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( 57 ) ABSTRACT 

Provided are novel biocompatible copolymers , composi 
tions comprising the copolymers , and methods of using the 
copolymers . The copolymers are non - toxic and typically 
have an LCST below 37 ° C. Compositions comprising the 
copolymers can be used for wound treatment , as a cellular 
growth matrix or niche and for injection into cardiac tissue 
to repair and mechanically support damaged tissue . The 
copolymers comprise numerous ester linkages so that the 
copolymers are erodeable in situ . Degradation products of 
the copolymers are soluble and non - toxic . The copolymers 
can be amine - reactive so that they can conjugate with 
proteins , such as collagen . Active ingredients , such as drugs , 
can be incorporated into compositions comprising the copo 
lymers . 
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BIODEGRADABLE , THERMALLY 2 - hydroxyethyl methacrylate - polylactide ( HEMA - PLA ) , 
RESPONSIVE INJECTABLE HYDROGEL 2 - hydroxyethyl methacrylate - polycaprolactone ( HEMA 

FOR TREATMENT OF ISCHEMIC PCL ) and 2 - hydroxyethyl methacrylate - polytrimethylene 
CARDIOMYOPATHY carbonate ( HEMA - PTMC ) . However , the backbone rem 

5 nant following hydrolysis , HEMA , presents hydroxyethyl 
This application is a Divisional of U.S. patent application side groups ( CH2CH2 - OH ) , which have a relatively 

Ser . No. 15 / 304,016 , filed Oct. 13 , 2016 , which is the United limited effect on remnant polymer hydrophilicity . In previ 
States national phase of International Patent Application No. ous studies , such hydrogels have been found to be either 
PCT / US2015 / 025728 , filed Apr. 14 , 2015 , which claims the partially bioabsorbable or completely bioabsorbable , but 
benefit of U.S. Provisional Patent Application No. 61/979 , have required the inclusion of considerably hydrophilic 244 , filed Apr. 14 , 2014 , each of which is incorporated monomers such as acrylic acid ( AAC ) in the hydrogel herein by reference in its entirety . synthesis . 

NOTICE OF GOVERNMENT SUPPORT Progressive remodeling of the left ventricular ( LV ) archi 
tecture occurs after myocardial infarction ( MI ) . While ini 

This invention was made with government support under tially required for maintenance of cardiac output , this 
Grant No. HL105911 awarded by the National Institutes of response ultimately leads to LV dysfunction and heart failure 
Health . The government has certain rights in the invention . in the absence of a recurrent ischemic event . Even with 

current optimal therapy , mortality in end - stage - heart - failure 
BACKGROUND 20 amounts to 20-50 % per year . Heart transplantation is applied 

as the last therapeutic option for patients with terminal 
A thermoresponsive , biodegradable elastomeric material heart - failure , but requests for organ transplantation far out 

is described herein , along with methods of making the strip the number of donor organs . Therefore , new therapeutic 
material and uses for the material , particularly uses of the strategies are urgently needed in order to ameliorate both 
material in repairing defects in heart muscle . 25 patient prognosis and quality of life . 

Injectable thermally responsive hydrogels with a lower Following MI , dilatation of the LV cavity has the effect of 
critical solution temperature ( LCST ) below body tempera- increasing LV wall tension , which triggers further dilatation 
ture represent promising biomaterials for a variety of bio of the LV cavity , and progression down a spiral of adverse medical applications , including regional tissue mechanical 
support as well as drug and cell delivery applications . 30 failure . To restore wall tension , the endoventricular circular cardiac remodeling towards the advanced stages of cardiac 
Generally , the LCST - based phase transition occurs upon patch plasty technique ( the Dor procedure ) and partial left warming in situ as a result of entropically - driven dehydra ventriculectomy ( the Batista procedure ) have been clinically tion of polymer components , leading to polymer collapse . 
Various naturally derived and synthetic polymers exhibiting implemented for severe cardiac dilation and dysfunction 
this behavior have been utilized . Natural polymers include 35 many years after an infarction . Employing a similar strategy 
elastin - like peptides and polysaccharides derivatives , while to limit the remodeling pathway at an earlier stage , epicar 
notable synthetic polymers include those based on poly ( n dial restraint therapies , such as the Acorn Cardiac Support 
isopropyl acrylamide ) ( pNIPAAm ) , and amphiphilic block Device , and the Paracor device have been investigated . 
copolymers , often containing polyethylene glycol ) . The However , these both apply materials that are non - biodegrad 
structure of PNIPAAm , containing both hydrophilic amide 40 able and result in a permanent foreign body encapsulating 
bonds and hydrophobic isopropyl groups , leads to a sharp the epicardium . 
phase transition at the LCST . Studies suggest that the Using biodegradable and elastic polyester urethane urea , 
average number of hydrating water molecules NIPAAM we recently reported that cardiac patch implantation onto a 
group falls from 11 to ~ 2 upon the hydrophobic collapse chronic myocardial infarct prevented further cardiac dilata 
above the LCST ( 32 ° C. ) 45 tion and improved contraction , while altering LV wall thick 
pNIPAAm based polymers have been extensively studied ness and compliance . Supported by a finite element model 

as injectable biomaterials for tissue regeneration and drug simulation , another concept in locally treating the failing 
delivery , yet pNIPAAm itself is a non - biodegradable poly- cardiac wall was proposed where a bulking material is 
mer with a constant LCST of approximately 32 ° C. , which injected into the infarcted left ventricular wall to positively 
prevents ready clearance from the body at physiologic 50 alter cardiac mechanics and result in a potentially beneficial 
temperature . This limitation of PNIPAAm has provided the reduction of elevated stresses in the infarcted wall . In this 
motivation for developing biodegradable NIPAAm - based numerical model the local systolic fiber stress distribution 
polymers by conjugating the pNIPAAm with natural biode- was determined in an infarcted LV wall injected with a 
gradable segments such as MMP - susceptible peptide , gela- mechanically passive material . The simulation showed that 
tin , collagen , hyaluronic acid and dextran . However , these 55 injection of a volume 4.5 % that of the total LV wall volume 
may be only partially bioabsorbable since sufficiently long and with a stiffness ( elastic modulus ) 20 % of the natural LV 
pNIPAAm segments would remain non - soluble following tissue into the infarct border zone could decrease the fiber 
removal of the natural segments . stress in the border zone of the infarct by 20 % compared to 

