CH,CH,CH,CH,, -
CH,CH,OH, -CH,CH,CH,OH, -CH,CH,CH,CH,0H, or -CH,CH,CH,CH,CH,0H; m, n, x
and y are each an integer from 1 to 20; and vwww is the polymer backbone.

[0018] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention wherein said one

or more zwitterionic moieties have the formula:

Ry
Q Rs_'!l_l__Re
. R3\S R
@)
K - o)

wherein R, is —~O-, -NH-, ~C(0)NH-, —-CH,C(0)NH-, ~-CH,CH,C(0)NH-, -(CH,),,C(O)NH-,
— NHC(0)-, -NHC(0O)CH,-, -NHC(O)CH,CH,-, -NHC(0)(CH,),.-, -(CH,),NHC(O)(CH,),-,
-(CH,) ,NHC(0)O(CH,),-, -(CH,),,0C(O)NH(CH,),-, -C(O)NH(CH,),-, -NHC(0)(CH,),-, -
(CH,),C(O)NH(CH,),-,  -NHC(O)(CH,),C(O)NH-,  -OC(0)(CH,),C(O)NH-, -
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O(CH,),,C(O)NH-, -NHC(0)(CH,),0-, —-CH,C(0)0-, -OC(O)CH,-, —-OC(0O)CH,CH,-, -
OC(O)(CHy,-, -0OC(0)(CHyY,0O-, -(CH,),O0C(0)(CH,),-, -(CHY,C(O)O(CH,),,
C(0)O(CH,),-, -OC(0)(CH,),-, -CH,0-, -CH,CH,0-, -CH,CH,CH,0-, -CH,CH,CH,CH,0-, -
CH,CH,CH,CH,CH,0-, -CH,CH,CH,CH,CH,CH,0-, -(CH,),,0-, -O(CH,),,0-, -O(CH,) .-, —
(CH,),,-, -O(CH,CH,0),,,-(0CH,CH,) - or —(CH,CH,0).-; R, is -CH, -CH,CH,, or -
CH,CH,CHs; R, is -CH,-, -CH,CH,-, -CH,CH,CH,-, -CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,-
or —(CH,),~; R, is -CH,CH,-, -CH,CH,CH,-, -CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,-, or —
(CH,,; Rs is -H, -CH, CH,CH, -CH,CH,CH,, -CH,CH,CH,CH,, -CH,CH,OH, -
CH,CH,CH,OH, -CH,CH,CH,CH,OH, or -CH,CH,CH,CH,CH,OH; R, is -H, -CH,, CH,CH.,
-CH,CH,CH,, -CH,CH,CH,CH,, -CH,CH,0H, -CH,CH,CH,0H, -CH,CH,CH,CH,0H or -
CH,CH,CH,CH,CH,0H; R, is -H, -CH,, CH,CH, -CH,CH,CH,, -CH,CH,CH,CH,, -
CH,CH,0H, -CH,CH,CH,OH, -CH,CH,CH,CH,0H or -CH,CH,CH,CH,CH,0H; m, n, x and
y are each an integer from 1 to 20; and vwwv is the -polymer backbone.

[0019] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention wherein said one

or more zwitterionic moieties have a formula selected from:
OH Tz (@]
R1\)\/ N3 )J\
| \R4 o
Rs

o)

OH R,
% |
R, N
\H\/ | \R4 o
R3
OH (XXXVI)

wherein R, is —O-, -NH-, -C(O)NH-, —-CH,C(O)NH-, -CH,CH,C(0)NH-, -(CH,),.C(O)NH-,
~NHC(0)-, -NHC(0)CH,-, -NHC(O)CH,CH,-, -NHC(0)(CH,),,-, -(CH,) ,NHC(0)(CH,),-,
-(CH,),,NHC(0)O(CH,),-,-(CH,) ,0C(O)NH(CH,),, -(CH,), C(O)NH(CH,), -, -
NHC(0)(CH,),,C(O)NH-, -OC(0)(CH,),,C(0)NH-, -O(CH,),,C(0)NH-, -NHC(0)(CH,),,0-
, -NHC(0)(CH,),C(0)0-, -C(0)0-, —-CH,C(0)0-, —-CH,CH,C(0)0-, -(CH,),,C(0)O-,
0C(0)-, -OC(0)CH,-, -OC(O)CH,CH,-, -OC(0)(CH,),, -OC(0)(CH,),C(0)O-, -
0C(0)(CH,),,0-, -O(CH,),,C(0)O-, -(CH,),,0C(0)(CH,),-, -(CH,),,C(0)O(CH,),, -CH,O-
, -CH,CH,0-, -CH,CH,CH,0-, -CH,CH,CH,CH,0-, -CH,CH,CH,CH,CH,O-,

(XXXV) and
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CH,CH,CH,CH,CH,CH,0-, -(CHy,0-, -O(CH,,0-, -O(CHp,-, -(CH,),-,
O(CH,CH,0),,~(0CH,CH,),- or —(CH,CH,0),,-; R, is -H, -CH,, CH,CH, -CH,CH,CH,, -
CH,CH,CH,CH,, -CH,CH,0H, -CH,CH,CH,0H, -CH,CH,CH,CH,0H, or -
CH,CH,CH,CH,CH,0H; R, is -H, -CH, CH,CH, -CH,CH,CH, -CH,CH,CH,CH,,
CH,CH,OH, -CH,CH,CH,0H, -CH,CH,CH,CH,0H, or-CH,CH,CH,CH,CH,0H, R, is -CH,-,
-CH,CH,-, -CH,CH,CH,-, -CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,- or —(CH,),-; m, n and x
are each an integer from 1 to 20; and v~»vw is the - polymer backbone.

[0020] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention wherein said one

or more zwitterionic moieties have the formula:

R;
% /\K\| _~Rs o
Y

OH lz o} (XXXVID)

wherein R, is -H, -CH,, CH,CH, -CH,CH,CH,, -CH,CH,CH,CH,, -CH,CH,OH, -

CH,CH,CH,0H, -CH,CH,CH,CH,0H, or -CH,CH,CH,CH,CH,0H; R, are -H, -CH,

CH,CH,, -CH,CH,CH,, -CH,CH,CH,CH,, -CH,CH,0OH, -CH,CH,CH,OH, -

CH,CH,CH,CH,0H, or-CH,CH,CH,CH,CH,0H; R, is -CH,-, -CH,CH,-, -CH,CH,CH,-, -

CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,- or —(CH,),-; n is an integer from 1 to 20; and
v s the polymer backbone.

