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1. 

THERMORESPONSIVE, BIODEGRADABLE, 
ELASTOMERIC MATERAL 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit under 35 U.S.C. S 119 
(e) of U.S. Provisional Application No. 60/850,642, filed on 
Oct. 10, 2006, which is incorporated herein by reference in its 
entirety. 

STATEMENT REGARDING FEDERAL 
FUNDING 

The U.S. Government has a paid-up license in this inven 
tion and the right in limited circumstances to require the 
patent owner to license others on reasonable terms as pro 
vided for by the terms of Grant No. R01 HL 069368 awarded 
by the National Institutes of Health. 

Athermoresponsive, biodegradable elastomeric material is 
described herein, along with methods of making the material 
and uses for the material. 
Two- and three-dimensional polymer/hydrogel matrices 

provide a diverse scaffold that can be modified and refined for 
various purposes. Hydrogels can be applied to various medi 
cal, engineering, biological and chemical applications, such 
as drug or chemical delivery, tissue engineering, cell trans 
plantation, wound healing and rheology modification. To 
realize these purposes, current technologies aim to control the 
physical and biological properties of the hydrogel matrix, 
including, without limitation: strength; hydrophobicity/hy 
drophilicity; elasticity; biodegradation rate; reactivity with 
other compounds or compositions, such as specific or non 
specific binding to proteins or peptides; toxicity; shrinking 
and expanding rate and pore size. As variations in the com 
position or in preparation of the hydrogel can result in differ 
ent physical properties, the types of hydrogel matrices avail 
able are many, though not exhaustive. By combining and 
controlling different physical properties within the hydrogel 
matrix, new properties of the hydrogel may be discovered, 
and the usefulness of the hydrogel for particular purposes can 
be increased. 
Wu et al. (U.S. Pat. No. 6,030,634) disclose a polymer gel 

composite composed of a pure polymer matrix of N-isopro 
pylacrylamide and an interpenetrating matrix of N-isopropy 
lacrylamide with a hydrophilic protein, such as gelatin or 
collagen. This composite gel was molded into various shapes 
or disks and then implanted around blood vessels and neurons 
to aid in repair of damaged tissues. 

Trollsas et al. (U.S. Pat. No. 6,458.889) disclose a hydrogel 
composed of a cross-linkable polynucleophilic component, a 
cross-linkable polyelectrophilic component and a cross 
linker that is reactive to at least one of the components. The 
components begin cross-linking when they are mixed. The 
components can be applied separately to the site of adminis 
tration or the components can be pre-mixed immediately 
before administration. This hydrogel could be used for pur 
poses such as drug delivery and bioadhesion. 

Sehl et al. (U.S. Pat. No. 6,833,408) disclose a hydrogel 
composed of a cross-linkable polynucleophilic component, a 
cross-linkable polyelectrophilic component and a hydro 
philic polymer. The hydrophilic polymer could be a synthetic 
or natural polymer, Such as fibrin or collagen. The compo 
nents begins cross-linking upon mixing and might be applied 
as a Surgical adhesive. 

Stile & Healy (Biomacromolecules, 2001, 201): 185-194) 
describe a peptide-modified hydrogel composed of N-isopro 
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2 
pylacrylamide, diaminopoly(ethylene glycol) and acrylic 
acid. The acrylic acid component was covalently functional 
ized with two different peptide sequences that are found in 
bonesialoprotein. 
Kim & Healy (Biomacromolecules, 2003, 4(5): 1214 

1223) describe a peptide-modified hydrogel composed of 
N-isopropylacrylamide, acrylic acid and cross-linker. The 
cross-linker contained a peptide sequence, which can be 
cleaved by a collagen-specific matrix metalloproteinase. 
Both of these hydrogels are said to be injectable at room 
temperature and formed Viscoelastic Solids at physiological 
temperatures. 

Li et al. (Biomaterials, 2005, 26: 3093-3104) describe a 
collagen-based hydrogel copolymer composed of N-isopro 
pylacrylamide, acrylic acid, acryloxysuccinimide and col 
lagen. The characteristics of the hydrogel were quantified, 
Such as pore size, optical clarity, stress measurements and 
Surface topography. Cured hydrogels were implanted into the 
pig corneas and removed for analysis. 

Rosenblatt et al. (U.S. Pat. No. 5,807,581) disclose a col 
lagen-based hydrogel including collagen, a cross-linking 
agent and polymer of the same charge as collagen. The hydro 
gel begins to cross-link when the components are mixed. The 
hydrogel could be injected when still fluid and allowed to 
finish cross-linking in situ, or the hydrogel could be cross 
linked before implantation. The hydrogel matrix could be 
used in various ways to deliver drugs, such as enclosed within 
the hydrogel pores, tethered to the polymer of the hydrogel or 
engulfed in liposomes. 

Ulbrich et al. (U.S. Pat. No. 5,124,421) disclose a degrad 
able hydrogel composed of a monovinyl hydrophilic mono 
mer and a divinyl cross-linker. The monovinyl monomer can 
be copolymerized with other hydrophobic monomers. The 
cross-linker is based on the structure N.O-dimethacryloylhy 
droxylamine, where this cross-linker forms covalent bonds 
and then degrades by hydrolysis. 
Lee & Vernon (Macromol. Biosci. 2005, 5(7):629–635) 

describe a degradable hydrogel composed of N-isopropy 
lacrylamide, acrylic acid and 2-hydroxyethyl methacryllac 
tacte. The gelation temperature of the hydrogel depended on 
the ratio of the monomers. Degradation of the hydrogel 
occurred through hydrolysis of the 2-hydroxyethyl methacryl 
lactacte component of the hydrogel. 
Cha et al. (U.S. Pat. No. 5,702.717) disclose a thermosen 

sitive poly(ether-ester) block copolymer composed of a 
hydrophobic polymer and a hydrophilic polyethylene glycol 
polymer. Jeong et al. (U.S. Pat. No. 6,841,617) disclose a 
thermosensitive aqueous polymer Solution composed of a 
polyethylene glycol block and a biodegradable polyester 
block. The thermoresponsiveness results from combining 
two blocks within the copolymer, where each block alone 
cannot provide thermosensitivity. 
A need exists for versatile biocompatible polymer com 

pounds that can serve as cell growth substrates, for drug 
delivery purposes and generally for use in patients. 

SUMMARY 

Provided herein are thermoresponsive and biodegradable 
elastomeric materials, namely copolymers and compositions 
and structures, such as hydrogels, comprising the copoly 
mers. The copolymers remain fluid at and below room tem 
perature, Solidify at physiological temperature, and bind to 
biological molecules. The copolymers also degrade and dis 
Solve at physiological conditions in a time-dependent man 
ner, which is important for removal of the hydrogel after the 
applied Surgical or medical procedure. The copolymer and its 
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degradation products are biocompatible, for example and 
without limitation, they are not cytotoxic. 

According to one embodiment, the copolymer comprises 
an N-isopropylacrylamide residue (an N-isopropylacryla 
mide monomer incorporated into a polymer), one or both of 
an acrylic acid residue and a methacrylic acid residue and an 
acrylic residue having an amine-reactive group. The copoly 
mer comprises a polyesterlinkage in its backbone. According 
to one non-limiting embodiment, the copolymer is prepared 
from at least five components: N-isopropylacrylamide or an 
N-alkyl acrylamide in which the alkyl is methyl, ethyl, pro 
pyl, isopropyl or cyclopropyl, acrylic acid and/or methacrylic 
acid, an acrylic monomer having an amine-reactive group 
(such as acrylic N-hydroxysuccinimide ester), collagen and a 
polyester macromer. For example and without limitation, the 
polyester macromer is a polylactide macromer, comprising 
hydroxyethyl methacrylate residues and varying numbers of 
lactide units/residues. In another non-limiting example, the 
polyester macromer is a poly(trimethylene carbonate mac 
romer), comprising hydroxyethyl methacrylate residues and 
varying numbers of trimethylene carbonate units/residues. 
Each component contributes to the desired physical proper 
ties of the hydrogel to enable an injectable material for deliv 
ering drugs or chemicals, encapsulating and transplanting 
cells, and injecting into empty cavities for wounds or tissue 
repair. The amine-reactive component of the copolymer (for 
instance, acrylic N-hydroxySuccinimide ester) binds to 
amine-containing compounds including biomolecules Such 
as collagen and/or other bioactive or biocompatible materials 
or factors. The composition of each component in the hydro 
gel determines the lower critical solution temperature 
(LCST) of the hydrogel. At a temperature less than the LCST. 
the hydrogel flows easily and can be injected into the desired 
shape. When the temperature is increased above the LCST. 
the hydrogel solidifies and retains the shape. Once solidified, 
the hydrogel is highly flexible and relatively strong at physi 
ological temperature. 

According to one embodiment, polyester component 
within the macromer introduces the degradability and hydro 
phobicity of the copolymer. For complete removal of the 
copolymer, the copolymer includes hydrolytically-cleavable 
bonds that results in soluble, non-toxic by-products, even 
above the LCST of the non-degraded copolymer. Once the 
copolymer is degraded, the LCST is above physiological 
temperature, which results in dissolution of the degraded 
hydrogel and clearance of the degraded components. 

Therefore, provided herein is a copolymer comprising an 
N-alkyl acrylamide residue in which the alkyl is methyl, 
ethyl, propyl, isopropyl or cyclopropyl. Such as N-isopropy 
lacrylamide residue, one of an acrylic acid residue and a 
methacrylic acid residue and an acrylic residue having an 
amine-reactive group, the copolymer comprising a biode 
gradable polyester linkage in its backbone. In one non-limit 
ing embodiment, the amine-reactive group is a Succinimide 
group, an oxy Succinimide group or an isocyanate group. In 
one embodiment, the copolymer has a lower critical Solution 
temperature below 37° C., in another between 30° C. and 34° 
C. and in another, less than 27°C. According to one embodi 
ment, the copolymer has a lower critical solution temperature 
above 37° C. after its ester bonds are hydrolyzed. 