Copolymers formed from NIPAAm and monomers with a control simulation in which there was no injection . The 
degradable side chains comprise another category of 60 mechanical simulation also showed that this attenuation 
NIPAAm - based bioabsorbable , thermally responsive hydro- effect on LV wall stress increased with the injection volume 
gels . Hydrolytic removal of hydrophobic side chains and the modulus of the injected material . 
increases the hydrophilicity of the copolymer , raising the Thermally responsive hydrogels are particularly attractive 
LCST above body temperature and making the polymer materials for injection therapy following MI since it is 
backbone soluble . Due to the relative simplicity of the 65 possible to inject the necessary fluid volumes from a syringe 
synthetic process , the most investigated biodegradable maintained below body temperature . Upon injection and 
monomers have been HEMA - based monomers , such as warming hydrogel mechanical properties are increased , the 

per 
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" holding ” of the material at the injection site is facilitated mers can vary , in one example , the copolymer has a Mn of 
and the mechanical benefit of the injected volume on the between 20 kD and 35 k D. In another example , the 
cardiac wall is increased . copolymer has a polydispersity index ( PDI , M./Mn ) of 
However , despite the advantages of thermally responsive between 1 and 2 . 

hydrogels known to date , many such gels are too robust , 5 In each copolymer , the ratio of the constituents of the 
specifically in terms of a prolonged time period of hydro- polyester macromer may be varied . For example and with 
lysis and absorption by native tissue . If hydrolysis does not out limitation , where the polyester macromer is a poly 
occur sufficiently rapidly , infiltration by native cells can be ( trimethylene carbonate ( TMC ) -containing macromer ) , 
slowed , which in turn slows the rate of formation of new comprising hydroxyethyl methacrylate residues and varying 
tissue at the site of injury . 10 numbers of trimethylene carbonate units / residues . In another 

Accordingly , a need exists , and a substantial challenge embodiment , the polyester macromer is a methacrylate 
remains in the art for versatile biocompatible polymer polylactide macromer comprising methacrylate residues and 
compounds that can serve as cell growth substrates , for drug varying numbers of lactide residues . Each component con 
delivery purposes and generally for use in patients , for tributes to the desired physical properties of the hydrogel to 
example for cardiac remodeling , where the degradation / 15 enable an injectable material for delivering drugs or chemi 
hydrolysis time of such compounds can be precisely con- cals , encapsulating and transplanting cells , and injecting into 
trolled , and where the polymer compounds and their deg- empty cavities for wounds or tissue repair . 
radation products exhibit desirable physical properties . An optional amine - reactive component may be included 

in the copolymer as described above . The amine - reactive 
SUMMARY 20 group can be a succinimide group , an oxysuccinimide group 

or an isocyanate group , such as is produced by incorporation 
Provided herein are compositions comprising thermo- of N - hydroxysuccinimide methacrylate ( MANHS ) or 

responsive and biodegradable elastomeric materials ; namely N - acryloxy succinimide ( NAS ) monomers into the copoly 
copolymers and compositions and structures , such as hydro- mer . The amine - reactive groups bind to amine - containing 
gels , comprising the copolymers and methods of use of those 25 compounds including biomolecules such as collagen and / or 
compositions , including a method of treating a myocardial other bioactive or biocompatible materials or factors . Vary 
defect , such as an infarct . The copolymers remain fluid ing amounts of the amine - reactive component may be used , 
below physiological temperature ( e.g. , 37 ° C. for humans ) or depending on the desired density of amine - reactive groups , 
at or below room temperature ( e.g. , 25 ° C. ) , solidify ( into a while maintaining desirable physical and degradation prop 
hydrogel ) at physiological temperature , and degrade and 30 erties of the resultant copolymer . 
dissolve at physiological conditions in a time - dependent The composition of each component in the hydrogel 
manner , which is important for removal of the hydrogel after determines the lower critical solution temperature ( LCST ) of 
an applied surgical or medical procedure . the hydrogel . At a temperature less than the CST , the 

According to one embodiment , the copolymer comprises hydrogel flows easily and can be injected into the desired 
N - isopropylacrylamide ( NIPAAm ) residues ( a residue is the 35 shape . When the temperature is increased above the LCST , 
remainder of a monomer incorporated into a polymer ) , the hydrogel solidifies and retains its shape . Once solidified , 
hydroxyethyl methacrylate ( HEMA ) residues , the polyester the hydrogel is highly flexible and relatively strong at 
macromer methacrylate - polylactide ( MAPLA ) macromer physiological temperature . For complete removal of the 
residues , and methacrylic acid ( MAA ) monomers . Alter- copolymer , the copolymer includes hydrolytically - cleavable 
nately , the copolymer comprises NIPAAm residues , acrylic 40 bonds that results in soluble , non - toxic by - products , which 
acid ( AAC ) residues , the polyester macromer hydroxyethyl results in dissolution of the degraded hydrogel and clearance 
methacrylate - poly ( trimethylene carbonate ) ( HEMA - PTMC ) of the degraded components . 
macromer residues , and MAA monomers . Alternatives for In one embodiment , the copolymer has a lower critical 
NIPAAm residues include N - alkyl acrylamide residues in solution temperature below 37 ° C. , for example 36 ° C. or 
which the alkyl is one of methyl , ethyl , propyl , isopropyl and 45 lower , 35 ° C. or lower , 34 ° C. or lower , or , in another 
cyclopropyl . Alternatives for HEMA include ( hydroxyl ( C1- embodiment between 10 ° C. and 34 ° C. , including incre 
Cz ) alkyl ) methacrylate and other methacrylate substituents ments and sub - ranges therebetween , and in another embodi 
that can modulate the LCST of the polymer . Although the ment , less than 20 ° C. According to one embodiment , the 
size of the copolymers can vary , in one example , the copolymer has a lower critical solution temperature above 
copolymer has an M , of between 20 kD and 35 kD . In 50 37 ° C. after its ester bonds are hydrolyzed . 
another example , the copolymer has a polydispersity index The polymer comprises a polyester macromer , for 
( PDI , M / Mn ) of between 1 and 2 . example and without limitation , a polyester macromer com 