[0021] In one or more embodiments, the zwitterionic composition may include any

one or more embodiments of the first aspect of the present invention wherein said one

or more zwitterionic moieties have the formula:

(XXXVIID)

wherein R, is —O-, -NH-, -C(O)NH-, —-CH,C(O)NH-, -CH,CH,C(0)NH-, -(CH,),.C(O)NH-,
— NHC(0)-, -NHC(0)CH,-, -NHC(0)CH,CH,-, -NHC(0)(CH,), -, -(CH,) ,NHC(0)(CH,),,
-(CH,),NHC(0)O(CH,),-,  -(CH,), OC(O)NH(CH,),-,  -(CH,),C(O)NH(CH,),-, -
NHC(0) (CH,),,C(O)NH-, -OC(0)(CH,),,C(0)NH-, -O(CH,),,C(0)NH-, -NHC(0)(CH,),,0-
, -NHC(0)(CH,),C(0)0-, -C(0)0-, —-CH,C(0)0-, —-CH,CH,C(0)0-, -(CH,),C(0)0-,
0C(0)-, -OC(0)CH,-, -OC(0O)CH,CH,-, -OC(0)(CH,),, -OC(0)(CH,),C(0)O-, -
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0C(0)(CH,),,0-, -O(CH,),,C(0)O-, -(CH,),,0C(0)(CH,),-, -(CH,),C(0)O(CH,),-, -CH,0-
, -CH,CH,0-, -CH,CH,CH,0-, -CH,CH,CH,CH,0-, -CH,CH,CH,CH,CH,O-,
CH,CH,CH,CH,CH,CH,0-, -(CH),0-, -O(CH),0-, -O(CH,),-, —(CH,),-,
O(CH,CH,0),,~(0CH,CH,),- or —(CH,CH,0),-; R, is -CH,, CH,CH,- -CH,CH,CH,-, -
CH,CH,CH,CH,-, or —(CH,),-, R, is -H, -CH,, CH,CH, -CH,CH,CH,, -CH,CH,CH,CH;, -
CH,CH,OH, -CH,CH,CH,OH, -CH,CH,CH,CH,OH, or -CH,CH,CH,CH,CH,OH; R, is -H, -
CH, CH,CH, -CH,CH,CH, -CH,CH,CH,CH, -CH,CH,0OH, -CH,CH,CH,OH,
CH,CH,CH,CH,OH, or-CH,CH,CH,CH,CH,0OH; R, is -CH,-, -CH,CH,-, -CH,CH,CH,-, -

CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,- or —(CH,),-; m, n, x and y are each an integer

y 2
from 1 to 20; and vvwvw is the polymer backbone.

[0022] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention wherein the
zwitterionic moieties may comprise a carboxybetaine group, a sulfobetaine group, a
phosphobetaine group or any combinations thereof. In one or more embodiments, the
zwitterionic composition may include any one or more embodiments of the first aspect
of the present invention wherein said one or more zwitterionic moieties are selected

from the group consisting of 2-(di(methyl)(methylene)ammonio)acetate, 2-

((methyl) (methylene)ammonio)acetate,  2-((methylene)ammonio)acetate  2-(bis(2-

hydroxyethyl) (methylene)ammonio) acetate, 2-((2-
hydroxyethyl) (methylene) (methyl)ammonio) acetate, 2-((2-
hydroxyethyl) (methylene)ammonio) acetate, 3-((methyl) (methylene)ammonio)
propanoate, 3-(bi(methyl) (methylene)ammonio) propanoate, 3-(bis(2-
hydroxyethyl) (methylene)ammonio) propanoate, 3-((2-
hydroxyethyl) (methylene) (methyl)ammonio) propanoate, 3-((2-
hydroxyethyl) (methylene)ammonio) propanoate, and combinations and

analogs/derivatives thereof. In one or more embodiments, the zwitterionic composition
may include any one or more embodiments of the first aspect of the present invention
wherein said each of said one or more zwitterionic moieties has a corresponding cationic
ring form.

[0023] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention wherein the

cationic ring form has a formula selected from:
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Rs (XXXIX) and Rs (XL)

wherein R, is —O-, -NH-, -C(O)NH-, —-CH,C(O)NH-, -CH,CH,C(0)NH-, -(CH,),.C(O)NH-,
— NHC(0)-, -NHC(0)CH,-, -NHC(0)CH,CH,-, -NHC(0)(CH,),-, -(CH,) ,NHC(0)(CH,),,
-(CH),NHC(0)O(CH,),-,  -(CH,),OC(0)NH(CH,),-,  -(CH,),,C(O)NH(CH,),-,
NHC(0)(CH,),,C(O)NH-, -OC(0)(CH,),,C(0)NH-, -O(CH,),,C(0)NH-, -NHC(0)(CH,),,0-
, -NHC(0)(CH,),,C(0)0-, -C(0)O-, —CH,C(0)0-, —CH,CH,C(0)0-, -(CH,),C(0)O-,
0C(0)-, -OC(0)CH,-, -OC(0)CH,CH,-, -OC(0)(CH,),-, -OC(O)(CH,),C(0)O-,
0C(0)(CH,),,0-, -O(CH,),,C(0)O-, -(CH,),,0C(0)(CH,),-, -(CH,),,C(0)O(CH,),-, -CH,0
, -CH,CH,0-, -CH,CH,CH,0-, -CH,CH,CH,CH,0-, -CH,CH,CH,CH,CH,O-,
CH,CH,CH,CH,CH,CH,0-, -(CH,),,0-, -O(CH,),.0-, -O(CH,),,-, —(CH,) .-, ~O(CH,CH,0),.
, ~(OCH,CH,),- or —(CH,CH,0),; R, is -CH,-, -CH,CH,-, -CH,CH,CH,-, -CH,CH,CH,CH,-,
-CH,CH,CH,CH,-, or —(CH,), ,-; R, is -H, -CH,, -CH,CH,, -CH,CH,CH,, -CH,CH,CH,CH,,
CH,CH,OH, -CH,CH,CH,0H, -CH,CH,CH,CH,OH, or -CH,CH,CH,CH,CH,OH; R, is -CH,-
, -CH,CH,-, -CH,CH,CH,-, -CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,-, —(CH,), or

(CH,),0(CH,),-; R is any organic or inorganic anion; m, n, X, y and z are each an integer
from 1 to 20; and vwww» is the polymer backbone.