To facilitate the hydrolysis of the copolymer, according to 
one embodiment, the backbone of the polymer comprises 
biodegradable ester linkages, for example and without limi 
tation, from 1% to 10% of the linkages of the copolymer 
backbone. The polymer may comprise a polyester macromer, 
for example and without limitation, a polyester macromer 
comprising hydroxyethyl methacrylate and lactide residues. 
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In one embodiment, the ratio of hydroxyethyl methacrylate 
and lactide residues in the polyester macromer is from 1:2 to 
1:8, in another, from 1:1 to 1:10, such as 1:1, 1:2, 1:3, 1:4, 1:5, 
1:6, 1:7, 1:8, 1:9, and 1:10. In another non-limiting example, 
the polyester macromer comprises hydroxyethyl methacry 
late and trimethylene carbonate residues. In one embodiment, 
the ratio of hydroxyethyl methacrylate and trimethylene car 
bonate residues in the polyester macromer ranges from 1:1 to 
1:10, 1:2 to 1:5 or any increment within those ranges, includ 
ing 1:1, 1:2, 1:3, 1:4, 1:4.2, 1:5, 1:6, 1:7, 1:8, 1:9, and 1:10. 
Amine-containing biomolecules or other compounds, such as 
proteins, carbohydrates, glycoproteins, etc. can be conju 
gated to the copolymer through the amine-reactive group. In 
certain embodiments, collagen, heparin or gelatin are Suitable 
compounds, for instance and without limitation, between 1% 
wt and 10% wt collagen. In one embodiment, the copolymer 
comprises caprolactone, glycolide or trimethylene carbonate 
residues. 
A composition comprising the copolymer described herein 

and an aqueous solvent, for example and without limitation, 
water, saline and phosphate-buffered saline also is provided. 
The composition also can include an active agent, Such as, 
without limitation, one or more of an antiseptic, an antibiotic, 
an analgesic, an anesthetic, a chemotherapeutic agent, a clot 
ting agent, an anti-inflammatory agent, a metabolite, a cytok 
ine, a chemoattractant, a hormone, a steroid, a protein and a 
nucleic acid. In one embodiment, where the composition 
comprises a clotting agent, one example of a clotting agent is 
desmopressin. A biological material. Such as a cell or a virus 
particle may also be incorporated into the composition. 
A method is provided of making a thermosensitive copoly 

mer, for example and without limitation, a co-polymer 
described herein, the method comprising co-polymerizing 
N-isopropylacrylamide, acrylic acid and/or methacrylic acid, 
an acrylic monomer having an amine-reactive group and a 
polyester linkage-containing monomer to make a copolymer 
comprising an acrylic and polyester backbone. The mono 
mers can be co-polymerized by any useful polymerization 
method, for example and without limitation by free-radical 
polymerization. In one instance, the polyester linkage-con 
taining monomer is a polyester macromer, for example and 
without limitation, prepared from hydroxyethyl methacrylate 
and lactide. In one embodiment, the ratio of hydroxyethyl 
methacrylate and lactide residues in the polyester macromer 
is from 1:2 to 1:8 or from 1:1 to 1:10. In another non-limiting 
example, the polyester macromer is prepared from hydroxy 
ethyl methacrylate and trimethylene carbonate. In another 
instance, the polyester linkage-containing monomer is one of 
a caprolactone, a glycolide and a trimethylene carbonate 
OOC. 

According to another embodiment a method of growing 
cells is provided, comprising introducing cells into a copoly 
mer composition described herein to produce a cell construct 
and incubating the cell construct under conditions suitable for 
growth of the cells. The composition can comprise cell 
growth media to facilitate cell growth within the composition. 
The cell construct can be administered to a patient (placed in 
a patient's body at a desired location). Such as a human 
patient. In another embodiment, the composition is adminis 
tered to a patient without cells, but so that the patient’s cells 
migrate into the composition. The composition can be admin 
istered by a subcutaneous injection into the desired site within 
the patient. To facilitate this, the composition may comprise 
one or more of a cytokine, a cell growth or differentiation 
agent and a metabolite. The composition also may include an 
active agent, Such as, without limitation, an antiseptic, an 
analgesic, an anesthetic and an antibiotic. As above, the 
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copolymer can be conjugated with collagen, for example and 
without limitation, between 0% and 10% by weight of the 
copolymer of collagen. 

BRIEF DESCRIPTION OF THE DRAWINGS 5 

FIG. 1 is a schematic drawing for the synthesis of the 
polylactide hydroxyethyl methacrylate-lactide (HEMAPLA) 
macromer from hydroxyethyl methacrylate (HEMA) and lac 
tide (LA). 

FIG. 2 is an FT-IR spectrum of the HEMAPLA macromer, 
whereabsorptions of important functional groups are labeled. 

FIG. 3 is a 1H-NMR spectrum of the HEMAPLA mac 
romer, where characteristic peaks of protons are labeled from 
a to i according to the structure shown. 15 

FIG. 4 is a schematic drawing for the synthesis of 
P(NIPAAm-co-AAc-co-NHS-co-HEMAPLA) copolymer 
composed of N-isopropylacrylamide (NIPA Am), acrylic acid 
(AAc), acrylic N-hydroxysuccinimide ester (NHS), and 
HEMAPLA macromer. 

FIG. 5 is the 1H-NMR spectrum of the P(NIPAAm-co 
AAc-co-NHS-co-HEMAPLA) copolymer, where character 
istic peaks of protons are labeled from a to according to the 
structure shown. 

FIG. 6 is a schematic drawing of the conjugation of the 
copolymer with the anime-containing biomolecule, collagen. 

FIG. 7A is a graph quantifying water absorption at 37° C. 
of P(NIPAAm-co-AAc-co-NHS-co-HEMAPLA) copolymer 
for various feed ratios of NIPA Am/AAC/NHS/HEMAPLA 
(LA units), where water absorption rate decreases as the 
number of LA units in HEMAPLA increases and as the ratio 
of HEMAPLA in the copolymer increases. 

FIG. 7B is a graph quantifying water absorption at 37°C. of 
copolymers for various feed ratios of NIPA Am/AAc/NHS/ 
HEMAPLA (LA units), where water absorption rate 
increases as the ratio of AAc in the copolymer increases. 

FIG. 8 is a graph quantifying water absorption at 37°C. of 
the copolymer composed of NIPAAm/AAc/NHS/HEMA 
PLA (LA units) before and after conjugation with collagen, 
showing that water absorption rate increases as the collagen 
content in the hydrogel increases. 

FIG. 9A is a graph quantifying the tensile strength (mea 
sured in MPa) at 37° C. of copolymers composed of 
NIPAAm/AAc/NHS/HEMAPLA (LA units) for various 
ratios of NIPA Am/HEMAPLA, showing that tensile strength 
increases as NIPA Am/HEMAPLA initially decreases and 
then tensile strength decreases as NIPA Am/HEMAPLA fur 
ther decreases. 

FIG. 9B is a graph quantifying the elongation at break 
(measured in %) at 37° C. of copolymers composed of 
NIPAAm/AAc/NHS/HEMAPLA (LA units) for various 
ratios of NIPA Am/HEMAPLA, showing that elongation at 
break increases as NIPA Am/HEMAPLA decreases. 

FIG. 10A is a graph quantifying the tensile strength at 37° 
C. of copolymers composed of NIPAAm/AAc/NHS/HEMA 
PLA (LA units) for various ratios of NIPA Am/AAc, showing 
that tensile strength does not change significantly as 
NIPA Am/AAc decreases. 

FIG. 10B is a graph quantifying the elongation at break at 
37° C. of copolymers composed of NIPAAm/AAc/NHS/HE 
MAPLA (LA units) for various ratios of NIPA Am/AAc, 
showing that elongation at break does not change signifi 
cantly as NIPA Am/AAc decreases. 

FIG. 11A is a graph quantifying the tensile strength at 37° 
C. of copolymers composed of NIPAAm/AAc/NHS/HEMA 
PLA (LA units) for various numbers of LA units in the 
HEMAPLA macromer, showing that tensile strength 
increases as the number of LA units increases. 

FIG. 11B is a graph quantifying the elongation at break at 
37° C. of copolymers composed of NIPAAm/AAc/NHS/HE 
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6 
MAPLA (LA units) for various numbers of LA units in the 
HEMAPLA macromer, showing that elongation at break 
decreases as the number of LA units increases. 

FIG. 12A is a graph quantifying the tensile strength at 37° 
C. of copolymers composed of NIPAAm/AAc/NHS/HEMA 
PLA (LA units) for various percentage content of collagen 
conjugating with the copolymer, showing that tensile strength 
slightly decreases as the content of collagen increases. 
FIG.12B is a graph quantifying the elongation at break at 

37° C. of copolymers composed of NIPAAm/AAc/NHS/HE 
MAPLA (LA units) for various percentage content of col 
lagen conjugating with the copolymer, showing that elonga 
tion at break decreases as the content of collagen increases. 

FIGS. 13 A-13B are macroscopic photographs of the 
P(NIPAAm-co-AAc-co-NHS-co-HEMAPLA2.1)85/6/5/4 
hydrogel in aqueous conditions at different temperatures and 
stretching conditions. FIG. 13A are photographs of the 
hydrogel at 37° C. (top), stretched at 37° C. (middle), and 
recovered after the stretching at 37°C. (bottom). FIG. 13B are 
photographs of the hydrogel at 37°C. (top), stretched at 37° 
C., followed by a decrease oftemperature to 22°C. leading to 
fracture of the hydrogel, and completely dissolved at a tem 
perature of 4°C. (bottom). 

FIG.14 is a graph showing the degradation at 37°C. in PBS 
of the copolymer composed of NIPAAm/AAc/NHS/HEMA 
PLA (LA units) in which weight loss of the copolymer for 
various feed ratios is quantified as a function of time. 

FIG.15 is a graph showing the lack of cytotoxicity at 37°C. 
of the P(NIPAAm-co-AAc-co-NHS-co-HEMAPLA) 
copolymer, where the relative cell viability of smooth muscle 
cells (SMC) is quantified at 2 days and at 4 days for control 
medium and for medium with 1.7 mg/mL of degraded 
copolymer. 

FIG. 16 is a graph showing the viability of SMC on the 
surface of the P(NIPAAm-co-AAc-co-NHS-co-HEMAPLA) 
copolymer, where cell adhesion relative to the tissue culture 
plate (% TCPS) increases with the conjugation of collagen to 
the copolymer. 

FIG. 17 is a graph showing the cell density for SMCs 
encapsulated within P(NIPA Am-co-AAc-co-NHS-co-HE 
MAPLA) copolymer, either without (0%) or with 5% col 
lagen, over a period of seven days. 

FIGS. 18A-18F are fluorescence photomicrographs of 
SMCs encapsulated within P(NIPA Am-co-AAc-co-NHS 
co-HEMAPLA) copolymer. SMC encapsulation within 
hydrogels is shown for copolymer without collagen (FIGS. 
18A, 18C, and 18E) and with collagen (FIGS. 18B, 18D, and 
18F). Cells were cultured in hydrogels for 0 (A and B), 3 (C 
and D) or 7 days (E and F). Scale bar=200 um. 

FIG. 19 is a schematic drawing for the synthesis of copoly 
mer composed of N-isopropylacrylamide (NIPA Am), acrylic 
N-hydroxysuccinimide ester (NHS), and acrylic acid (AAc). 

FIG. 20A is a 1H-NMR spectrum of the P(NIPAAm-co 
AAc) copolymer composed of N-isopropylacrylamide 
(NIPA Am), and acrylic acid (AAc), where characteristic 
peaks of protons are labeled from a to e according to the 
structure shown. 