According to another embodiment , the copolymer com- prising methacrylate - polylactide residues . In one embodi 
prises NIPAAm residues , N - vinylpyrrolidone monomers ment , the ratio of methacrylate and lactide residues in the 
( VP ) , and MAPLA macromer residues , or NIPAAm resi- 55 polyester macromer is from 1 : 2 ( methacrylate : lactide ) to 
dues , N - vinylpyrrolidone monomers ( VP ) , and hydroxy- 1 : 8 , in another , from 1 : 1 to 1:10 , such as 1 : 1 , 1 : 2 , 1 : 3 , 1 : 4 , 
ethyl methacrylate - poly ( trimethylene carbonate ) ( HEMA- 1 : 5 , 1 : 6 , 1 : 7 , 1 : 8 , 1 : 9 , and 1:10 . In another non - limiting 
PTMC ) macromer residues . Alternately , the copolymer example , the polyester macromer comprises hydroxyethyl 
comprises NIPAAm residues , VP monomers , and the poly- methacrylate and trimethylene carbonate residues . In one 
ester macromer hydroxyethyl methacrylate - poly ( trimethyl- 60 embodiment , the ratio of hydroxyethyl methacrylate and 
ene carbonate ) ( HEMA - PTMC ) macromer residues . Alter- trimethylene carbonate residues in the polyester macromer 
natives for NIPAAm residues in this embodiment include ranges from 1 : 1 to 1:10 , 1 : 2 to 1 : 5 or any increment within 
N - alkyl acrylamide residues in which the alkyl is one of those ranges , including 1 : 1 , 1 : 2 , 1 : 3 , 1 : 4 , 1 : 4.2 , 1 : 5 , 1 : 6 , 1 : 7 , 
methyl , ethyl , propyl , isopropyl and cyclopropyl . Alterna- 1 : 8 , 1 : 9 , and 1:10 . Amine - containing biomolecules or other 
tives for HEMA include ( hydroxyl ( C , -CZ ) alkyl ) methacry- 65 compounds , such as proteins , carbohydrates , glycoproteins , 
late and other methacrylate substituents that can modulate etc. can be conjugated to the copolymer through an amine 
the LCST of the polymer . Although the size of the copoly- reactive group , when incorporated into the copolymer . In 
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certain embodiments , collagen , gelatin are suitable com- position is administered to a patient without cells , but so that 
pounds , for instance and without limitation , between 1 % wt the patient's cells migrate into the composition . The com 
and 10 % wt collagen . position can be administered by an injection into the desired 
A composition comprising the copolymer described site , such as cardiac tissue within the patient . 

herein also may comprise an aqueous solvent , for example 5 For example , the composition may be injected in or 
and without limitation , water , saline and phosphate - buffered around necrotic tissue in the heart . In one embodiment , the 
saline . The composition also can include an active agent , composition is injected approximately 2 weeks after the 
such as , without limitation , one or more of an antiseptic , an patient has a myocardial infarction . This injection may take 
antibiotic , an analgesic , an anesthetic , a chemotherapeutic place from 1 day to 21 days after infarction . In an embodi 
agent , a clotting agent , an anti - inflammatory agent , a 10 ment , the injection of the composition occurs between 7 and 
metabolite , a cytokine , a chemoattractant , a hormone , a 14 days following infarction , so as to maximize functional 
steroid , a protein and a nucleic acid . In one embodiment , outcome through tissue remodeling while allowing time for 
where the composition comprises a clotting agent , one the patient to recover from the insult . The composition also 
example of a clotting agent is desmopressin . In another may include one or more active agents , such as , without 
embodiment , for use ( e.g. ) in repair of cardiac tissue , the 15 limitation , an antiseptic , an analgesic , an anesthetic and an 
active agents are one or both of bFGF and IGF - 1 . A antibiotic . To facilitate heart repair , or repair of any tissue , 
biological material , such as a cell or a virus particle may also or cell growth in general , the composition may comprise , 
be incorporated into the composition . with or without other active agents , one or more of a 
A method is provided of making a thermosensitive copo- cytokine , a cell growth or differentiation agent and a 

lymer , for example and without limitation , a co - polymer 20 metabolite , such as one or both of bFGF and IGF - 1 . 
described herein , the method comprising co - polymerizing 
NIPAAM , HEMA , MAPLA , and MAA monomers to make BRIEF DESCRIPTION OF THE DRAWINGS 
a copolymer . In another embodiment , the method comprises 
co - polymerizing NIPAAm , VP , and MAPLA to make a FIG . 1. Synthetic scheme for HEMAPTMC and the 
copolymer . In another embodiment , the method comprises 25 copolymer poly ( NIPAAm - co - AAC - CO - HEMAPTMC ) 
co - polymerizing NIPAAM , AAC , HEMAPTMC , and MAA FIG . 2. Synthetic scheme for MAPLA and poly ( NI 
monomers . The monomers can be co - polymerized by any PAAm - co - HEMA - CO - MAPLA ) . 
useful polymerization method , for example and without FIG . 3. Synthesis of poly ( NIPAAm - co - HEMA - co 
limitation by radical polymerization methods , such as free- MANHS - CO - MAPLA ) and subsequent reaction of the 
radical polymerization or living polymerization methods , 30 MANHS mer with growth factor . 
such as atom transfer radical polymerization ( ATRP ) . FIG . 4. Synthesis of poly ( NIPAAm - co - HEMA - CO - MA 
A method of treating a muscle defect , such as a myocar- PLA - CO - MAA ) ( PNHMMj ) 