[0024] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention wherein the

cationic ring form of said one or more zwitterionic moieties has the formula:

(XLD)
wherein R, is -H, -CH,, -CH,CH, -CH,CH,CH, -CH,CH,CH,CH, -CH,CH,OH, -
CH,CH,CH,0H, -CH,CH,CH,CH,0H, or -CH,CH,CH,CH,CH,0H; R, is -CH,-, -CH,CH,-, -
CH,CH,CH,-, -CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,-, —(CH,),- or -(CH,),0(CH,),-; R" is
any organic or inorganic anion; y and z are each an integer from 1 to 20; and vwvv is

the polymer backbone.
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[0025] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention wherein the

cationic ring form of said one or more zwitterionic moieties has the formula:

(XLID)

wherein R, is -H, -CH,, -CH,CH, -CH,CH,CH, -CH,CH,CH,CH, -CH,CH,OH, -
CH,CH,CH,OH, -CH,CH,CH,CH,O0H or -CH,CH,CH,CH,CH,OH; R, is -CH,-, -CH,CH,-, -
CH,CH,CH,-, -CH,CH,CH,CH,-, or -CH,CH,CH,CH,CH,-; R is any organic or inorganic
anion; and vwvv is the polymer backbone. R, is -H, -CH,, -CH,CH,, -CH,CH,CH,, -
CH,CH,CH,CH,,  -CH,CH,0H, -CH,CH,CH,0H, -CH,CH,CH,CH,OH or -
CH,CH,CH,CH,CH,0H; R, is -CH,, -CH,CH,-, -CH,CH,CH,-, -CH,CH,CH,CH,-,
CH,CH,CH,CH,CH,-, —=(CH,),- or -(CH,),0(CH,),-; R’ is any organic or inorganic anion; y
and z are each an integer from 1 to 20; and vww\» is the polymer backbone.

[0026] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention wherein the

cationic ring form of said one or more zwitterionic moieties has the formula:

O
OH o Re
N+
R/\)\Rz)\/ | \R4
Rs

(XLIID)

wherein R, is —O-, -NH-, -C(O)NH-, —-CH,C(O)NH-, -CH,CH,C(0)NH-, -(CH,),.C(O)NH-,
~NHC(0)-, -NHC(0)CH,-, -NHC(O)CH,CH,-, -NHC(0)(CH,),,-, -(CH,) ,NHC(0)(CH,),-,
-(CH,),NHC(0)O(CH,),-,  -(CH,),OC(0)NH(CH,),,  -(CH,),C(O)NH(CH,),-,
NHC(0)(CH,),,C(O)NH-, -OC(0)(CH,),,C(0)NH-, -O(CH,),,C(0)NH-, -NHC(0)(CH,),,0-
, -NHC(0)(CH,),C(0)0-, -C(0)0-, —-CH,C(0)0-, —-CH,CH,C(0)0-, -(CH,),C(0)0-,
0C(0)-, -OC(0)CH,-, -OC(O)CH,CH,-, -OC(0)(CH,),, -OC(0)(CH,),C(0)O-, -
0C(0)(CH,),,0-, -O(CH,),,C(0)O-, -(CH,),,0C(0)(CH,),-, -(CH,),C(0)O(CH,),, -CH,O-
, -CH,CH,0-, -CH,CH,CH,0-, -CH,CH,CH,CH,0-, -CH,CH,CH,CH,CH,0-,
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CH,CH,CH,CH,CH,CH,0-, -(CHy,0-, -O(CH,,0-, -O(CHp,-, -(CH,),-,
O(CH,CH,0),,~(0CH,CH,),.- or —(CH,CH,0),-; R, is ~CH,, CH,CH,- -CH,CH,CH,- or -
CH,CH,CH,CH,-; R, is -H, -CH,, CH,CH, -CH,CH,CH,, -CH,CH,CH,CH,, -CH,CH,OH, -
CH,CH,CH,0H, -CH,CH,CH,CH,0H, or -CH,CH,CH,CH,CH,0H; R, is -H, -CH,, CH,CH.,
-CH,CH,CH,, -CH,CH,CH,CH,, -CH,CH,0H, -CH,CH,CH,0H, -CH,CH,CH,CH,0H, or -
CH,CH,CH,CH,CH,0H; R, is -CH,-, -CH,CH,-, -CH,CH,CH,-, -CH,CH,CH,CH,-, or -
CH,CH,CH,CH,CH,-, —(CH,),- or -(CH,),0(CH,),-; m, n, y and z are each an integer
from 1 to 20; and vvwvv is the polymer backbone.

[0027] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention wherein the
cationic ring form of said one or more zwitterionic moieties has a formula selected from

the group consisting of:

o}

MAWMXNWMXW

(XLIX) (LD (LID) (LIID)

o) o) O o) 0
OAé OAé OAé OAé :OAé
OH OH
(XLIV) XLV)  (XLVD)  (XLVID ©oxwvin
0 o 0 i
X & : Q
NH R \/\ AN

-15-



WO 2015/057645 PCT/US2014/060397

o
O 0O o
o
0
0 O 0
0
N+\R/\ N R N R
' N R OH A
OH OH OH
o o o
;/v\/vJ.N\Iv‘ .fvvvJ./vvw s uvvvlrwv- s and w\rvvl/vvv\ s
(LIV) (LVD) (LVID) (LVIID)

wherein R’ is any organic or inorganic anion and vww\ is the polymer backbone.
[0028] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention further comprising
one or more methacrylate, acrylate, acrylamide, methacrylamide side chains or
combination thereof. In one or more embodiments, the zwitterionic composition may
include any one or more embodiments of the first aspect of the present invention
wherein said one or more methacrylate, acrylate, acrylamide, methacrylamide side
chains or combination thereof cross link said composition. In one or more embodiments,
the zwitterionic composition may include any one or more embodiments of the first
aspect of the present invention wherein said composition is a hydrogel. In one or more
embodiments, the zwitterionic composition may include any one or more embodiments
of the first aspect of the present invention wherein the ratio of said one or more
methacrylate, acrylate, acrylamide, methacrylamide side chains or combination thereof
to glucose units in said polysaccharide polymer backbone is from 0.1% to 300%.

[0029] In one or more embodiments, the zwitterionic composition may include any
one or more embodiments of the first aspect of the present invention further comprising
a crosslinking compound. In one or more embodiments, the zwitterionic composition
may include any one or more embodiments of the first aspect of the present invention
wherein said one or more crosslinking compound comprises a compound selected from
the group consisting of di(methyl)acrylates, multi-(methyl)acrylates,
di(methyl)acrylamides, multi-(methyl)acrylamides, diepoxides, multi-epoxides, dithiols
and multi-thiols, or combinations thereof. In one or more embodiments, the zwitterionic

composition may include any one or more embodiments of the first aspect of the present
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invention wherein said one or more crosslinking compound is selected from the group
consisting of carboxybetaine di(methyl)acrylate, carboxybetaine di(methyl)acrylamide,
poly(ethylene glycol) di(methyl)acrylate, 1,3-propanedithiol, 1,4-butanedithiol, 1,3-
butadiene diepoxide, and combinations and/or analogs thereof.