FIG. 20B is a 1H-NMR spectrum of the P(NIPAAm-co 
NHS) copolymer composed of N-isopropylacrylamide 
(NIPA Am), and acrylic N-hydroxysuccinimide ester (NHS), 
where characteristic peaks of protons are labeled from a to e 
according to the structure shown. 

FIG. 21 is a FT-IR spectrum of the P(NIPAAm-co-AAc) 
copolymer, P(NIPA Am-co-NHS) copolymer, and 
P(NIPA Am-co-NHS) copolymer conjugated with collagen. 
FIG.22 is a thermal analysis by differential scanning calo 

rimetry of the P(NIPAAm-co-AAc) copolymer, P(NIPA Am 
co-NHS) copolymer, and P(NIPA Am-co-NHS) copolymer 
conjugated with collagen, where glass transition temperature 
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of P(NIPAAm-co-NHS) or P(NIPAAm-co-NHS) conjugated 
with collagen is lower than the glass transition temperature of 
P(NIPAAm-co-AAc). 

FIG. 23 is a graph showing bioconjugating kinetics at 4°C. 
measured by UV-Vis at 260 nm, where the release of NHS 
from a P(NIPA Am-co-NHS) copolymer is measured as a 
function of time under conditions for hydrolysis at pH of 7 
and for aminolysis by glycine at pH of 5 and of 7. 

FIG. 24 is a graph showing the effect of the conjugation of 
collagen on the lower critical solution temperature (LCST) of 
a P(NIPAAm-co-NHS) copolymer in a feed ratio of 90/10, 
where the LCST is measured by Differential Scanning Calo 
rimetry (DSC). 

FIG. 25 is a graph showing the effect of the conjugation of 
collagen on the lower critical solution temperature (LCST) of 
a P(NIPAAm-co-NHS) copolymer in a feed ratio of 93.5/6.5, 
where the LCST is measured by Differential Scanning Calo 
rimetry (DSC). 

FIG. 26 is a graph showing the effect of the conjugation of 
collagen on the lower critical solution temperature (LCST) of 
a P(NIPAAm-co-AAc) copolymer in a feed ratio of 93.5/6.5, 
where the LCST is measured by Differential Scanning Calo 
rimetry (DSC). 

FIG. 27 is a graph showing the effect of the conjugation of 
collagen on the rate of water absorption at 37° C. of 
P(NIPAAm-co-AAc) copolymer or of P(NIPAAm-co-NHS) 
copolymer for two feed ratios, illustrating that the highest 
content of collagen results in the highest water absorption. 

FIG. 28 is a graph showing the effect of the conjugation of 
collagen on the tensile strength of P(NIPA Am-co-AAc) 
copolymer or of P(NIPAAm-co-NHS) copolymer for two 
feed ratios, showing that tensile strength decreases as the 
content of collagen increases. 

FIG. 29 is a graph showing the effect of the conjugation of 
collagen on the elongation at break of P(NIPA Am-co-AAc) 
copolymer or of P(NIPAAm-co-NHS) copolymer for two 
feed ratios, showing that elongation at break for P(NIPA Am 
co-NHS) copolymer decreases as the content of collagen 
increases but the elongation at break for P(NIPA Am-co-AAc) 
copolymer increases as the content of collagen increases 

FIG. 30 is a graph showing the collagenase degradation of 
the copolymer poly(NIPA Am-co-NHS) collagen bioconju 
gates. 

FIG. 31 is a graph showing the lack of cytotoxicity of 
P(NIPA Am-co-AAc) copolymer in a feed ratio of 90/10, in 
which MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetra 
Zolium bromide) assay was used to measure the relative cell 
viability of smooth muscle cells (SMC) on tissue culture plate 
Supplemented with medium containing various concentration 
of the copolymer. 

FIG. 32 is a graph showing the viability of SMC on the 
surface of the P(NIPA Am-co-NHS) copolymer, where cell 
adhesion relative to the tissue culture plate (% TCPS) 
increases with the conjugation of collagen to the copolymer. 

FIG.33 is a graph showing the viability of SMC encapsu 
lated within the P(NIPA Am-co-NHS) copolymer, where con 
jugation of collagen to the copolymer increases viability at 14 
days. 

FIG. 34A is a microphotograph of SMC encapsulated 
within P(NIPAAm-co-NHS) copolymer, where the Live/ 
Dead(R) (Invitrogen of Carlsbad, Calif.) staining stains the live 
cells green and the dead cells red. 

FIG. 34B is a microphotograph of SMC encapsulated 
within P(NIPA Am-co-NHS) copolymer conjugated with col 
lagen, where the Live/Dead(R) staining stains the live cells 
green and the dead cells red. 

FIGS. 35A-35D are macroscopic photographs of the 
P(NIPAAm-co-AAc-co-NHS-co-HEMAPTMC) copolymer 
at different temperatures and stretching conditions. FIG.35A 
is a photograph of the liquid copolymer at 4°C., where FIG. 
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8 
35B is a photograph of the solid copolymer at 37°C. FIG.35C 
is a photograph of the copolymer before stretching, where 
FIG. 35D is a photograph of the copolymer after stretching. 

FIGS. 36A-36B are graphs showing the mechanical prop 
erties of the (NIPAAm-co-AAc-co-NHS-co-HEMAPTMC) 
copolymer, the copolymer with SMCs, the copolymer with 
collagen, and the copolymer with collagen and SMCs. FIG. 
36A shows the tensile strength for these copolymers, where 
FIG. 36B shows the elongation at break. 

FIGS. 37A-37C are macroscopic photographs of a subcu 
taneous injection of one embodiment of the copolymers 
described herein, namely NIPAAm/AAc/NHS/HE 
MAPTMC, ratio 85/6/5/4 copolymer, into a porcine model. 
FIG. 37A shows the injection site. FIG. 37B shows the sub 
cutaneous tissue at the injection site. FIG. 37C shows the 
Sub-fascia tissue at the injection site. 

FIGS. 38A-38B are macroscopic photographs of a subcu 
taneous injection of NIPAAm/AAc/NHS/HEMAPTMC, 
ratio 85/6/5/4 copolymer into the myocardium of a porcine 
model. FIG.38A shows the injection site (indicated by black 
arrow). FIG. 38B shows the tissue surrounding the injection 
site (indicated by black arrows). 

DETAILED DESCRIPTION 

According to embodiments of the compounds and compo 
sitions described herein, provided herein are injectable 
hydrogels that are biodegradable, elastomeric and thermore 
sponsive and which can easily take the shape of a cavity into 
which they are injected in advance of phase transition to Solid. 
The copolymers are injectable as a liquid at or below room 
temperature (about 25°C.) and are solid at body temperature 
(about 37° C.). These materials are useful for a number of 
purposes. For example, in treatment of patients, they may be 
used as an injectable stem cell niche for bone marrow trans 
plants or for other transplantation settings; delivery vehicles 
for chemotherapy to tissue. Such as, for example and without 
limitation, gut following tumor resections; sealants for pull 
monary and neural applications as well as for emergency 
treatment of wounds. The materials also can find use as bulk 
ing agents for cosmetic applications or, even more generally, 
rheology modifiers. 

According to certain embodiments, copolymers comprise 
four types or subunits/residues: 1) N-alkyl acrylamide in 
which the alkyl is methyl, ethyl, propyl, isopropyl or cyclo 
propyl, for example N-isopropylacrylamide, as a thermosen 
sitive component after polymerization; 2) acrylic acid N-hy 
droxysuccinimide ester for conjugation of biomolecules; 3) 
acrylic acid for improvement of hydrophilicity and 4) poly 
ester macromer for introduction of degradability and hydro 
phobicity. The hydrophobic units of the polyester macromer, 
for example and without limitation, the lactide units or trim 
ethylene carbonate units, decrease the LCST of the copoly 
mer to well below 37° C. before degradation. After degrada 
tion, it forms hydrophilic poly (hydroxyethyl methacrylate) 
structure in the backbone, which increases hydrophilicity of 
the polymer, LCST is then increased to above 37°C. 
As used herein, the terms “comprising.” “comprise’ or 

“comprised, and variations thereof, in reference to elements 
of an item, composition, apparatus, method, process, system, 
etc. are meant to indicate that the item, composition, appara 
tus, method, process, system, etc. includes those elements and 
that other elements can be included and still fall within the 
Scope/definition of the described item, composition, appara 
tus, method, process, system, etc. Thus, as a non-limiting 
example, an apparatus or method that includes elements A, B, 
C and D may be said to fall within the scope/definition of the 
apparatus or method said to "comprise' elements A, B and C. 
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The copolymers, compositions and components thereof 
are preferably biocompatible. By “biocompatible, it is meant 
that a polymer composition and its normal in Vivo degrada 
tion products are cytocompatible and are substantially non 
toxic and non-carcinogenic in a patient within useful, practi 
cal and/or acceptable tolerances. By “cytocompatible, it is 
meant that the copolymers or compositions are substantially 
non-toxic to cells and typically and most desirably can Sustain 
a population of cells and/or the polymer compositions, 
devices, copolymers, and degradation products thereof are 
not cytotoxic and/or carcinogenic within useful, practical 
and/or acceptable tolerances. For example, a copolymer.com 
position when placed in a human epithelial cell culture does 
not adversely affect the viability, growth, adhesion, and num 
ber of cells. In one non-limiting example, the co-polymers, 
compositions, and/or devices are “biocompatible' to the 
extent they are acceptable for use in a human Veterinary 
patient according to applicable regulatory standards in a 
given legal jurisdiction. In another example the biocompat 
ible polymer, when implanted in a patient, does not cause a 
Substantial adverse reaction or Substantial harm to cells and 
tissues in the body, for instance, the polymer composition or 
device does not cause necrosis or an infection resulting in 
harm to tissues organs or the organism from the implanted 
compositions. 
As used herein, a “polymer is a compound formed by the 

covalent joining of Smaller molecules, which are referred to 
herein as residues, or polymer subunits, when incorporated 
into a polymer. A "copolymer is a polymer comprising two 
or more different residues. Prior to incorporation into a poly 
mer, the residues typically are described as monomers. Non 
limiting examples of monomers, in the context of the acrylic/ 
polyester copolymer described herein, include: acrylic or 
acrylamide monomers, such as acrylic acid, acrylic N-hy 
droxysuccinimide ester and hydroxyethyl methacrylate, lac 
tide, and trimethylene carbonate. A monomer may be a mac 
romer prepared from even Smaller monomers, such as the 
hydroxyethyl methacrylate-polylactide (HEMAPLA) mac 
romer or the hydroxyethyl methacrylate-poly(trimethylene 
carbonate) (HEMAPTMC) macromer described herein. 
As used herein, an acrylic monomer has the general struc 

ture (CH2=CH-C(O)—R), and, when polymerized, forms 
the general polymer structure having an alkylene backbone 
(. . . C C C C C . . . ) and the overall structure: . . . 
C ( C(C(O)R) C ), C(C(O)R) C ... in which each 
instance of R can be the same, or in the case of a copolymer, 
independently different: 

Polyester polymer backbones are polymer backbones con 
taining two or more ester groups. A polyester linkage has an 
average of more than one ester units (—C(O)O—), as 
opposed to an ester linkage that has one ester unit. An 
example is a polylactide macromer as described herein. 
Another example is a poly(trimethylene carbonate) mac 
romer. Other examples of residues that comprise ester link 
ages include, without limitation, caprolactones, glycolides 
and a trimethylene carbonate residues. 