dial fect , such as an infarct or traumatic injury , is pro- FIG . 5. Chemical str ture of poly ( NIPAAm - co - HEMA 
vided . The method comprises injecting a composition com- CO - MAPLA - CO - MAA ) ( PNHMMj ) . The arrow shows the 
prising a copolymer having an LCST of less than 37 ° C. , 35 position of a hydrophobic to hydrophilic alteration upon 
comprising N - alkyl acrylamide residues in which the alkyl side - chain hydrolysis . 
is one of methyl , ethyl , propyl , isopropyl and cyclopropyl ; FIG . 6A - 6B . NMR spectra of poly ( NIPAAm - co - HEMA 
hydroxyethylmethacrylate ( HEMA ) residues ; methacrylate- co - MAPLA - CO - MAA ) ( PNHMMj ) showing the MAA peak 
polyactide ( MAPLA ) macromer residues ; and methacrylic ( 12 ppm ) present in the composition according to the present 
acid ( MAA ) residues into the area of ( within , in contact with 40 invention ( FIG . 6A ) ; MAA weight percentages in copoly 
or in tissue surrounding ) a myocardial defect , or a defect of mers as determined by NMR and acid titration at feed ratios 
any muscle tissue . In another embodiment , the method of 0.5 % , 1 % , 2 % , 5 % , and 10 % ( FIG . 6B ) . 
comprises injecting a composition comprising a copolymer FIG . 7. pH of supernatants of pNHMMj hydrogels after 
having an LCST of less than 37 ° C. , comprising N - alkyl gelation ( a ) ; Fluorescent emission intensity ratio between 
acrylamide residues in which the alkyl is one of methyl , 45 540 nm and 440 nm of pNHMMj hydrogels mixed with 
ethyl , propyl , isopropyl and cyclopropyl ; N - vinylpyrroli- LysoSensor pH - sensitive dye , excited at 360 nm ( b ) . A 
done monomers ( VP ) ; and methacrylate - polyactide ( MA- higher ratio reflects a lower pH . Data of pNHMM5 and 
PLA ) macromer residues into the area of ( within , in contact pNHMM10 were not available due to fast degradation . * and 
with or in tissue surrounding ) a myocardial defect , or a #indicate significant differences between and within groups , 
defect of any muscle tissue . The injection of either of the 50 respectively . 
above general class of copolymers may take place from 1 FIG . 8. Degradation curves of poly ( NIPAAm - CO - HEMA 
day to 21 days after infarction ( inclusive of values between co - MAPLA - CO - MAA ) ( PNHMMj ) hydrogels with graded 
those provided here ) . In an embodiment , the injection of the MAA content ( a ) ; Time for 50 % weight loss derived from 
composition occurs between 7 and 14 days ( inclusive of data in the previous panel ( b ) . 
values between those provided here ) following infarction , so 55 FIG . 9. Transition temperature of pNHMMj hydrogels . 
as to maximize functional outcome through tissue remod- Temperature sweep of shear modulus ( G ' ) of pNHMM ; 
eling while allowing time for the patient to recover from the hydrogels ( a ) ; Transition temperature dependence on pH ( b ) . 
insult . FIG . 10. Mechanical properties ( Young's modulus ) for 

According to another embodiment a method of growing hydrogels formed from copolymer compositions according 
cells is provided , comprising introducing cells into any 60 to embodiments of the present invention . 
copolymer composition described herein to produce a cell FIG . 11. Viability of rSMCs encapsulated in pNHMMj 
construct and incubating the cell construct under conditions hydrogels . ( a - h ) Live rSMCs ( red ) stained with CellTracker 
suitable for growth of the cells . The composition can com- in pNHMMj hydrogels 1 d and 7 d after encapsulation . 
prise cell growth media to facilitate cell growth within the Green : Fluorescein labeled hydrogels . 
composition . The cell construct can be administered to a 65 FIG . 12. Percentage of live rSMCs after 1 d and 4 d 
patient ( placed in a patient's body at a desired location ) , encapsulation in PNHMMj hydrogels , determined by trypan 
such as a human patient . In another embodiment , the com- blue staining 
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FIG . 13A - 13B . Cytotoxicity of degradation products of As used herein , the terms " comprising , " " comprise " or 
PNHMMj hydrogels . rSMCs proliferation 1 d ( a - e ) , 3 d ( f - j ) , " comprised , ” and variations thereof , are open ended and do 
7 d ( k - o ) after seeding determined by live / dead staining ; ( p ) not exclude the presence of other elements not identified . In 
MTS assay of the rSMCs . contrast , the term “ consisting of ” and variations thereof is 
FIG . 14. Rat heart injected with MAPLA gel labeled with 5 intended to be closed , and excludes additional elements in 

a small amount of fluorescent monomer ( A and B ) . anything but trace amounts . A “ copolymer consisting essen 
FIG . 15. Bright field and fluorescent images of excised rat tially of two or more monomers or residues means that the 

leg muscles injected with PNHMMj hydrogels . Left column : copolymer is produced from the stated two or more mono 
mers or contains the stated two or more monomers and is excised on the same day of injection . Right column : excised 