[0030] In a second aspect, the present invention provides a method for forming the
novel zwitterionic polymer composition described above comprising preparing a polymer
chain with hydroxyl and/or amine groups available for bonding and reacting said
polymer chain with zwitterionic betaine carrying one primary amine, secondary amine
or tertiary amine, and a dibromoalkanes, dichloroalkanes, diepoxide, multi halide
substituted alkane, multi epoxide substituted alkane, multi halide and epoxide
substituted alkane or combination thereof in the presence of an organic or inorganic
base to produce a zwitterionic polymer composition. In one or more embodiments, the
second step may comprise reacting said polymer chain with an ester derivative of
zwitterionic betaine that contains one primary amine, secondary amine or tertiary
amine, and dibromoalkane, dichloroalkane, diepoxide, multi halide substituted alkane,
or multi halide epoxide substituted alkane to produce a cationic polymer composition;
and further comprising hydrolyzing said cationic polymer in acidic or basic conditions to
produce a zwitterionic polymer composition In one or more embodiments, the method
of forming a zwitterionic polymer composition may include any one or embodiments of
the second aspect of the present invention wherein said polymer chain comprises a
polysaccharide polymer chain. In one or more embodiments, the method of forming a
zwitterionic polymer composition may include any one or more embodiments of the
second aspect of the present invention wherein the second step comprises reacting said
polymer chain with dimethylglycine and epichlorohydrin in the presence of an organic
and inorganic base to produce a zwitterionic polysaccharide composition. In one or
more embodiments, the method of forming a zwitterionic polymer composition may
include any one or more embodiments of the second aspect of the present invention
wherein the second step comprises reacting said polymer chain with 3-bromopropanoyl
bromide or 2-bromoacetyl bromide, and zwitterionic betaine carrying a tertiary amine in
the presence of an organic and inorganic base to produce a zwitterionic polysaccharide
composition. In one or more embodiments, the method of forming a zwitterionic
polymer composition may include any one or more embodiments of the second aspect of

the present invention wherein the second step comprises reacting said polymer chain
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with 3-bromopropanoyl bromide or 2-bromoacetyl bromide, and ester derivative of
zwitterionic betaine carrying a tertiary amine in the presence of an organic and
inorganic base to produce a cationic polymer composition; and further comprising
hydrolyzing said cationic polymer composition in acidic or basic conditions to produce a
zwitterionic polymer composition.

[0031] In one or more embodiments, the method of forming a zwitterionic polymer
composition may include any one or more embodiments of the second aspect of the
present invention wherein said polymer chain comprises a (poly(vinyl alcohol), poly(2-
hydroxyethyl methacrylate), poly(2-hydroxyethyl acrylate), poly(3-hydroxypropyl
methacrylate), poly(3-hydroxypropyl acrylate), poly(4-hydroxybutyl methacrylate),
poly(5-hydroxypentyl acrylate), poly(5-hydroxypentyl  methacrylate), poly(4-
hydroxybutyl acrylate), poly(n-(2-hydroxyethyl)methacrylamide), poly(N-(3-
hydroxypropyl)methacrylamide), poly(N-(4-hydroxybutyl)methacrylamide), poly(N-(5-
hydroxypentyl) methacrylamide), poly(N-(2-hydroxyethyl)acrylamide), poly(N-(3-
hydroxypropyl)acrylamide), poly(N-(4-hydroxybutyl)acrylamide), poly(N-(5-
hydroxypentyl)acrylamide), poly(serine), poly(lysine), poly(amine), poly(phenol),
poly(1-glycerol methacrylate), poly(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-
yDmethanol), poly(2-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)ethan-1-0l),  poly(3-
(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)propan-1-ol), poly(1-(2,3-dihydrothieno[3,4-
b][1,4]dioxin-2-yl)propan-2-ol), poly(3-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-
yl)propane-1,2-diol), poly(4-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)butan-1-ol),
poly(5-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)pentan-1-ol), poly(5-(2,3-
dihydrothieno[3,4-b][1,4]dioxin-2-yl)pentan-2-ol), poly(5-(2,3-dihydrothieno[3,4-
b][1,4]dioxin-2-yl)pentane-2,3-diol), poly(1-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-
yl)pentane-2,3,4-triol), poly(1-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)ethan-1-ol), or
poly(5-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)pentan-1-0l) ) having hydroxyl or
amine groups available for bonding.

[0032] In one or more embodiments, the method of forming a zwitterionic polymer
composition may include any one or more embodiments of the second aspect of the
present invention wherein said polysaccharide polymer chain further comprises a
saccharide selected from the group consisting of dextran, cellulose, starch,
glycosaminoglycans, mannan, dextrin, agar, agarose, alginic acid, alguronic acid,

amylose, alpha glucan, amylopectin, beta-glucan, callose, carrageenan, cellodextrin,
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chitin, chitosan, chrysolaminarin, cyclodextrin, DEAE-sepharose, ficoll, fructan,
fucoidan, galactoglucomannan, galactomannan, gellan gum, glucan, glucomannan,
glucuronoxylan, glycocalyx, glycogen,  hemicellulose, = homopolysaccharide,
hypromellose, inulin, laminarin, lentinan, levan polysaccharide, lichenin, mixed-linkage
glucan, paramylon, pectic acid, pectin, pentastarch, phytoglycogen, pleuran,
polydextrose, polysaccharide peptide, porphyran, pullulan, sepharose, xylan, xyloglucan,
zymosan, hyaluronan, heparin, and combinations thereof. In one or more embodiments,
the method of forming a zwitterionic polymer composition may include any one or more
embodiments of the second aspect of the present invention further comprising purifying
the product of the second step by using a dialysis membrane or by precipitation in a
suitable solvent and lyophilizing or drying the recovered product.

[0033] In one or more embodiments, the method of forming a zwitterionic polymer
composition may include any one or more embodiments of the second aspect of the
present invention further comprising adding methacrylate crosslinking groups to the
product of the second step by treatment with glycidyl methacrylate. In one or more
embodiments, the method of forming a zwitterionic polymer composition may include
any one or more embodiments of the second aspect of the present invention further
comprising adding acrylate, acrylamide, methacrylamide or combination thereof
crosslinking groups to the product of the second step. In one or more embodiments, the
method of forming a zwitterionic polymer composition may include any one or more
embodiments of the second aspect of the present invention further comprising purifying
the glycidyl methacrylate treated product using a dialysis membrane or precipitation in a
suitable solvent and lyophilizing or drying the recovered product.