Polyester macromers are compounds containing on the 
average one or more, and preferably two or more ester link 
ages. In the context of macromer and polymer preparations, 
unless otherwise indicated, the number of residues indicated 
as being presentina given polymer or macromer is an average 
number and is not to be construed as an absolute number. 
Thus, as a non-limiting example, in the context of the HEMA 
PLA macromers, the numbers 2.1, 3.9 and 7.0 refer to an 
estimated average number of —C(O)—C(CH)—O— resi 
dues present in the macromers in the macromer composition, 
and, when incorporated into a copolymer, the average number 
of—C(O)—C(CH)—O— residues present in the incorpo 
rated polyester macromer residues, for example as shown in 
the Examples below. The average number of residues may be 
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10 
determined by any method, for example and without limita 
tion, by 'H-NMR, as in the examples, below. 
Lower critical solution temperature (LCST) refers to the 

temperature below which the constituents of the hydrogel are 
soluble in water and above which the constituents are 
insoluble. When the LCST is reached, the polymer constitu 
ents in an aqueous solution will aggregate to form hydrogel. 
The LCST can be determined by measuring the change in 
transmittance with a UV-Vis spectrometer as a function of 
temperature (Advanced Drug Delivery Reviews (1998), 31: 
197-221 and Annals N.Y. of Science, 1999, 875(1):24-35). 
LCST also can be determined by any other useful method— 
for example and without limitation by Differential Scanning 
Calorimetry (DSC). DSC is used to measure LCTS in the 
examples below. 
One unique aspect of the polymers described herein is that 

the LCST of these polymers is typically between 18°C. and 
about 37° C. so that the polymer can be distributed through 
the marketplace, stored and administered to a patient as a 
liquid at ambient temperatures (or, if necessary, maintained at 
a cool temperature with an ice-pack, refrigerator or other 
cooling device), and the polymer gels as it warms past its 
LCST. Many polymers suitable for administration to patients 
require mixing of monomers immediately prior to use, which 
is undesirable for many reasons. For instance, it is impractical 
to ask doctors, nurses or technicians to mix monomers as they 
need the polymer. Further, monomers can have varying 
degrees of toxicity. The copolymers described herein do not 
require conducting a chemical reaction at the site of use and 
the copolymers can be washed free of monomer contamina 
tion prior to distribution in the marketplace. Lastly, the 
release of a portion of the aqueous phase during phase tran 
sition can facilitate local drug delivery in the excluded aque 
ous phase. 

Another desirable physical quality of the polymers 
described herein is that, when ester linkages in the backbone 
are hydrolyzed (for instance over time in situ in a living 
system, Such as a human patient), the released copolymer 
fragments have an LCTS above 37° C., so that they are 
soluble (and as an additional benefit, non-toxic), facilitating 
safe degradation and clearance of the polymer over time in a 
living system such as a human body. 

In one embodiment, the copolymer comprises an N-iso 
propylacrylamide residue, one or both of an acrylic acid resi 
due and a methacrylic acid residue (CH=C(CH)C(O)OH, 
an acrylic residue having an amine-reactive group, the 
copolymer having polyester linkages in its backbone. The 
copolymer may be reacted with amine-containing composi 
tions, such as compositions or molecules comprising amine 
groups, for example and without limitation, collagen, fibrin, 
gelatin and heparin. The polyester linkages may be incorpo 
rated in the copolymer backbone by introduction of, for 
example and without limitation, one or more of a polyester 
macromer, a polycaprolactone, a polyglycolide and a poly 
(trimethylene carbonate) into the copolymer. A polyester 
linkage is a linkage having an average of more than one ester 
groups which are contributed to the copolymer backbone. In 
certain non-limiting examples, the polyester linkages are 
introduced into the copolymeras a polyester macromer. Such 
as a macromer comprising hydroxyethyl methacrylate and 
lactide residues. Monomers (including as a group mac 
romers) containing ester linkages can be introduced into the 
copolymer by radical polymerization, or in any useful manner 
using any suitable initiator, Such as benzoyl peroxide. 

In one non-limiting example in which the copolymer com 
prises a macromer comprising hydroxyethyl methacrylate 
and lactide residues, the ratio of hydroxyethyl methacrylate 
and lactide residues in the polyester macromer is from 1:1 to 
1:10, such as 1:1, 1:2, 1:3, 1:4, 1:5, 1:6, 1:7, 1:8,1:9, and 1:10. 
In another non-limiting embodiment, the ratio of hydroxy 
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ethyl methacrylate and lactide residues in the polyester mac 
romer is from 1:2 to 1:8. In another non-limiting example in 
which the copolymer comprises a macromer comprising 
hydroxyethyl methacrylate and trimethylene carbonate resi 
dues, the ratio of hydroxyethyl methacrylate to trimethylene 
carbonate residues in the polyester macromer ranges from 1:1 
to 1:10, 1:2 to 1:5 or any increment within those ranges, 
including 1:1, 1:2, 1:3, 1:4, 1:4.2, 1:5, 1:6, 1:7, 1:8. 1:9, and 
1:10. In one embodiment of the copolymer useful in humans 
or animals, the copolymer has a lower critical Solution tem 
perature below 37°C. For veterinary applications, the LCST 
can be slightly higher as the core body temperature of certain 
animals (e.g., cats, dogs, horses, cows, sheep and goats) is in 
the range of 38° C.-39° C. In another embodiment, the 
copolymer has a lower critical Solution temperature above 
37° C. after its backbone ester linkages are hydrolyzed (sub 
stantially hydrolyzed, as with treatment of the polymer with 
NaOH, as described herein). 

Amine-reactive groups are groups that react with amine 
residues. Such as Lys residues of proteins, to form a covalent 
linkage. Non-limiting examples of amine-reactive groups are 
Succinimide, oxysuccinimide or isocyanate groups. Non-lim 
iting examples of useful acrylic monomers include, NHS 
(shown herein, for example in FIG. 4) and N-acryloxysuccin 
imide ester, having the structure: 

CH=CH-C-O-N 

O 

In medical or veterinary uses, the copolymers and compo 
sitions comprising the copolymers may serve as adhesives or 
fillers. They may be applied to wounds or into body cavities or 
used as a tissue packing to apply compression. As such, 
embodiments of the copolymer solutions described herein 
may be applied to wounds and, in one embodiment covered, 
optionally with a warming compress or "heat pack” as are 
available commercially to ensure that the copolymer is main 
tained at a temperature above its LCST and thus remains 
gelled when in contact with any cooler areas of the body, 
typically the skin. As a hydrogel, embodiments of the copoly 
mers disclosed herein may be contained in a composition 
comprising the copolymer and an aqueous solution that does 
not interfere substantially with the LCST and polymer struc 
ture in its intended use. For instance, the composition may 
comprise any aqueous solvent, optionally pharmaceutically 
acceptable, including, without limitation, water, PBS, Saline, 
etc. As used herein, and “aqueous solvent, is an aqueous 
solution compatible with the copolymer which can be 
absorbed into the copolymer matrix. The composition also 
may comprise an active agent, biological or drug, such as, 
without limitation: antibiotics, clotting agents (without limi 
tation, an antifibrinolytic, such as desmopressin/DDVAP), 
analgesics, anesthetics, antiseptics, anti-inflammatory 
agents, chemotherapeutic agents, metabolites, rheology 
modifiers, cytokines, chemoattractants, hormones, steroids, 
proteins (including enzymes), nucleic acids, cells, virus par 
ticles, nucleic acids, biomatrices or precursors thereof, or a 
foaming agent. In one embodiment, the composition com 
prises stem cells (Such as adipose-derived stem cells) or other 
progenitor cells so that the composition is useful as a biode 
gradable tissue engineering scaffold. The composition, even 
without cells, is useful as a cell growth niche or scaffolding 
into which cells such as native stem/progenitor cells can 
migrate in situ. In Such an embodiment, chemokines, cellular 
growth agents and cellular differentiation agents can be 
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12 
included within the composition to attract cells into the com 
position and promote cellular growth and differentiation 
when placed in situ. 

According to one embodiment, in its application to wound 
treatment, a clotting agent Such as desmopressin may be 
included in a polymer composition. An appropriate, e.g., 
pharmaceutically acceptable, foaming agent as are well 
known in the relevant arts also may be included for the pur 
pose of creating compression in a wound, whether exposed to 
a body Surface in the case of (for example) puncture wounds 
or bullet wounds, or internal wounds, in which case, the 
polymer can be injected into or near a site of internal bleeding. 
As such, the composition can find use in many situations, 
ranging from home use to stabilization of bleeding or mas 
sively bleeding patients in emergency and battlefield situa 
tions. The copolymer also can be used during Surgical proce 
dures to apply compression and otherwise secure a site of 
injury, such as a portion of a patients intestine, nasal passage 
or sinus cavity where a tumor or polyp has been removed or 
after other surgeries. The benefits of such a reversibly-gelling 
copolymer composition is that the composition can be 
removed simply by cooling, for example and without limita 
tion, by flushing with cool (lower than the copolymers 
LCST) flushing solution, Such as water, Saline or phosphate 
buffered saline. Thus, while a wound and bleeding in a patient 
can be stabilized by application of the polymer, the polymer 
can be selectively eroded in an emergency room or during 
Surgery simply by flushing with a cool (for example and 
without limitation, 0°C. to 30° C.) saline solution. 