21 d after injection . The white mass and 10 prepared from no other monomers or contains no other fluorescence green 
indicate the hydrogel . residues in any quantity sufficient to substantially affect the 

LCST properties , the degradation rate in vivo , and tensile FIG . 16. Immunohistochemical ( row ( a , b ) ) and H & E ( row strength of the copolymer . Thus , as an example , addition of ( c ) ) staining of rat hindlimb muscle injected with pNHMMj insignificant or trace amounts of acrylic acid or other 
hydrogels 21 d after injection . In row ( a ) and row ( b ) : Blue : 15 monomers to the feed during polymerization , or inclusion of 
DAPI for nucleus , Green : hydrogels , Red : CD68 for mac insignificant amounts of acrylic acid or other residues in the rophages . Images in row ( b ) are enlarged from correspond copolymer is considered to be within the scope of a copo 
ing areas in row ( a ) , as indicated by yellow rectangles ( may lymer consisting essentially of an N - alkyl acrylamide resi 
be rotated ) . M indicates muscle and G indicates hydrogel . due in which the alkyl one of methyl , ethyl , propyl , 
FIG . 17. Poly ( NIPAAm - co - VP - CO - MAPLA ) copolymers 20 isopropyl and cyclopropyl ; hydroxyethylmethacrylate ; one 

synthesized from NIPAAm , VP , and MAPLA by free radical or both of a polylactide - methacrylate MAPLA macromer 
polymerization . and a HEMA - poly ( trimethylene carbonate ) macromer ) , an 

FIG . 18. Transition time of poly ( NIPAAm - co - VP - co- N - vinylpyrrolidone monomer ( VP ) , a hydroxyethylmeth 
MAPLA ) copolymer hydrogels in 37 ° C. air . acrylate ( HEMA ) , and / or a methacrylic acid monomer 
FIG . 19. Poly ( NIPAAm - co - VP - CO - MAPLA ) copolymer 25 ( MAA ) , so long as the LCST , degradation rate and tensile hydrogel degradation . strength of the resultant copolymer are not significantly 
FIG . 20. Mechanical properties of poly ( NIPAAm - co - VP- different than that of the same copolymer omitting the 

CO - MAPLA ) copolymer hydrogels . acrylic acid residues . The significance of each value is 
FIG . 21. Cytotoxicity of degradation products of poly determined independently and in relation to the intended use 

( NIPAAm - co - VP - co - MAPLA ) copolymer hydrogels evalu- 30 of the copolymer . 
ated by live / dead staining . According to embodiments of the compounds and com 

FIG . 22. Cytotoxicity of degradation products of poly positions described herein , provided herein are injectable 
( NIPAAm - co - VP - CO - MAPLA ) copolymer hydrogels evalu- hydrogels that are biodegradable , elastomeric and thermo 
ated by MTS assay . responsive and which can easily take the shape of a cavity 

FIG . 23. H & E staining of tissue following injection of 35 into which they are injected in advance of phase transition 
poly ( NIPAAm - co - VP - co - MAPLA ) copolymer hydrogels . to a solid hydrogel . The copolymers are injectable as a liquid 
FIG . 24. Adeno - associated virus release from poly ( NI- at or below body temperature ( about 37 ° C. ) or room 

PAAm - co - VP - CO - MAPLA ) copolymer hydrogels . temperature ( about 25 ° C. ) , or at a temperature in the range 
FIG . 25. Change of supernatant pH during degradation of of from 10 ° C. to 30 ° C. and are solid at body temperature . 

pNHMMj hydrogels in PBS . 40 These materials are useful for a number of purposes . For 
FIG . 26. Weight loss of pNHMM10 incubated in regular example , in treatment of patients , they may be used as an 

PBS ( pH 7.4 ) and basic PBS ( pH 9.5 , mediated by NaOH ) . injectable stem cell niche for bone marrow transplants or for 
FIG . 27. SMCs cultured for another 7 d after retrieving other transplantation settings , delivery vehicles for chemo 

from inside pNHMMj hydrogels and seeding on TCPS . therapy to tissue , such as , for example and without limita 
FIG . 28. Surface and cross section fluorescent intensities 45 tion , gut following tumor resections ; sealants for pulmonary 

of fluorescein - labeled pNHMMj hydrogels after 21 d in PBS and neural applications as well as for emergency treatment 
( with PBS exchange ) shown as percentages of the initial of wounds . The materials also can find use as bulking agents 
intensities immediately after gelation . Data for pNHMM2 for cosmetic applications or , even more generally , rheology 
were not available due to fast degradation . Photos taken by modifiers . In one embodiment , the compositions are injected 
Dino - Lite , intensities measured with ImageJ from images . 50 in a heart for repair or regeneration of cardiac tissue . 
Scale bar = 2 mm . According to certain embodiments , copolymers comprise , 

are prepared from , or consist essentially of combinations of 
DETAILED DESCRIPTION four types of subunits / residues : 1 ) N - alkyl acrylamide in 

which the alkyl is methyl , ethyl , propyl , isopropyl or cyclo 
The use of numerical values in the various ranges speci- 55 propyl , for example N - isopropylacrylamide ; 2 ) HEMA ; 3 ) a 