[0034] In one or more embodiments, the method of forming a zwitterionic polymer
composition may include any one or more embodiments of the second aspect of the
present invention further comprising: dissolving the recovered product of in water;
adding a free radical initiator; and activating said free radical initiator and to initiate
crosslinking of the methacrylate, acrylate, acrylamide or methacrylamide groups and
form a hydrogel. In one or more embodiments, the method of forming a zwitterionic
polymer composition may include any one or more embodiments of the second aspect of
the present invention wherein said free radical initiator is selected from the group
consisting of an azo compound, an inorganic peroxide, an organic peroxide, 2-hydroxy-

4'-(2-hydroxyethoxy)-2-methylpropiophenone, 4,4'-azobis(4-cyanovaleric acid), 1,1'-

-19-



WO 2015/057645 PCT/US2014/060397

azobis(cyclohexanecarbonitrile), 2,2'-azobis(2-methylpropionitrile) , 2,2'-azobis[2-(2-
imidazolin-2-yl)propane]dihydrochloride, 2,2'-azobis[2-(2-imidazolin-2-
ylD)propane]disulfate dehydrate, 2,2'-azobis(2-methylpropionamidine)dihydrochloride
and combinations thereof. In one or more embodiments, the method of forming a
zwitterionic polymer composition may include any one or more embodiments of the
second aspect of the present invention wherein said zwitterionic betaine is selected from
the group consisting or 2-(di(methyl) (methylene)ammonio)acetate, 2-

((methyl) (methylene)ammonio)acetate,  2-((methylene)ammonio)acetate  2-(bis(2-

hydroxyethyl) (methylene)ammonio) acetate, 2-((2-
hydroxyethyl) (methylene) (methyl)ammonio) acetate, 2-((2-
hydroxyethyl) (methylene)ammonio) acetate, 3-((methyl) (methylene)ammonio)
propanoate, 3-(bi(methyl) (methylene)ammonio) propanoate, 3-(bis(2-
hydroxyethyl) (methylene)ammonio) propanoate, 3-((2-
hydroxyethyl) (methylene) (methyl)ammonio) propanoate, 3-((2-
hydroxyethyl) (methylene)ammonio) propanoate, and combinations and

analogs/derivatives thereof.

[0035] In one or more embodiments, the method of forming a zwitterionic polymer
composition may include any one or more embodiments of the second aspect of the
present invention wherein said zwitterionic betaine is selected from the group consisting
or 2-(di(methyl) (methylene)ammonio)acetate, 2-

((methyl) (methylene)ammonio)acetate,  2-((methylene)ammonio)acetate  2-(bis(2-

hydroxyethyl) (methylene)ammonio) acetate, 2-((2-
hydroxyethyl) (methylene) (methyl)ammonio) acetate, 2-((2-
hydroxyethyl) (methylene)ammonio) acetate, 3-((methyl) (methylene)ammonio)
propanoate, 3-(bi(methyl) (methylene)ammonio) propanoate, 3-(bis(2-
hydroxyethyl) (methylene)ammonio) propanoate, 3-((2-
hydroxyethyl) (methylene) (methyl)ammonio) propanoate, 3-((2-
hydroxyethyl) (methylene)ammonio) propanoate, and combinations and

analogs/derivatives thereof. In one or more embodiments, the method of forming a
zwitterionic polymer composition may include any one or more embodiments of the
second aspect of the present invention wherein said zwitterionic compound further

comprises a carboxybetaine group.
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[0036] In a third aspect, the present invention provides a method for forming the
novel zwitterionic polymer composition described above comprising preparing a polymer
chain with carboxylate available for bonding and reacting said polymer chain with a
molecule with one hydroxyl group or primary amine group at one end and tertiary
amine on the other end. The second step may comprise reacting said polymer chain with
a molecule with one halide at one end and carboxylate ester on the other end to produce
a cationic polymer composition; and further comprising hydrolyzing said cationic
polymer in acidic or basic conditions to produce a zwitterionic polymer composition. In
one or more embodiments, the second step may comprise reacting said polymer chain
with a molecule with one halide at one end and carboxylate on the other end to produce
a zwitterionic polymer composition in basic conditions. In one or more embodiments,
the polymer in the second step may then be reacted with an ethyl bromoacetate to
produce a cationic polymer composition; and further comprising hydrolyzing said
cationic polymer in acidic or basic conditions to produce a zwitterionic polymer
composition. In one or more embodiments, the first step may comprise reacting said
polymer chain with carboxylate available with the molecule with primary amine at one
end and carboxybetaine ester on the other end to produce a cationic polymer
composition; and further comprising hydrolyzing said cationic polymer in acidic or basic
conditions to produce a zwitterionic polymer composition. In one or more embodiments,
the method of forming a zwitterionic polymer composition may include any one or
embodiments of the third aspect of the present invention wherein said polymer chain
comprises a polysaccharide polymer chain.

[0037] In a forth aspect, the present invention provides a method for forming the
zwitterionic polymer composition described above comprising preparing a polymer chain
with hydroxyl or amine available for bonding. The second step may comprise reacting
said polymer chain with a molecule with zwitterionic betaine carrying one tertiary
amine, and a molecule with one acyl halide at one end and halide on the other end in
the presence of an organic or inorganic base to produce a zwitterionic polymer
composition. In one or more embodiments, the second step may comprise reacting said
polymer chain with an ester derivative of zwitterionic betaine that contains one tertiary
amine, and a molecule with one acyl halide at one end and halide on the other end to
produce a cationic polymer composition; and further comprising hydrolyzing said

cationic polymer in acidic or basic conditions to produce a zwitterionic polymer
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composition. In one or more embodiments, the method of forming a zwitterionic
polymer composition may include any one or embodiments of the fourth aspect of the
present invention wherein said polymer chain comprises a polysaccharide polymer

chain.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] For a more complete understanding of the features and advantages of the
present invention, reference is now made to the detailed description of the invention
along with the accompanying figures in which:

[0039] FIG. 1 is a chart showing the GPC profiles of unmodified dextran as well as
CB-L-Dex and CB-H-Dex polymers according to one or more embodiments of the present
invention. The inset table summarizes the M,, and polydispersity index (PDI) of each
polymer.

[0040] FIG. 2A is a300MHz 'H NMR spectra of Dextran.

[0041] FIG. 2B is a300MHz '"H NMR spectra of a Dex-MA polymer according to one
or more embodiments of the present invention.

[0042] FIG. 2C is a300MHz 1H NMR spectra of a CB-L-Dex polymer according to one
or more embodiments of the present invention.

[0043] FIG. 2D is a300MHz 1H NMR spectra of a CB-H-Dex polymer according to
one or more embodiments of the present invention.

[0044] FIG. 3 is a diagram showing the structural switch between zwitterionic form
and cationic form for a CB-L-Dex polymer according to one or more embodiments of the
present invention .