In a further embodiment, the composition serves as a cell 
growth medium. According to one embodiment, cells are 
introduced into a composition comprising a copolymer as 
described herein to produce a cell construct. The cell con 
struct is incubated under conditions suitable for growth of the 
cells. That is, the cell construct can be placed in an incubator 
or into a patient so that the cells are maintained under 
adequate environmental conditions to permit the cells to Sur 
vive, proliferate, differentiate and/or express certain prod 
ucts. “Cell growth' means that the cells survive and prefer 
ably, though not exclusively, divide and multiply. The 
composition may comprise cell growth media, which typi 
cally provides necessary nutrients and environmental condi 
tions for cell growth. The cells may be introduced and incu 
bated underconditions suitable forcell growth by introducing 
the composition into a patient and allowing native cells. Such 
as stem cells to migrate into the composition. The composi 
tion can be administered by injecting the composition into the 
region requiring cellular growth or remodeling, such as a 
region of damaged tissue. In one non-limiting example, the 
damaged tissue is within the cardiac wall caused by a myo 
cardial infarction and the composition is injected into the 
cardiac wall. In one variation of that embodiment, cytokines, 
chemoattractants, nutrients and/or cell differentiation factors 
are included in the composition. The composition may also 
contain one or more of an antiseptic, an analgesic, an anes 
thetic and an antibiotic (for example, for selection of the cells 
or to prevent bacterial growth in the composition). To facili 
tate cell growth, in one non-limiting embodiment, the copoly 
mer is conjugated with collagen, for example between 0% 
and 10% by weight of the copolymer of collagen. 

Compositions comprising a copolymer described herein 
can be distributed for use in any suitable vessel. In one 
instance, the composition is packaged in a sealed container, 
from which the composition can be poured, squeezed or 
otherwise decanted, for example and without limitation, by 
use of a syringe. The vessel can be a bag. Such as an IV bag. 
In another embodiment, the composition can be distributed in 
a syringe for immediate dispensation into a wound or body 
cavity/location. A Syringe can be fitted with any type of 
needle, tip, tube, balloon device or other useful fitting for 
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facilitating accurate placement of the Solution in or around a 
desired delivery site, for example and without limitation, for 
delivery into the large intestine of a patient after removal of a 
tumor. In another embodiment, the composition and a phar 
maceutically acceptable solvent is stored within a Syringe at 
or below 4°C. and the syringe is fitted with a needle gauge 
sufficient to allow for injection without increased pressure but 
also prohibit back flow of the solution into the syringe after 
injection, such as, without limitation, a 16 through 23 G 
(gauge) needle, and in certain embodiments an 18 G or 20 G 
needle. Thus, methods ofuse embodying the above-described 
uses for a copolymer described herein and compositions com 
prising the copolymer are contemplated and embraced as part 
of the present invention. 

In another use, a composition described herein can be used 
for cosmetic purposes, such as for a rheology modifier. Ingre 
dients, including without limitation colorants, fragrances, fla 
Vors, and other ingredients listed herein, including active 
agents, may be included in the composition. 
The following examples are provided for illustration pur 

poses and are not intended to limit the scope of the present 
invention. 

EXAMPLES 

A hydrogel possessing thermoresponsive behavior 
coupled with robust mechanical properties suitable for soft 
tissue engineering is of great interest. Such a thermorespon 
sive scaffold could readily encapsulate and deliver cells for 
Subsequent mechanical training in vivo or in vitro. Described 
herein and in the examples below is a family of injectable and 
flexible hydrogel composites based on thermosensitive 
copolymers, optionally conjugated with collagen. The 
molecular structure of the hydrogels was confirmed with 
FT-IR, 1H-NMR and differential scanning calorimetry. The 
copolymers showed no cytotoxicity. The composite hydro 
gels formed effectively when collagen content was less than 
10%. In the examples below, a phase transition temperature 
occurred between 31-33.5° C. and the copolymers absorb 
150-205% HO at 37° C. depending on copolymer composi 
tion and collagen content. The hydrogels had tensile strengths 
>0.39 MPa and elongations at break >130% at 37° C. Deg 
radation in buffer with or without collagenase at 8 weeks 
showed 6-17% mass loss at 37° C. In collagen-containing 
samples, smooth muscle cell adhesion was 60% of tissue 
culture polystyrene (vs. 35% without collagen) and cell num 
bers increased over a 2-week culture period. Hydrogels with 
lower collagen content showed higher cell encapsulation effi 
ciency. In addition, Subcutaneous injections of these copoly 
mer Solutions were conducted on in vivo porcine models. 
These novel thermosensitive, biodegradable and flexible 
hydrogels have properties attractive for future application in 
Soft tissue engineering. 

Example 1 

Flexible. Injectable and Thermosensitive 
Poly(NIPAAm-co-AAc-co-NHS-co-HEMAPLA 

Ester) Hydrogel 

A thermosensitive copolymer hydrogel has been devel 
oped that is injectable at low (e.g. room) temperature, capable 
of binding biomolecules Such as collagen and other bioactive 
factors (e.g. growth factors, differentiation factors). The 
copolymer is highly flexible and relative strong for use in soft 
tissue engineering, characterized by an LCST lower than 37 
C. before degradation, Such that it can form a gel at body 
temperature, and characterized by an LCST higher than 37 
C. after degradation Such that the degradation product(s) can 
dissolve in the body’s aqueous environment and be cleared. 
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14 
The polymer comprises residues of N-isopropylacryla 

mide as thermosensitive component after polymerization; 
acrylic N-hydroxysuccinimide ester for conjugation of bio 
molecules; acrylic acid for improvement of hydrophilicity: 
and polylactide macromer for introduction of degradability 
and hydrophobicity. The hydrophobic lactide units decrease 
LCST of the copolymer to well below 37° C. before degra 
dation (hydrolysis). After degradation, it forms hydrophobic 
poly(hydroxyethyl methacrylate) structure in the backbone, 
which increases hydrophilicity of the polymer, LCST is then 
increased to above 37° C. 

FIG. 1 illustrates the synthesis of a polylactide hydroxy 
ethyl methacrylate-lactide (HEMAPLA) macromer from 
hydroxyethyl methacrylate (HEMA) and lactide (LA). Poly 
lactide macromer HEMAPLA was synthesized by ring-open 
polymerization of lactide with 2-hydroxyethyl methacrylate 
with Stannous octoate as catalyst. Stoichiometric amounts of 
lactide and 2-hydroxyethyl methacrylate (HEMA) were 
mixed in a 250 mL three-neck flask. Stannous octoate (1 mol 
% with respect to HEMA) in 1 mL toluene was added subse 
quently. Reaction was conducted at 110° C. for 1.5 hours 
under a nitrogen atmosphere. The mixture was then dissolved 
in tetrahydrofuran (THF) and precipitated in cool water. The 
precipitate was collected by centrifugation, dissolved in ethyl 
acetate and dried with MgSO overnight. Ethyl acetate was 
evaporated under reduced pressure. The yield viscous oil was 
dried in a vacuum oven overnight. Polylactide macromers 
with various lactide units were synthesized by altering feed 
ratio of lactide and HEMA. Polylactide macromers with lac 
tide units 2.1, 3.9 and 7.0 (the average number of lactide units 
per “macromer') were obtained with lactide:HMEA feed 
ratios 1, 2 and 4, respectively. 

FIG. 2 shows the absorptions of the functional groups of a 
HEMAPLA macromer (HEMAPLA 2.1) in Fourier Trans 
form Infrared spectrum (FT-IR), where broad and weak car 
boxylic group absorptions were observed at 1713 cm', ester 
group absorption at 1730 cm', and Succinimide group at 
1763 cm with weak peaks at 1795 and 1812 cm. FT-IR 
spectra were obtained at room temperature with a Nicolet 
FT-IR spectrometer. A 5% solution of polymer in chloroform 
was placed directly onto the NaCl window with subsequent 
evaporation of chloroform at 50° C. 
The 'H-NMR of the HEMAPLA 2.1 was obtained. FIG.3 

shows the 'H-NMR spectrum that confirms the structure of 
the HEMAPLA macromer, where the peaks of the protons in 
the spectra correlate with the corresponding protons labeled 
from a to i in the structure of HEMAPLA in the figure. The 
number of lactate units in HEMPLA can be calculated from 
the ratio of the integrals of the methine in lactate at 5.2 ppm 
and the double bond in HEMA at 5.7-6.0 ppm. Solvent peaks 
are shown for HO at -3.3 ppm and for DMSO at ~2.5 ppm. 
H-NMR spectra were recorded with a 300 MHz spectrom 
eter using DMSO-d as a solvent. 

FIG. 4 illustrates the synthesis of the P(NIPA Am-co-AAc 
co-NHS-co-HEMAPLA) copolymer, which is composed of 
N-isopropylacrylamide (NIPA Am), acrylic acid (AAc), 
acrylic N-hydroxysuccinimide ester (NHS), and HEMAPLA 
macromer. Copolymers were synthesized by radical poly 
merization with benzoyl peroxide (BPO) as initiator. Sto 
ichiometric amount of monomers were dissolved in 1,4-di 
oxane and mixed in a 250 mL one-neck flask under an argon 
atmosphere for 10 minutes. Degassed BPO (7.2x10 mol/ 
mol monomer) in 1,4-dioxane solution was then added into 
the flask. The reaction was carried out at 70° C. for 24 hours. 
The mixture was cooled to room temperature, precipitated in 
hexane and filtered. The polymer was dried overnight in a 
vacuum oven and then purified by repeating dissolving in 
THF and precipitating with diethyl ether. Table 1 provides the 
feed ratios and composition (as determined by 1H-NMR) for 
the resultant copolymers. 
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Composition of Poly(NIPAAn-co-NHS-co-AAc-co-HEMAPLA 

Polymer Feed ratio Composition* 

P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA2.1**) 85.6, S4 85.6.7.3.944 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA3.9**) 85.6, S4 856.9, 4.0.4.1 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA7.0**) 85.6, S4 85. 6.9, 3.84.3 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA2.1**) 8Of 6.5, 9 80.7.5, 42.83 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA3.9**) 8Of 6.5, 9 807.0.4.48.6 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA2.1**) 75.6/5.14 75/73f4.713.0 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA3.9**) 75.6/5.14 7S 6.3.4.9.13.8 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA2.1**) 80.11 S4 80, 11.4.4.2.f4.4 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA3.9**) 80.11 S4 8010.66.23.2 

*Determined by H1-NMR. 
Lactide units 

FIG. 5 shows an "H-NMR spectrum that confirms the 
structure of the P(NIPAAm-co-AAc-co-NHS-co-HEMA 
PLA) copolymer 85/6/5/4, where the peaks of the protons in 
the spectra correlate with the corresponding protons labeled 
from a to j in the structure of HEMAPLA in the figure. 
Solvent peaks are shown for HO at ~3.3 ppm and for DMSO 
at ~2.5 ppm. 
The resultant copolymer was conjugated with collagen. 

The copolymer was dissolved in PBS (pH=7.4) to 20% wt. 
Type I collagen solution (4 wt %) was mixed with the copoly 
mer polymer Solution at 4° C. Final collagen content was 
varied from 5% to 20%. To react the NHS residues and 
collagen, the mixture was incubated overnight at 4°C. Table 
2 shows the results of this experiment. 