fied in this application , unless expressly indicated otherwise , methacrylate - polylactide ( MAPLA ) macromer , and 4 ) a 
are stated as approximations as though the minimum and methacrylic acid ( MAA ) . In non - limiting examples , the 
maximum values within the stated ranges are both preceded MAPLA macromer has a lactide : methacrylate ratio of at 
by the word “ about ” . In this manner , slight variations above least 1 : 1 , or in the range of 2-3 : 1 ( that is , ranging from 2 : 1 
and below the stated ranges can be used to achieve substan- 60 to 3 : 1 ) . In some embodiments , the feed ratio is 75-85 : 5-10 : 
tially the same results as values within the ranges . Also , 3-14.5 : 0.5-2 , wherein ( NIPAAm + MAPLA ) :( HEMA + 
unless indicated otherwise , the disclosure of these ranges is MAA ) = 85-95 : 5-15 ( inclusive of values between those pro 
intended as a continuous range including every value vided here ) . In one example , the feed ratio of HEMA is 10 , 
between the minimum and maximum values . For definitions such that the feed ratio of NIPAAM : HEMA : MAPLA is 
provided herein , those definitions refer to word forms , 65 75-85 : 10 : 5-10 , for example and without limitation , in this 
cognates and grammatical variants of those words or embodiment , the feed ratio of NIPAAm : HEMA : MAPLA 
phrases . might be one of 84 : 10 : 6 , 82 : 10 : 8 and 80:10:10 . In another 
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embodiment , the feed ratios of NIPAAM : HEMA : MAPLA : embodiment , the feed ratio of NIPAAM : VP : MAPLA is be 
MAA are between 80 : 5 : 10 : 5 and 80 : 9.5 : 10 : 0.5 . one of 80:10:10 or 85 : 10 : 5 . In another embodiment , the feed 

The degradation rate is positively correlated to the amount ratio of VP is 15 , such that the feed ratio of NIPAAM : VP : 
of MAA included in the composition . Degradation of a MAPLA is 75-85 : 15 : 5-10 . In one embodiment the feed ratio 
copolymer hydrogel formed as described herein may be 2005 is 80 : 15 : 5 . 
days and less , depending on MAA content . Those of skill The degradation rate is positively correlated to the amount 
will easily be able to fine - tune the MAA content to match a of VP included in the composition , that is , less VP leads to 
preferred degradation rate . By degradation it is meant that decreased degradation . Degradation of a copolymer hydro 
the copolymer ( and / or hydrogel formed from said copoly- gel formed as described herein is typically 200 days and less , 
mer ) is substantially degraded at the indicated time point , for 10 depending on VP content . Those of skill will easily be able 
example and without limitation 80 % , 85 % , 90 % , 95 % , 99 % , to fine - tune the VP content to match a preferred degradation 
or 99.9 % degraded ( that is , 20 % , 15 % , 10 % , 5 % , 1 % , or rate . As described above , by degradation it is meant that the 
0.1 % remaining at the indicated time point ) . In some copolymer ( and / or hydrogel formed from said copolymer ) is 
embodiments , the hydrogel degrades in less than 100 days , substantially degraded at the indicated time point , with 
less than 90 days , less than 80 days , less than 70 days , less 15 percentage degraded ( or percentage remaining ) being as 
than 60 days , less than 50 days , less than 40 days , less than described above . In some embodiments , the hydrogel 
30 days , less than 20 days , less than 10 days , or less than 5 degrades in less than 100 days , less than 90 days , less than 
days . 80 days , less than 70 days , less than 60 days , less than 50 

According to another embodiment , copolymers comprise , days , less than 40 days , less than 30 days , less than 20 days , 
are prepared from , or consist essentially of four types of 20 less than 10 days , or less than 5 days . 
subunits / residues : 1 ) N - alkyl acrylamide in which the alkyl In addition to characterization by feed ratio , copolymers 
is methyl , ethyl , propyl , isopropyl or cyclopropyl , for described herein may be characterized by the ratio of incor 
example N - isopropylacrylamide ; 2 ) acrylic acid ( AAC ) ; 3 ) a porated monomer / macromer residue . For example , and 
hydroxyethyl methacrylate - poly ( trimethylene carbonate ) without limitation , copolymers described herein may 
( HEMAPTMC ) macromer ; and 4 ) an MAA macromer 25 include NIPAAM : HEMA : MAPLA : MAA , NIPAAM : AAC : 
monomer . In non - limiting examples , the HEMA - poly ( trim- HEMAPTMC : MAA , or NIPAAM : VP : MAPLA in ratios 
ethylene carbonate ) macromer has a TMC : HEMA ratio of at similar to those described above regarding feed ratios . Those 
least 1 : 1 , or in the range of 2-3 : 1 ( that is , ranging from 2 : 1 of ordinary skill in the art will understand that due to 
to 3 : 1 ) . In other non - limiting examples , the feed ratio of polymerization , copolymers may comprise , by molar per 
NIPAAM : AAC : HEMAPTMC is 85-87 : 3-5 : 10 , for example , 30 centage , as follows : 
86-87 : 3-4 : 10 . NIPAAM : HEMA : MAPLA : MAA 71.5-92.5 : 2.5-16 : 4.5 

In other non - limiting examples , the feed ratio ( the molar 11 : 0.5-2.5 , or 72-88 : 3-15 : 4.5-11 : 0.5-2 ; 
ratio of monomers in the polymerization reaction used to NIPAAM : AAC : HEMAPTMC : MAA 71.5-94 : 2.5-16 : 4.5 
prepare the copolymer ) of NIPAAM : HEMAPTMC is 75-85 : 11 : 0.5-2.5 , or 72-88 : 3-15 : 4.5-11 : 0.5-2 ; and 
2-14.5 ( inclusive of values between those provided here ) , 35 NIPAAM : VP : MAPLA 63-93 : 4-22 : 3-22 , or 68-92.5 : 4.5 
with a feed ratio of MAA being in the range of 0.5-2 . In 21 : 3-21 . 
another embodiment , the feed ratios of NIPAAM : HE- In one embodiment , the incorporated molar ratio of mono 
MAPTMC : MAA are between 80 : 10 : 5 and 80 : 10 : 0.5 . The mer and macromer residues for NIPAAM : VP : MAPLA is 
degradation rate of the copolymer is directly proportional to 85-88 : 6-12 : 2-7 . Those of skill will understand that final 
the amount of MAA included in the composition . Those of 40 incorporated amounts of residues may vary from the feed 
skill will understand that feed ratios of the other constituents ratio that is utilized by up to 10 % , inclusive of values within 
of the copolymer may be adjusted to any useful range . that range , for example 3 % 
Degradation of a copolymer hydrogel formed as described The copolymers , compositions and components thereof 
herein may be 200 days and less , depending on MAA are preferably biocompatible . By " biocompatible , ” it is 
content . Those of skill will easily be able to fine - tune the 45 meant that a polymer composition and its normal in vivo 
MAA content to match a preferred degradation rate . In some degradation products are cytocompatible and are substan 
embodiments , the hydrogel degrades in less than 100 days , tially non - toxic and non - carcinogenic in a patient within 
less than 90 days , less than 80 days , less than 70 days , less useful , practical and / or acceptable tolerances . By “ cytocom 
than 60 days , less than 50 days , less than 40 days , less than patible , ” it is meant that the copolymers or compositions are 
30 days , less than 20 days , less than 10 days , or less than 5 50 substantially non - toxic to cells and typically and most 
days . desirably can sustain a population of cells and / or the poly 