[0045] FIG. 4 is a 750 MHz 1H—13C gHMBC NMR spectrum of a CB-H-Dex polymer
according to one or more embodiments of the present invention in its cationic ring form.
The cross-peak in dotted circle indicated the ring structure formation of the CB side
chain.

[0046] FIG. 5 is a graph showing the change of NMR spectra from zwitterionic form
to its cationic ring form in TFA-d of a CB-L-Dex polymer according to one or more

embodiments of the present invention.
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[0047] FIG. 6 is a graph showing the conversion kinetics from zwitterionic form to its
cationic ring form in TFA-d for a CB-L-Dex polymer according to one or more
embodiments of the present invention.

[0048] FIG. 7 is a graph showing the conversion kinetics from ring form to
zwitterionic form in D20 for a CB-L-Dex polymer according to one or more
embodiments of the present invention.

[0049] FIGS. 8A-D are images showing the results of protein (FITC-Fg) fouling tests
on hydrogels according to one or more embodiments of the present invention visualized
under fluorescence microscope at the same excitation light intensity and exposure time.
These images were focused on the edge of the upper surface of each hydrogel sample.
FIG. 8A is a Dex-MA polymer according to one or more embodiments of the present
invention; FIG. 8Bis a CB-L-Dex polymer according to one or more embodiments of the
present invention; Fig. 8C is a CB-H-Dex polymer according to one or more
embodiments of the present invention; and FIG. 8D) is a control hydrogel surface with
no protein contact.

[0050] FIGS. 9A-D are images showing the results of bovine aortic endothelium cells’
(BAECs) attachment test on hydrogel surfaces comprising tissue culture polystyrene
(TCPS) (FIG. 9A); Dex-MA (FIG. 9B); a CB-L-Dex polymer according to one or more
embodiments of the present invention (FIG. 9C); and a CB-H-Dex polymer according to
one or more embodiments of the present invention (FIG. 9D).

[0051] FIG. 10A-B are digital images showing a top view (FIG. 10A) and a side view
(FIG. 10B) of dextran hydrogels according to one or more embodiments of the present
invention showing (from left to right): Dex-MA; CB-L-Dex; and CB-H-Dex. A).

[0052] FIG. 11 is a chart showing the GPC traces of the enzyme degradation
products of dextran after O minute, 5 minutes, 60 minutes

[0053] FIG. 12 is a chart showing the GPC traces of the enzyme degradation
products of a CB-L-Dex polymer according to one or more embodiments of the present

invention after 0 minute, 5 minutes, and 60 minutes in 0.2 U/mL of dextranase.

DETAILED DESCRIPTION OF THE ILLUSTRATIVE EMBODIMENTS

[0054] In general outline, the present invention is directed to a versatile and high

performance zwitterionic polysaccharide platform for various biotech and biomedical
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applications that addresses the deficiencies found in existing polysaccharide materials.
Embodiments of the present invention depart from the conventional approach of
blending of polysaccharide with other functional materials by integrating all required
functions (e.g. enhanced antifouling, biocompatibility, functionality for further
modification, sensitivity to environmental stimuli and antimicrobial properties) into one
polymer chain. The integrated zwitterionic polysaccharides of various embodiments of
the present invention consist of a degradable polysaccharide backbone and
multifunctional zwitterionic side chains. These polysaccharides can obtain excellent
biocompatibility, sensitivity to environmental stimuli, functional groups for
bioconjugation and antimicrobial property via multifunctional zwitterionic side chains,
while zwitterionic materials can obtain biodegradability from the polysaccharide
backbone.

[0055] As used herein, the terms “polymer backbone” and “polymer chain” are used
interchangeably to refers to the polymer chain that forms the backbone of the
zwitterionic compositions described and claimed herein

[0056] As used herein, the term “carboxybetaine” refers to any neutral chemical
compound with a positively charged cationic functional group and with a negatively
charged carboxylate group. The term “carboxybetaine-based” therefore refers to the
compound containing one or more carboxybetaine moieties.

[0057] As used herein, the term “zwitterionic” refers to neutral in electrical charge,
which is balanced by a positive and a negative electrical charge.

7”7«

[0058] As used herein, the term “lactone ring form” “cationic ring form” are used
interchangeably to refer to a cyclic structure that has an ester bond and one group is
positively charged.

[0059] As used herein, the term “hydrogel” refers to a material is a network of
polymer chains that are hydrophilic and contain water as the dispersion medium. As
used herein, the term “elastomer” refers to is a material with viscoelasticity and very
weak inter-molecular forces, generally having low Young's modulus and high failure
strain compared with other materials.

[0060] As used herein, the term “degree of substitution” used in connection with the

zwitterionic composition of the present invention refers to the number of side chains per

100 glucose (or other monosaccharide) units of the polysaccharide polymer backbone.
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[0061] In a first aspect, embodiments of the present invention are directed to a novel
zwitterionic polymer composition having excellent anti-fouling, switchability,
antimicrobial and optical properties. In these embodiments, the zwitterionic polymer
composition comprises a polymer backbone having one or more zwitterionic side chains
chemically bonded thereto.

[0062] The polymer selected for use as the polymer backbone of embodiments of the
present invention is not particularly limited, but must be able to add one or more
zwitterionic side chains. These polymers may include, without limitation
polysaccharides, poly(serine), poly(vinyl alcohol), poly ((2,3-Dihydrothieno[3,4-
bl[1,4]dioxin-2-yl)methanol), poly(2-hydroxyethyl methacrylate), or a polyol. Suitable
polymers may include without limitation, comprises a poly(vinyl alcohol), poly(2-
hydroxyethyl methacrylate), poly(2-hydroxyethyl acrylate), poly(3-hydroxypropyl
methacrylate), poly(3-hydroxypropyl acrylate), poly(4-hydroxybutyl methacrylate),
poly(5-hydroxypentyl acrylate), poly(5-hydroxypentyl  methacrylate), poly(4-
hydroxybutyl acrylate), poly(N-(2- hydroxyethyl)methacrylamide), poly(N-(3-
hydroxypropyl)methacrylamide), poly(N-(4-hydroxybutyl)methacrylamide), poly(N-(5-
hydroxypentyl) methacrylamide), poly(N-(2-hydroxyethyl)acrylamide), poly(N-(3-
hydroxypropyl)acrylamide), poly(N-(4-hydroxybutyl)acrylamide), poly(N-(5-
hydroxypentyl)acrylamide), poly(serine), poly(lysine), poly(amine), poly(phenol),
poly(1-glycerol methacrylate), poly(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-
yDmethanol), poly(2-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)ethan-1-0l),  poly(3-
(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)propan-1-ol), poly(1-(2,3-dihydrothieno[3,4-
b][1,4]dioxin-2-yl)propan-2-ol), poly(3-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-
yl)propane-1,2-diol), poly(4-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)butan-1-ol),
poly(5-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)pentan-1-ol), poly(5-(2,3-
dihydrothieno[3,4-b][1,4]dioxin-2-yl)pentan-2-ol), poly(5-(2,3-dihydrothieno[3,4-
b][1,4]dioxin-2-yl)pentane-2,3-diol), poly(1-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-
yl)pentane-2,3,4-triol), poly(1-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)ethan-1-ol), or
poly(5-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)pentan-1-0l)) having hydroxyl or
amine groups available for bonding.