TABLE 2 

25 

Low Critical Solution Temperature (LCST) was deter 
mined by Differential Scanning Calorimetry (DSC-60; Shi 
madzu) with a scanning rate of 10°C/min over a range of 0 to 
80°C. The temperature at the maxima of the endotherm peak 
was taken as the LCST. LCSTs were determined for polymers 
after synthesis and after hydrolysis with NaOH, as shown in 
Table 3. After synthesis, copolymer solutions were formed by 
dissolving copolymers in PBS (pH-7.4) at 20 wt %. LCSTs 
of completely hydrolyzed copolymers were measured after 
hydrolysis in a 1.0 M NaOH solution at 4°C. for 10 days, 
followed by neutralization with a 10 M HCl solution. 

Hydrogel formation with collagen. 

Collagen content (% 

Polymer O 5 10 20 

P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA2.1)85/6/5/4 -- -- -- - 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA3.9)85/6/5/4 -- -- -- - 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA7.0)85/6/5/4 -- -- -- - 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA2.1)80/6/5/9 -- -- -- - 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA3.9)80/6/5/9 -- -- -- - 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA2.1)75/6/5/14 -- -- -- - 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA3.9)75/6/5/14 -- -- -- - 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA2.1)80/11/5/4 -- -- -- - 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA3.9)80/11/5/4 -- -- -- - 

“+” Gelation (form hydrogel), 
“-” Precipitation (not form hydrogel). 

TABLE 3 

LCST 

After After NaOH 
Polymer synthesis hydrolysis 

P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA2.1)85/6/5/4 26.O 41.1 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA3.9)85/6/5/4 25.8 41.4 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA7.0)85/6/5/4 24.8 42.3 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA2.1)80/6/5/9 24.O 4.1.8 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA3.9)80/6/5/9 21.O 42.O 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA2.1)75/6/5/14 19.4 41.2 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA3.9)75/6/5/14 18.4 40.8 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA2.1)80/11/5/4 26.1 60.6 
P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA3.9)80/11/5/4 26.O 61.1 
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TABLE 3-continued 

LCST 

18 

Collagen content (%) 

Polymer O 

P(NIPA Am-co-AAc-co-NHS-co-HEMAPLA3.9)80/6/5/9 21.0 

FIG. 6 shows schematically the conjugation of the copoly 
mer with an anime-containing biomolecule. Such as collagen, 
where the amine functional group reacts with the carbonyl 
group on the NHS unit. FIGS. 7A and 7B show the effect of 
the various feed ratios of the P(NIPA Am-co-AAc-co-NHS 
co-HEMAPLA) copolymer on the water absorption rate. 
Water absorption rate was measured at 37°C. by mass change 
of dry and wet samples. Of note, all copolymer hydrogels 
have water absorption rate greater than 130%. FIG. 7A shows 
that when the number of LA units in HEMAPLA unit 
increases from 2.1 to 3.9, then water absorption significantly 
decreases (p<0.05). Comparing polymers with the same lac 
tate length, the decrease of NIPAAm/HEMAPLA from 85/4 
to 75/14 significantly decreased water absorption (p<0.05). 
FIG. 7B shows that when the ratio of AAc in the copolymer 
increased from 6% to 11%, the water absorption rate signifi 
cantly increased (p<0.05). 

FIG. 8 shows the effect of the conjugation of collagen to a 
P(NIPAAm-co-AAc-co-NHS-co-HEMAPLA) copolymer at 
a fixed feed ratio of 80/6/5/9 (3.9) on the water absorption 
rate. After conjugation with collagen, the copolymer absorbs 
more water (p<0.05). 

FIG. 9A shows the effect of various ratios of NIPAAm: 
HEMAPLA on the tensile strength (measured in MPa) at 37° 
C. of P(NIPAAm-co-AAc-co-NHS-co-HEMAPLA) copoly 
mers. Tensile strength was measured by a Universal Testing 
Machine (Applied Test Systems, with a 5 lb or 10 lb load cell 
and 10 mm/min tensile speed). Decreasing the NIPA Am/ 
HEMAPLA ration from 85/4 to 80/9 significantly improves 
tensile strength (p<0.05), while further decreasing the ratio to 
75/14 decreased tensile strength (p<0.05). 

FIG. 9B shows the effect of various ratios of NIPA Am/ 
HEMAPLA on the elongation at break at 37° C. of 
P(NIPAAm-co-AAc-co-NHS-co-HEMAPLA) copolymers. 
Elongation at break is measured by a Universal Testing 
Machine (Applied Test Systems, 5 lb or 10 lb load cell and 10 
mm/min tensile speed). The elongation at break increases as 
NIPAAm/HEMAPLA decreases (p<0.05 for 85/4 versus 
75/14). FIG. 10A illustrates the effect of various ratios of 
NIPAAm/AAc on the tensile strength (measured in MPa) at 
37° C. of P(NIPAAm-co-AAc-co-NHS-co-HEMAPLA) 
copolymers. The tensile strength does not change signifi 
cantly as NIPA Am/AAc decreases. FIG. 10B shows the effect 
of various ratios of NIPAAm/HEMAPLA on the elongation 
at break at 37° C. of P(NIPAAm-co-AAc-co-NHS-co-HE 
MAPLA) copolymers. The elongation at break does not 
change significantly as NIPA Am/AAc decreases. The tensile 
strength decreased from 0.60+0.10 MPa to 0.55+0.06 MPa 
when the AAc content was increased from 6% to 11% in 
copolymers with 85/6/5/4 (2.1) and 85/11/5/4 (2.1) monomer 
ratios respectively (pc-0.05), while the elongation at break 
increased from 1398+87% to 1580+138% (p>0.04). 

FIG. 11A shows the effect of the number of LA units in the 
HEMAPLA macromer on the tensile strength (measured in 
MPa) at 37° C. of P(NIPAAm-co-AAc-co-NHS-co-HEMA 
PLA) copolymers. The tensile strength increases as the num 
ber of LA units in the macromer increases. FIG. 11B shows 
the effect of the number of LA units in the HEMAPLA 
macromer on the elongation at break at 37°C. of P(NIPA Am 
co-AAc-co-NHS-co-HEMAPLA) copolymers. The elonga 
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tion at break decreases as the number of LA units in the 
macromer increases. At the same NIPA Am/HEMAPLA ratio 
of 85/6/5/4, increasing the number of lactide units from 2.1 to 
3.9 increased the tensile strength from 0.6+0.10 MPa to 
1.1++0.04 MPa (p<0.01), while elongation at break 
decreased from 1398+87 to 1196+63% (p<0.05). 

FIG. 12A illustrates the effect of collagen incorporation on 
the tensile strength (measured in MPa) at 37° C. of 
P(NIPAAm-co-AAc-co-NHS-co-HEMAPLA) copolymers. 
The FIG.12B shows the effect of the collagen on the elonga 
tion at break at 37° C. of P(NIPAAm-co-AAc-co-NHS-co 
HEMAPLA) copolymers. Both tensile strength and elonga 
tion at break decreases as the content of collagen increases 
(p<0.05). The hydrogel is still flexible, with elongation at 
break greater than 340% and tensile strength greater than 0.3 
MPa. 

FIG. 13 shows macroscopic images of the morphological 
changes in the P(NIPA Am-co-AAc-co-NHS-co-HEMA 
PLA2.1) 85/6/5/4 copolymer after stretching and temperature 
change in an aqueous environment. In FIG. 13A, a strain of 
100% was applied and was followed by a recovery period, 
where 91% strain recovery was observed. When the stretched 
hydrogel was cooled from 37° C. to 22°C., the material 
fractured. Upon further cooling to 4°C., hydrogel solubilized 
completely in water (FIG. 13B). 

FIG. 14 shows the effect of the feed ratio of the 
P(NIPAAm-co-AAc-co-NHS-co-HEMAPLA) copolymer 
on degradation at 37° C. in PBS, which was quantified by 
percentage weight loss. Weight loss was measured by mass 
change before and after degradation. For hydrogels with PLA 
lengths of 2.1, the decrease ofNIPAAm/HEMAPLA ratio did 
not significantly affect weight loss during 21 days of degra 
dation (p-0.05). However, when the PLA length was 3.9, a 
decrease in the NIPA Am/HEMAPLA ratio significantly 
decreased the mass lSS during the degradation period 
(p<0.05). With the same NIPAAm/HEMAPLA ratio, an 
increase in the PLA length from 2.1 to 3.9 decreased mass 
loss in the first 7 days (p<0.05). 

FIG. 15 illustrates the lack of cytotoxicity at 37° C. of the 
degraded P(NIPAAm-co-AAc-co-NHS-co-HEMAPLA) 
copolymer to smooth muscle cells (SMC). SMC were plated 
on control culture medium and on culture medium containing 
1.7 mg/mL of degraded copolymer. After 48 h and 96 h after 
culturing the cells, relative cell viability of SMC was deter 
mined by a colormetric (MTT) assay to measure mitochon 
drial activity of the cells. With the unsupplemented medium 
resulting in a cell density defined as 100% at each time point, 
the culture medium containing the degraded copolymer 
resulted in cell densities of 109+5% after day 2 and of 99.9% 
after day 4. The cell densities were not significantly different 
between control and degraded polymer-containing medium 
at both time points (p-0.05). 
The viability of SMC on the surface of the P(NIPAAm-co 

AAc-co-NHS-co-HEMAPLA) copolymer is shown in FIG. 
16. Smooth muscle cells were cultured on the surface of 
copolymer hydrogel with or without collagen. SMCs were 
seeded at a density of 3x10/mL and cultured for 24 h. The 
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hydrogel without collagen showed 29% (p<0.01) cell adhe 
sion as compare to tissue culture plate (TCPS); the collagen 
containing hydrogel significantly improved cell adhesion to 
97% (p<0.01 versus 0% collagen). Cell adhesion was mea 
sured by MTT. 
To evaluate cell viability after encapsulation within the 

hydrogel matrices, SMCs were first labeled with living cell 
marker CellTracker Green CMFDA (5-chloromethylfluores 
cein diacetate in DMSO, Invitrogen of Carlsbad, Calif.) by 
exposing a cell Suspension to culture media containing 10 LM 
of CMFDA. The cell suspension was incubated for 37° C. for 
15 min, followed by centrifugation. The cell pellet was resus 

Polymer 

P(NIPA Am-co-NHS-co-AAc) = 90/0/10 
P(NIPA Am-co-NHS-co-AAc) = 90/10/0 
P(NIPA Am-co-NHS-co-AAc) = 93.5/0/6.5 
P(NIPA Am-co-NHS-co-AAc) = 93.5/6.5/O 
P(NIPA Am-co-NHS-co-AAc) = 80/20/0 

*Determined by 1H-NMR 

pended in culture medium and washed twice to remove free 
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lack of ester linkages in the backbone. The polymer is a 
copolymer of N-isopropylacrylamide and acrylic N-hydrox 
ySuccinimide ester. The N-isopropylacrylamide serves as the 
thermosensitive component after polymerization and the 
acrylic N-hydroxysuccinimide ester is for conjugation of bio 
molecules. A copolymer of N-isopropylacrylamide and 
acrylic acid is used as control. This copolymer is synthesized 
by BOP-initiated radical polymerization substantially as 
described in Example 1. Table 4 provides monomer feed 
ratios and composition of the resultant copolymer as deter 
mined by 'H-NMR. 