In another embodiment , copolymers comprise , are pre- mer compositions , devices , copolymers , and degradation 
pared from , or consist essentially of combinations of three products thereof are not cytotoxic and / or carcinogenic 
types of subunits / residues : 1 ) N - alkyl acrylamide in which within useful , practical and / or acceptable tolerances . For 
the alkyl is methyl , ethyl , propyl , isopropyl or cyclopropyl , 55 example , a copolymer composition when placed in a human 
for example N - isopropylacrylamide ; 2 ) N - vinylpyrrolidone epithelial cell culture does not adversely affect the viability , 
( VP ) ; and 3 ) a methacrylate - polylactide ( MAPLA ) mac- growth , adhesion , and number of cells . In one non - limiting 
romer . In non - limiting examples , the MAPLA macromer has example , the co - polymers , compositions , and / or devices are 
a lactide : methacrylate ratio of at least 1 : 1 , or in the range of “ biocompatible ” to the extent they are acceptable for use in 
2-4 : 1 ( that is , ranging from 2 : 1 to 4 : 1 ) . In some embodi- 60 a human or veterinary patient according to applicable regu 
ments , the feed ratio for NIPAAM : VP : MAPLA is 75-85 : 5- latory standards in a given legal jurisdiction . In another 
20 : 5-10 , wherein ( NIPAAM + MAPLA ) :( VP ) = 85-95 : 5-15 example the biocompatible polymer , when implanted in a 
( inclusive of values between those provided here ) . In one patient , does not cause a substantial adverse reaction or 
embodiment , the feed ratio of NIPAAM : VP : MAPLA is in substantial harm to cells and tissues in the body , for instance , 
the range of 70-90 : 5-20 : 5-20 . In one example , the feed ratio 65 the polymer composition or device does not cause necrosis 
of VP is 10 , such that the feed ratio of NIPAAM : VP : MAPLA or an infection resulting in harm to tissues organs or the 
is 75-85 : 10 : 5-10 , for example and without limitation , in one organism from the implanted compositions . 
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As used herein , a “ polymer ” is a compound formed by the context of HEMAPLA macromers , the numbers 2.1 , 3.9 and 
covalent joining of smaller molecules , which are referred to 7.0 refer to an estimated average number of C ( O ) CH 
herein as monomers before incorporation into the polymer ( CH3 ) 0 residues present in the macromers in the mac 
and residues , or polymer subunits , after incorporated into a romer composition , and , when incorporated into a copoly 
polymer . A " copolymer " is a polymer comprising two or mer , the average number of C ( O ) -CH ( CH3 ) 
more different residues . Non - limiting examples of mono residues present in the incorporated polyester macromer mers , in the context of the copolymers described herein , residues . The average number of residues may be deter include : acrylic or acrylamide monomers , acrylic N - hydrox mined by any method , for example and without limitation , ysuccinimide ester monomers , N - hydroxysuccinimide by ' H - NMR , as in the examples , below . methacrylate monomers , acrylate or methacrylate forms of 10 
N - acryloxy succinimide ( NAS ) monomers , hydroxyethyl In describing ratios of respective monomers for any given 

copolymer , it is convenient to refer to feed ratios of the methacrylate monomers , methacrylate monomers , acrylate 
or methacrylate forms of lactide monomers , and acrylate or monomers in respect to the polymerization method used to 
methacrylate forms of trimethylene carbonate ( TMC ) mono produce the copolymer , for example and as used herein , in 
mers . A monomer may be a macromer prepared from smaller 15 reference to the radical polymerization methods used to 
monomers , such as a hydroxyethyl methacrylate - polylactide prepare the copolymers . This is especially so when consid 
( HEMAPLA ) macromer , a hydroxyethyl methacrylate - poly ering that the products of the polymerization process are 
( trimethylene carbonate ) ( HEMAPTMC ) macromer , a meth polydisperse and are often random in their composition . The 
acrylate - polylactide ( MAPLA ) macromer , an N - vinylpyr- feed ratios typically closely represent the ratios of monomer 
rolidone ( VP ) monomer , and / or a methacrylic acid ( MAA ) 20 residues in the copolymer , but typically do not exactly match 
monomer as described herein . because certain monomers incorporate more efficiently than 