[0063] In one or more embodiment, the polymer backbone may be comprised of a
polysaccharide polymer. In some embodiments, these polysaccharide polymers have one

or more hydroxyl or amine groups available for bonding. Suitable polysaccharide
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polymers include, without limitation dextran, cellulose, starch, glycosaminoglycans,
mannan, dextrin, agar, agarose, alginic acid, alguronic acid, amylose, alpha glucan,
amylopectin, beta-glucan, callose, carrageenan, cellodextrin, chitin, chitosan,
chrysolaminarin,  cyclodextrin, = DFEAE-sepharose, ficoll,  fructan, fucoidan,
galactogluicomannan,  galactomannan, gellan gum, glucan, glucomannan,
glucuronoxylan, glycocalyx, glycogen, hemicellulose, homopolysaccharide,
hypromellose, inulin, laminarin, lentinan, levan polysaccharide, lichenin, mixed-linkage
glucan, paramylon, pectic acid, pectin, pentastarch, phytoglycogen, pleuran,
polydextrose, polysaccharide peptide, porphyran, pullulan, sepharose, xylan, xyloglucan,
zymosan, hyaluronan, heparin, or combination thereof.

[0064] Chemically bonded to the polysaccharide polymer backbone are one or more
zwitterionic side chains. The zwitterionic side chains of embodiments of the present
invention are bonded at one end to the polymer backbone and contain a zwitterionic
functional group. In some embodiments, the zwitterionic side chains are bonded to a
glucose or other saccharide group in the polymer backbone. (See Scheme 1, below) In
some embodiments, the zwitterionic side chains may be bonded to the polymer
backbone at an available hydroxyl, amide or carboxylate group.

[0065] In some embodiments, zwitterionic functional group may be a zwitterionic
betaine group. In some embodiments, the zwitterionic functional group may be a
carboxybetaine group. In some embodiments, the zwitterionic betaine may include,
without limitation, 2-(di(methyl) (methylene)ammonio)acetate, 2-

((methyl) (methylene)ammonio)acetate,  2-((methylene)ammonio)acetate  2-(bis(2-

hydroxyethyl) (methylene)ammonio) acetate, 2-((2-
hydroxyethyl) (methylene) (methyl)ammonio) acetate, 2-((2-
hydroxyethyl) (methylene)ammonio) acetate, 3-((methyl) (methylene)ammonio)
propanoate, 3-(bi(methyl) (methylene)ammonio) propanoate, 3-(bis(2-

hydroxyethyl) (methylene)ammonio)  propanoate,  3-((2-hydroxyethyl)(methylene)
(methyl)ammonio) propanoate, 3-((2-hydroxyethyl)(methylene)ammonio) propanoate,
or combinations and/or analogs and derivatives thereof.

[0066] In some embodiments, the zwitterionic betaine group may be separated from
the polysaccharide polymer backbone by from 1 to 100 carbon, oxygen, nitrogen, or
sulfur atoms. In some embodiments, the zwitterionic betaine group may be separated

from the polysaccharide polymer backbone by from 1 to 10 carbon, oxygen, nitrogen, or
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sulfur atoms. In some embodiments, the zwitterionic betaine group may be separated
from the polysaccharide polymer backbone by from 11 to 50 carbon, oxygen, nitrogen,
or sulfur atoms. In some embodiments, the zwitterionic betaine group may be separated
from the polysaccharide polymer backbone by from 51 to 100 carbon, oxygen, nitrogen,
or sulfur atoms. In some embodiments, the zwitterionic side chains may comprise a
carboxybetaine group having at least one ethanol, propanol, butanol or pentanol group
bonded to the nitrogen atom of the carboxybetaine group.

[0067] In some embodiments, the zwitterionic side chains may have the formula:
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[0068] In some embodiments, the zwitterionic side chains may have the formula:

R, 0 (XKD
wherein R, is —O-, -NH-, -C(0)NH-, -CH,C(0)NH-, —-CH,CH,C(0)NH-, -(CH,),.C(O)NH-,
— NHC(0)-, -NHC(0)CH,-, -NHC(0)CH,CH,-, -NHC(0)(CH,),.-, -(CH,) .NHC(0)(CH,) -,
-(CH,),NHC(O)O(CH,),-, -(CH,),,0C(O)NH(CH,),-, -(CH,),,C(O)NH(CH,),-,
NHC(0O)(CH,),,C(O)NH-, -OC(0)(CH,),,C(O)NH-, -O(CH,),,C(0O)NH-, -NHC(O)(CH,),,0-
, -NHC(O)(CH,),C(0)0O-, -C(0)O-, -CH,C(0)0-, —-CH,CH,C(0)0O-, -(CH,),C(0)0-,
0C(0)-, -OC(O)CH,-, -OC(O)CH,CH,-, -OC(O)(CH,),-, -OC(0O)(CH,),C(0)O-, -
0OC(0)(CH,),0-, -O(CH,,,C(0)0O-, -(CH,),,0C(O)(CH,),-, -(CH,),C(O)O(CH,),-, -CH,0-
, -CH,CH,0-, -CH,CH,CH,O0-, -CH,CH,CH,CH,0-, -CH,CH,CH,CH,CH,O0-, -
CH,CH,CH,CH,CH,CH,0-, -(CH),0-, -0O(CH),0-, -O(CH,,-, -(CH,).-,
0(CH,CH,0),.,~(OCH,CH,).- or —(CH,CH,0).-; R, is -CH,-, -CH,CH,-, -CH,CH,CH,-, -
CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,-, or ~(CH,),-; R, is -H, -CH,, CH,CH, -CH,CH,CH,,
-CH,CH,CH,CH,, -CH,CH,0H, -CH,CH,CH,0H, -CH,CH,CH,CH,0H, or -
CH,CH,CH,CH,CH,0H; R, is -H, -CH, CH,CH, -CH,CH,CH, -CH,CH,CH,CH,,
CH,CH,OH, -CH,CH,CH,OH, -CH,CH,CH,CH,OH, or -CH,CH,CH,CH,CH,0H; R, is -CH,-,
-CH,CH,-, -CH,CH,CH,-, -CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,-, or -(CH,),; m, n, x and
y are each an integer from 1 to 20; and vwwwis the polymer backbone. In some
embodiments, YWV may be a polysaccharide polymer backbone.