TABLE 4 

Synthesis of Poly(NIPA Am-co-NHS-co-AAc) 

Feed ratio Composition 

(NIPA Am/NHS/AAc) (NIPA Am/NHS/AAc)* 

90:0:10 90.2:0:9.8 

90.0:10.0:O 88.7:11.3 :O 

93.5:0:6.5 92.7:0:7.3 

93.5:6.5:O 92.1:7.9:O 

Conjugation of the thermosensitive polymer with collagen: 
CMFDA. A 20% of P(NIPAAm-co-AAc-co-NHS-co-HE- 30 The thermosensitive polymer dissolved in PBS (pH=7.4) to 
MAPLA3.9) PBS solution with or without 5% collagen was 
pre-cooled to 4°C. A labeled cell suspension (0.25 mL of 
2x10 cells/mL of PBS) was mixed thoroughly with 1 mL of 
copolymer solution. The mixture was transferred into a 37°C. 
water bath for gelation for 10 min. The water expelled from 
the hydrogel was removed and replaced with an equal Volume 
of medium comprising PBS and 20% fetal bovine serum. The 
medium was changed daily for 7 days. The hydrogel was cut 
into ~100 um thick pieces and visualized with fluorescence 
microscopy. 

FIG. 17 shows the cell density of encapsulated SMCs over 
a period of 7 days. Hydrogels containing 0% and 5% collagen 
had encapsulation efficiency of 92+4% and 95+2%, respec 
tively. Cell-encapsulated hydrogels without collagen had a 
tensile strength of 0.66+0.10 MPa and elongation at break of 
1600-135%, while cell-encapsulated hydrogels with 5% col 
lagen had a tensile strength of 0.44+0.04MPa and elongation 
at break of 850++81%. Cell density was high for both hydro 
gels after encapsulation (FIGS. 18A and 18B). Cells 
remained alive during 7 days culture. Cell density did not 
change obviously after 3 days (FIGS. 18C and 18D). After 7 
days, collagen containing hydrogel exhibited higher cellden 
sity than non-collagen containing hydrogel (FIGS. 18.E and 
18F). 

Data are expressed as meantstandard deviation. Statistical 
analysis was performed by ANOVA with post hoc Neuman 
Keuls testing for differences. For hydrogel dehydration data, 
hydrogels with different lactate length and PNIPA Am/HE 
MAPLA ratio were compared with repeated measures 
ANOVA to evaluate the effect on weight loss. 

Example 2 

Flexible. Injectable and Thermosensitive 
Poly(NIPAAm-co-NHS) Hydrogel 

This copolymer is similar to the copolymer of Example 1, 
but possessing a different degradation mechanism due to its 
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20 wt %. Type I collagen solution (4 wt %) was mixed with the 
thermosensitive polymer solution at 4°C. The final collagen 
content was 5% and 10%. The mixture was set at 4° C. 
overnight to react the NHS residues and collagen. 

FIG. 19 illustrates the synthesis of P(NIPAAm-co-NHS) 
copolymer and of P(NIPA Am-co-AAc) copolymer. FIG.20A 
shows the 'H-NMR spectrum for the control, P(NIPAAm-co 
AAc) copolymer. FIG.20B shows the H-NMR spectrum for 
P(NIPA Am-co-NHS) copolymer. A peak from the proton on 
the NHS unit is shown on the spectra at ~2.8 ppm (labeleda). 

FIG.21 shows the absorptions of the P(NIPAAm-co-NHS) 
copolymer with and without collagen and of the P(NIPA Am 
co-AAc) copolymer. The FT-IR spectrum labeled 
“P(NIPAAm-co-NHS)/collagen' does not show absorption 
of NHS groups, indicating complete reaction between the 
P(NIPA Am-co-NHS) copolymer and collagen. The small 
COOH group absorption peak is probably from NHS 
hydrolysis. The amide absorption peak at 1650 cm' was 
enhanced in comparison with FT-IR spectra for P(NIPA Am 
co-NHS) and for P(NIPAAm-co-AAc). 

FIG. 22 shows the glass transition temperature of the 
P(NIPAAm-co-AAc) copolymer, and P(NIPAAm-co-NHS) 
copolymer with and without collagen. Thermal analysis was 
determined by differential scanning calorimetry. The glass 
transition temperature of P(NIPA Am-co-NHS) copolymer is 
lower with collagen, indicating a strong interaction between 
the copolymer and collagen. 

FIG. 23 shows the kinetics of bioconjugation at 4°C. for 
the P(NIPAAm-co-NHS) 90/10 copolymer. The release of 
NHS was measured by UV-Vis at 260 nm. Kinetics was 
measured with 0.3 mg/mL of copolymer, where aminolysis 
conditions were with 0.5 mg/mL of glycine. The reaction 
between the NHS unit in copolymer and glycine is gradual at 
pH-7, and the aminolysis reaction is very slow at pH-5. 
Hydrolysis of NHS unit in copolymer is very slow at pH=7. 

FIG. 24 illustrates the effect of the conjugation of collagen 
on the lower critical solution temperature (LCST) of 
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P(NIPAAm-co-NHS) 90/10 copolymer. LCST was deter 
mined by Differential Scanning Calorimetry (DSC), inflec 
tion point. The LCST is seen to increase as the content of 
collagen is increased. The effect of the conjugation of col 
lagen on the lower critical solution temperature (LCST) of 
P(NIPAAm-co-NHS) 93.5/6.5 copolymer is illustrated in 
FIG. 25, where LCST is seen to increase as the content of 
collagen increases. FIG. 26 shows the effect of conjugation of 
collagen on the lower critical solution temperature (LCST) of 
P(NIPAAm-co-AAc) 93.5/6.5 copolymer, where LCST is 
seen to increase as the content of collagen increases. 

FIG. 27 shows the effect of the conjugation of collagen on 
the rate of water absorption at 37° C. of P(NIPAAm-co-NHS) 
90/10 copolymer, P(NIPAAm-co-NHS) 93.5/6.5 copolymer 
and P(NIPA Am-co-AAc) 93.5/6.5 copolymer. The copoly 
mer conjugated with collagen has water absorption rate 
higher than 150%. The increase of the content of collagen to 
5% did not change water absorption significantly. Copoly 
mers with content of 10% collagen have the highest water 
absorption. 

FIG. 28 illustrates the effect of the conjugation of collagen 
on the tensile strength of P(NIPAAm-co-NHS) 90/10 copoly 
mer, P(NIPAAm-co-NHS) 93.5/6.5 copolymer and 
P(NIPA Am-co-AAc) 93.5/6.5 copolymer. The copolymers 
are relatively strong with tensile stress higher than 0.4 MPa. 
Tensile strength decreases as the content of collagen 
increases. 

FIG. 29 shows the effect of the conjugation of collagen on 
the elongation at break of P(NIPAAm-co-NHS) 90/10 
copolymer, P(NIPAAm-co-NHS) 93.5/6.5 copolymer and 
P(NIPA Am-co-AAc) 93.5/6.5 copolymer. The hydrogel has 
elongation at break higher than 130%. Addition of collagen 
decreases the elongation at break slightly for copolymers 
with NHS groups. In contrast, the elongation at break 
increases with collagen content for copolymer without NHS 
groups. 

FIG. 30 shows the degradation of copolymer P(NIPA Am 
co-NHS) 93.5/6/5 with and without collagen. Collagenase is 
used to cleave collagen. Copolymers containing collagen 
degrade faster than copolymers without collagen. The 
copolymer containing collagen degrades faster in the pres 
ence of collagenase than in the absence of collagenase. 

FIG. 31 illustrates the lack of cytotoxicity of the degrad 
able P(NIPA Am-co-NHS) copolymer. Cytotoxicity was 
assessed by culturing Smooth muscle cells (SMC) on tissue 
culture plate (TCPS) supplemented with copolymer-contain 
ing medium. Different concentrations of copolymer were 
assessed. The cell viability was measured by MTT assay on 
day 1 and on day 3. As the final degradation product of 
P(NIPAAm-co-NHS) copolymer is P(NIPAAm-co-AAc) 
copolymer, P(NIPAAm-co-AAc) copolymer was used to 
assess cytotoxicity. There is no significant difference in cell 
viability between those plated on control medium or on 
medium Supplemented with the copolymer. 

FIG. 32 shows the viability of SMC on the surface of 
P(NIPA Am-co-NHS) copolymer. Cell adhesion relative to 
the tissue culture plate (% TCPS) is seen to increase with the 
conjugation of collagen to the copolymer. SMCs were cul 
tured on the surface of the copolymer. Tissue culture plates 
(TCPS) were used as control. At day 1, the copolymer without 
collagen showed 35% of cell adhesion as compared with 
TCPS. The conjugation of collagen increases cell adhesion to 
49%. Cells grew on the copolymer during the culture, as the 
relative cell number on day 3 is higher than on 1 day. 

FIG. 33 illustrates the viability of SMC encapsulated 
within the copolymer P(NIPAAm-co-NHS) 93.5/6.5. Conju 
gation of collagen to the copolymer increases viability at 14 
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22 
days. Encapsulation of cells within copolymer was conducted 
by mixing 5x10°/mL, RSMCs with copolymer or copolymer/ 
collagen aqueous solution. Cell adhesion and growth were 
quantified with the MTT mitochondrial assay. Cell viability 
was characterized by Live/Dead(R) staining. Copolymer with 
5% collagen has slightly lower cell number as compare with 
copolymer without collagen. However, copolymer with 10% 
collagen has significantly lower cell number. Cell number 
decreased in copolymer without collagen during the culture. 
In contrast, cell number increased at 14 days for copolymer 
with collagen. 

FIG. 34A is a photomicrograph obtained after a Live/ 
Dead(R) stain of SMC encapsulated within the P(NIPAAm 
co-NHS) copolymer. FIG. 34B is a photomicrograph 
obtained after a Live/Dead(R) stain of SMC encapsulated 
within the P(NIPA Am-co-NHS) copolymer conjugated with 
collagen. Live cells are stained red and the dead cells are 
stained green. 