[0069] In some embodiments, the zwitterionic side chains may have the formula:

R4
R1/R2\/\3/R3\|L+/R6TO-
Rs o (XXXID)
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wherein R, is —O-, -NH-, ~C(O)NH-, ~CH,C(0)NH-, -CH,CH,C(0)NH-, -(CH,),C(O)NH-,
— NHC(0)-, -NHC(0)CH,-, -NHC(0)CH,CH,-, -NHC(0)(CH,),.-, -(CH,) .NHC(0)(CH,) -,
-(CH,),NHC(O)O(CH,),-, -(CH,),,0C(O)NH(CH,),-, -(CH,),,C(O)NH(CH,),-, -
NHC(0O)(CH,),,C(O)NH-, -OC(0)(CH,),,C(O)NH-, -O(CH,),,C(0O)NH-, -NHC(O)(CH,),,0-
, -NHC(O)(CH,),,C(0)O-, -C(0)0-, —-CH,C(0)0-, —-CH,CH,C(0)0O-, -(CH,),,C(O)O-, -
0C(0)-, -OC(O)CH,-, -OC(O)CH,CH,-, -OC(O)(CH,),-, -OC(0O)(CH,),C(0)O-, -
0OC(0)(CH,),0-, -O(CH,,,C(0)0O-, -(CH,),,0C(O)(CH,),-, -(CH,),C(O)O(CH,),-, -CH,0-
, -CH,CH,0-, -CH,CH,CH,0-, -CH,CH,CH,CH,0-, -CH,CH,CH,CH,CH,O-, -
CH,CH,CH,CH,CH,CH,0-, -(CH),0-, -0O(CH),0-, -O(CH,,-, -(CH,).-,
0(CH,CH,0),,,~(OCH,CH,)..- or —(CH,CH,0),.- ; R, is -CH,-, -CH,CH,-, -CH,CH,CH,-, -
CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,-, —-(CH,),-, -NHC(0)-, -C(O)NH-, -NHC(0O)O-, —
NHC(O)CH,-, -NHC(O)CH,CH,-, NHC(0)(CH,),-, NHC(0)O(CH,),-, OC(O)NH(CH,), -
OC(O)NH(CH,),-, -OC(0)-, —-OC(0)CH,-, -OC(0O)CH,CH,- or -OC(O)(CH,),~; R; is
CH,CH,-, -CH,CH,CH,-, -CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,- or —(CH,),; R, is -H, -
CH,;, CH,CH; -CH,CH,CH,, -CH,CH,CH,CH,;, -CH,CH,0H, -CH,CH,CH,OH,
CH,CH,CH,CH,0H, or -CH,CH,CH,CH,CH,OH; R, is -H, -CH,, CH,CH,, -CH,CH,CH,, -
CH,CH,CH,CH,, -CH,CH,0H, -CH,CH,CH,0H, -CH,CH,CH,CH,0H, or -
CH,CH,CH,CH,CH,0H; R, is -CH,-, -CH,CH,, -CH,CH,CH,, -CH,CH,CH,CH,,
CH,CH,CH,CH,CH,- or —(CH,),; m, n, X, y and z are each an integer from 1 to 20; and

v\ s the polymer backbone. In some embodiments, vwwv» may be a polysaccharide
polymer backbone.

[0070] In some embodiments, the zwitterionic side chains may have the formula:

Ry
Rs_N_l__ Rs
R R, Rs
%/ v \/\S/
(0]
O (XXXIIT)

wherein R, is —O-, -NH-, -C(O)NH-, —-CH,C(O)NH-, -CH,CH,C(0)NH-, -(CH,),.C(O)NH-,
— NHC(0)-, -NHC(O)CH,-, -NHC(0)CH,CH,-, -NHC(0)(CH,), -, - (CH,)mNHC(0)(CH,),-
, -(CH),NHC(0)O(CH,),-, -(CH,),OC(O)NH(CH,),-, -(CH,),C(O)NH(CH,),-,

NHC(0)(CH,),,C(O)NH-, -OC(0)(CH,),,C(O)NH-, -O(CH,),.C(O)NH-, -NHC(0)(CH,),,0-
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, -NHC(O)(CH,),C(0)0O-, -C(0)0O-, -CH,C(0)0-, —-CH,CH,C(0)0O-, -(CH,),C(0)0-,
0C(0)-, -OC(O)CH,-, -OC(O)CH,CH,-, -OC(O)(CH,),-, -OC(0O)(CH,),C(0)O-, -
0OC(0)(CH,),0-, -O(CH,,,C(0)0O-, -(CH,),,0C(O)(CH,),-, -(CH,),C(O)O(CH,),-, -CH,0-
, -CH,CH,0-, -CH,CH,CH,O0-, -CH,CH,CH,CH,0-, -CH,CH,CH,CH,CH,O0-, -
CH,CH,CH,CH,CH,CH,0-, -(CH),0-, -0O(CH),0-, -O(CH,,-, -(CH,).-,
0(CH,CH,0),,,~(OCH,CH,)- or —(CH,CH,0),-; R, is -CH,-, -CH,CH,-, -CH,CH,CH,-, -
CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,-, —(CH,),-, -NHC(O)-, -NHC(O)CH,-,
NHC(O)CH,CH,-, NHC(O)(CH,),-, —-OC(0)-, —-OC(O)CH,, —-OC(O)CH,CH,- or -
OC(0)(CH,),; R, is -CH,CH,-, -CH,CH,CH,-, -CH,CH,CH,CH,-, -CH,CH,CH,CH,CH,- or -
(CH),; R, is -H, -CH,, CH,CH, -CH,CH,CH,, -CH,CH,CH,CH,, -CH,CH,OH, -
CH,CH,CH,OH, -CH,CH,CH,CH,OH, or -CH,CH,CH,CH,CH,OH; R, is -H, -CH,, CH,CH.,
-CH,CH,CH,, -CH,CH,CH,CH,, -CH,CH,OH, -CH,CH,CH,OH, -CH,CH,CH,CH,OH, -
CH,CH,CH,CH,CH,0H; R, is -H, -CH,, CH,CH, -CH,CH,CH,, -CH,CH,CH,CH,, -
CH,CH,0H, -CH,CH,CH,O0H, -CH,CH,CH,CH,0H, or -CH,CH,CH,CH,CH,OH; m, n, x
and y are each an integer from 1 to 20; and vwwv\wis the polymer backbone. In some
embodiments, vwawv may be a polysaccharide polymer backbone.

[0071] In some embodim