Example 3 

Flexible. Injectable and Thermosensitive 
Poly(NIPAAm-co-AAc-co-NHS-co-HEMAPTMC) 

Hydrogel 

The polymer comprised residues of: N-isopropylacryla 
mide (NIPA Am) as thermosensitive component after poly 
merization; acrylic N-hydroxysuccinimide ester (NHS) for 
conjugation of biomolecules; acrylic acid (AAc) for improve 
ment of hydrophilicity; and poly(trimethylene carbonate) 
macromer for introduction of degradability and hydrophobic 
ity. The biodegradable polymer backbone comprised of a 
poly(trimethylene carbonate) hydroxyethyl methacrylate-tri 
methylene carbonate (HEMAPTMC) macromer. 

Poly(trimethylene carbonate) macromer HEMAPTMC 
was synthesized by ring-open polymerization of trimethylene 
carbonate (TMC) with 2-hydroxyethyl methacrylate using 
Stannous octoate as catalyst. Reaction was conducted at 110° 
C. for 1 hour under a nitrogen atmosphere. Poly(trimethylene 
carbonate) macromers with various TMC units were synthe 
sized by altering the feed ratio of TMC and HEMA. Feed 
ratios of HEMA/TMC were /2 and /3, and the corresponding 
TMC units in the macromers, as determined by NMR were 
2.0 and 4.2, respectively. Copolymers were synthesized from 
NIPA Am, AAc, NHS, and HEMAPTC by free radical poly 
merization in 1,4-dioxane at 70° C. 
Type 1 Collage (4 wt %) was conjugated with P(NIPA Am 

co-AAc-co-NHS-co-HEMAPTMC) at 20 wt % in PBS 
(pH=74) at 4°C. for 24 h. Hydrogels were formed at 37° C. 
and cut into 6 mmx0.5 mm discs. Rat arterial Smooth muscle 
cells (SMCs) were statically seeded at a density of 3x10/mL 
for cytocompatibility studies. For encapsulation studies, 
SMCs with 5x10"/mL were mixed with copolymer solution 
or mixture of copolymer and collagen. The hydrogel was then 
cultured in medium of 20% fetal bovine serum in PBS. Cells 
in hydrogel were visualized after stained with live cell stain 
CMFDA. Many of the experimental procedures discussed in 
the previous Examples were used within this Example, unless 
otherwise specified. 
Macromers HEMAPTMC with different TMC lengths 

were characterized by 'H-NMR. Hydrogel structure and 
composition were confirmed and characterized by FTIR, 
'H-NMR, and DSC. Copolymers were soluble and injectable 
in PBS at 4°C. (FIG.35A) and formed hydrogels whengelled 
at 37° C. (FIG. 35B). The hydrogels had measured LCSTs 
between 16 to 20° C. before degradation. After complete 
hydrolysis with NaOH, the hydrogels had LCSTs above 39.7° 
C. and were soluble in PBS at 37°C. Incorporation of col 
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lagen with P(NIPAAm-co-AAc-co-NHS-co-HEMAPTMC) 
slightly increased LCSTs. At 37° C., water absorption was 
47-85% without collagen and increased to over 102% when 
collagen was incorporated. Hydrogels were flexible and 
strong, with elongation breaks from 844 to 2625% and tensile 5 
strengths from 0.59 to 0.85 MPa at 37° C. FIG.35C shows the 
hydrogelbefore stretching, where FIG.35Dshows the hydro 
gel after stretching to ~2 times its original length. 

Hydrogels had weight loss from 16-84% over three weeks 
in PBS at 37° C., depending on the TMC length and the 
polymer composition. Polymers conjugated with collagen 
showed higher weight loss that the corresponding polymer. 
Degradation products were non-cytotoxic. Cell adhesion on 
hydrogels was 57% of that on TCPS (p<0.01) and increased 
with collagen conjugation. SMCs were successfully encap 
Sulated in hydrogels and encapsulation efficiency was greater 
than 97%. SMC encapsulation did not significantly change 
the hydrogel's mechanical properties. FIG. 36 shows the ten 
sile strength (MPa) and elongation at break (%) for the 
copolymer (NIPAAm-co-AAc-co-NHS-co-HEMAPTMC) 
with collagen, without collagen, with SMCs, and with col 
lagen and SMCs. Cell number in collagen conjugated copoly 
mer increased during 7 days in culture, while it increased 
during the first 3 days and decreased after 7 days in culture in as 
pure copolymer. 
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Example 4 

In Vivo Injection of 
Poly(NIPAAm-co-AAc-co-NHS-co-HEMAPLA 

Ester) Copolymer into a Porcine Model 

30 

Biomaterial injection therapy may be a viable option for 
treatment of cardiac failure. Injection of a non-contractile 
material into the border Zone and infarct region of the cardiac 
wall may benefit cardiac mechanics. An optimal injection 
material would possess beneficial mechanical properties in 
situ, biodegradability, and additional biofunctionality. 

Solutions of NIPAAm/AAc/NHS/HEMAPTMC ratio 
85/6/5/4. copolymer comprising a hydrogel containing 2.1 
polylactide units, were injected into an in vivo porcine model. 
Injection sites included a sub-cutaneous/sub-fascia injection 
in a porcine model and an injection into the myocardium of 
the heart in a porcine model and FIG. 37 shows photographs 
of the sub-cutaneous/sub-fascia injection, where FIG. 38 
shows photographs of the myocardial injection. These initial 
trials demonstrate the feasibility of intramuscular injection of 
the polymer Solution. 

Trials were conducted to determine the feasibility of poly 
mer injection into a heart model from healthy pigs (N=2. 
BW=63 kg and 70 kg). Before injection, polymer solutions 
were stored on ice. Injection of the polymer was conducted 
with various gauges of needles with 3 mL Syringes. Table 5 
shows the effect of needle gauge on the pressure required to 
inject the solution out of the needles and the back flow from 
the puncture site. Though back flow is a concern, this can be 
addressed with needle selection and injection technique. 
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TABLE 5 60 

Needle Selection to optimize for polymer iniection 

Needle Back flow from 
gauge Resistance during injection puncture site 

26G Impossible to inject 65 
23G Possible to inject with little resistance 

24 
TABLE 5-continued 

Needle Selection to optimize for polymer iniection 

Needle Back flow from 
gauge Resistance during injection puncture site 

2OG Possible to inject with little resistance -- 
18G Possible to inject ---- 
16G Possible to inject ------ 

The present invention has been described with reference to 
certain exemplary embodiments, dispersible compositions 
and uses thereof. However, it will be recognized by those of 
ordinary skill in the art that various substitutions, modifica 
tions or combinations of any of the exemplary embodiments 
may be made without departing from the spirit and scope of 
the invention. Thus, the invention is not limited by the 
description of the exemplary embodiments, but rather by the 
appended claims as originally filed. 
We claim: 
1. A copolymer comprising: an N-isopropylacrylamide 

residue; an acrylic acid residue, an acrylic acid N-hydrox 
ySuccinimide ester residue, and a polyester macromer com 
prising hydroxyethyl methacrylate (HEMA) and trimethyl 
ene carbonate (TMC), wherein hydrogels comprising said 
copolymer have weight loss ranging from 16% to 84% over 
three weeks in phosphate-buffered saline at 37° C.; and 

wherein the percent feed ratio of N-isopropylacrylamide: 
acrylic acid:acrylic acid N-hydroxySuccinimide ester: 
polyester macromer for the copolymer is 85: 6: 5:4. 

2. The copolymer of claim 1, wherein the copolymer has a 
lower critical solution temperature below 37° C. 

3. The copolymer of claim 1, wherein the copolymer has a 
lower critical solution temperature of between 30° C. and 35° 
C. 

4. The copolymer of claim 1, wherein the copolymer has a 
lower critical solution temperature above 37° C. after its ester 
bonds are hydrolyzed. 

5. The copolymer of claim 1, wherein the ratio of hydroxy 
ethyl methacrylate to trimethyl carbonate residues in the 
polyester macromer ranges from 1:1 to 1:10. 

6. The copolymer of claim 5, wherein the ratio of hydroxy 
ethyl methacrylate and trimethyl carbonate residues in the 
polyester macromer ranges from 1:2 to 1:5. 

7. The copolymer or claim 1, further comprising one or 
both of a caprolactone and a glycolide residue. 

8. The copolymer of claim 1, further comprising an amine 
containing compound attached to the copolymer. 

9. The copolymer of claim 8, wherein the amine-contain 
ing compound is collagen. 

10. The copolymer of claim 8, wherein the amine-contain 
ing compound is gelatin. 

11. The copolymer of claim 9, comprising between 1% wt 
and 10% wt collagen. 

12. A composition comprising the copolymer of claim 1, 
and an aqueous solvent. 

13. The composition of claim 12, wherein the aqueous 
Solvent is one of water, Saline and phosphate-buffered saline. 

14. The composition of claim 12, further comprising an 
active agent. 

15. The composition of claim 14, wherein the active agent 
is one or more of an antiseptic, an antibiotic, an analgesic, an 
anesthetic, a chemotherapeutic agent, a clotting agent, an 
anti-inflammatory agent, a metabolite, a cytokine, a chemoat 
tractant, a hormone, a steroid, a protein and a nucleic acid. 

16. The composition of claim 15, wherein the active agent 
is a desmopressin. 
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17. The composition of claim 12, further comprising a 
biological material selected from the group consisting of a 
cell, a protein, and a virus. 

18. The composition of claim 17, wherein the biological 
material is a cell. 

19. The composition of claim 18, wherein the cell is a 
progenitor cell or a stem cell. 

20. A method of making a thermosensitive copolymer 
comprising co-polymerizing N-isopropylacrylamide; acrylic 
acid; acrylic acid N-hydroxysuccinimide ester; and a polyes 
ter macromer prepared from hydroxyethyl methacrylate and 
trimethyl carbonate monomers to make a copolymer, 

wherein the percent feed ratio of N-isopropylacrylamide: 
acrylic acid:acrylic acid N-hydroxySuccinimide ester: 
polyester macromer for the copolymer is 85:6:5:4; and 

wherein hydrogels comprising said copolymer have 
weight loss ranging from 16% to 84% over three weeks 
in phosphate buffered saline at 37°C. 

21. The method of claim 20, wherein the monomers are 
co-polymerized by free-radical polymerization. 
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22. The method of claim 20, wherein the ratio of hydroxy 

ethyl methacrylate to trimethyl carbonate residues in the 
polyester macromer ranges from 1:1 to 1:10. 

23. The method of claim 20, wherein the ratio of hydroxy 
ethyl methacrylate to trimethyl carbonate residues in the 
polyester macromer ranges from 1:2 to 1:5. 

24. The method of claim 20, further comprising conjugat 
ing an amine-containing compound to the copolymer. 

25. The method of claim 24, wherein the amine-containing 
compound is collagen. 

26. The method of claim 24, wherein the amine-containing 
compound is gelatin. 

27. The copolymer of claim 1, having a tensile strength of 
O5 MPa to 114 MPa. 

28. The copolymer of claim 8, having a tensile strength 
greater than 0.3 MPa and an elongation at break greater than 
340%. 