Monomers ( including as a group macromers ) can be others in any given copolymer composition . The actual 
introduced into the copolymer by radical polymerization or ratios of monomer residues typically vary less than 10 % , and 
other polymerization methods , such as living polymerization often less than 5 % of the feed ratios . As an example , in Table 
( e.g. , atom transfer radical polymerization ) , or in any useful 25 1 , the feed ratio of 86/4/10 results in an actual composition 
manner using any suitable initiator , such as benzoyl perox- of 88.3 / 3.3 / 8.4 , a less than 3 % difference in composition . As 
ide . These polymerization processes are well - known in the used herein a “ feed ratio ” refers to a feed ratio in a typical 
polymer chemistry field . Radical polymerization is one of radical polymerization method , such as the methods the most widely used methods for preparing high polymer described in the examples below and the ranges described from a wide range of vinyl monomers . Although radical 30 above . polymerization of vinyl monomers is very effective , it does In another embodiment of the copolymer compositions not allow for the direct control of molecular weight , control described herein , the poly ( NIPAAm - co - AAC - CO - HE of chain end functionalities or for the control of the chain 
architecture , e.g. , linear vs. branched or graft polymers . MAPTMC - co - MAA ) , poly ( NIPAAm - co - HEMA - CO - MA 

PLA - CO - MAA ) , Living polymerization systems have been developed which 35 poly ( NIPAAm - co - VP - CO - MAPLA ) 
allow for the control of molecular weight , end group func copolymers , optionally comprise an amine - reactive compo 
tionality , and architecture . ATRP is a type of controlled nent or group , or are incorporated into a block copolymer 
radical polymerization or living radical polymerization . with a hydrophilic polymer , such as a polyether , which is 
( see , e.g. , U.S. Pat . Nos . 5,763,548 , 5,807,937 , 5,789,487 , exemplified by polyethylene glycol ( PEG ) . In one example , 
6,541,580 , and 7,678,869 ) . Controlled radical polymeriza- 40 the block copolymer compositions have the structure A - B - A 
tion methods facilitate production of precise polymer , copo- where A is poly ( NIPAAm - co - AAC - CO - HEMAPTMC - co 
lymer and block copolymer structures , such as A - B - A struc- MAA ) , poly ( NIPAAm - co - HEMA - CO - MAPLA - CO - MAA ) , 
tures . or poly ( NIPAAm - co - VP - CO - MAPLA ) , and B is a polyeth 
As used herein , an acrylic monomer has the general ylene glycol block having , for example , an average molecu 

structure ( CH2 = CH - C ( O ) -OR ) , and , when polymerized , 45 lar weight of from between 500 D and 25 kD , for instance 
forms the general polymer structure having an alkylene between 1 kD and 20 kD . The “ A ” blocks can be added by 
backbone ( ... C — C — C — C — C . ) and the overall any useful method , for instance , they can be synthesized by 
structure : C ( C ( O ) OR ) C - ,- any method and attached to the B block by any useful 
C ( C ( O ) OR ) -C ... in which each instance of R can be the chemistry . In one embodiment , the A blocks are polymerized 
same , or in the case of a copolymer , independently different : 50 from the B block . The terminal portions of the B block can 

Polyester polymer backbones are polymer backbones be modified to act as initiators for a polymerization reaction . 
containing two or more ester groups . A polyester linkage has As described in the Examples below , the ends of a PEG 
an average of more than one ester units ( C ( 0 ) 0— ) , as block can be modified to act as an ATRP initiator , by 
opposed to an ester linkage that has one ester unit . An addition of a suitable halide - containing group , for example 
example is a methacrylate - polylactide macromer as 55 by reacting PEG with a - bromoisobutyryl bromide . By using 
described herein . Another example is a HEMA - poly ( trim- controlled radical polymerization processes , precise block 
ethylene carbonate ) macromer . Other examples of residues copolymers can be prepared with low polydispersity indices 
that comprise ester linkages include , without limitation , ( PDI ) , such as PDI < 2 . 
caprolactones , glycolides and a trimethylene carbonate resi- Lower critical solution temperature ( LCST ) refers to the 
dues . 60 temperature below which the constituents of the hydrogel 

Polyester macromers are compounds containing on the are soluble in water and above which the constituents are 
average more than one , and preferably two or more ester insoluble . When the LCST is reached , the polymer constitu 
linkages . In the context of macromer and polymer prepara- ents in an aqueous solution will aggregate to form hydrogel 
tions , unless otherwise indicated , the number of residues ( a solid , for purposes herein ) . The LCST can be determined 
indicated as being present in a given polymer or macromer 65 by measuring the change in transmittance with a UV - Vis 
is an average number and is not to be construed as an spectrometer as a function of temperature . LCST also can be 
absolute number . Thus , as a non - limiting example , in the determined by any other useful method for example and 

or 
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without limitation by Differential Scanning calorimetry example , as adhesives or fillers . They may be applied to 
( DSC ) . DSC is used to measure LCST in the examples wounds or into body cavities or used as a tissue packing to 
below . apply compression . As such , embodiments of the copolymer 
One unique aspect of the polymers described herein is that solutions described herein may be applied to wounds and , in 

the LCST of these polymers is preferably less than 37 ° C. , 5 one embodiment covered , optionally with a warming com 
and may be less than 20 ° C. , for example , between 10 ° C. press or “ heat pack ” for example as are available commer 
and about 37 ° C. , for instance between 10 ° C. and 25 ° C. , so cially to ensure that the copolymer is maintained at a 
that the polymer can be distributed through the marketplace , temperature above its LCST and thus remains gelled when 
stored and administered to a patient as a liquid at ambient in contact with any cooler areas of the body , typically the 
temperatures ( or , if necessary , maintained at a cool tempera- 10 skin . As a hydrogel , embodiments of the copolymers dis 
ture with an ice - pack , refrigerator or other cooling device ) , closed herein may be contained in a composition comprising 
and the polymer gels as it warms past its LCST . Many the copolymer and an aqueous solution that does not inter 
polymers suitable for administration to patients require fere substantially with the LCST and polymer structure in its 
mixing of monomers immediately prior to use , which is intended use . For instance , the composition may comprise 
undesirable for many reasons . For instance , it is impractical 15 any aqueous solvent , optionally pharmaceutically accept 
to ask doctors , nurses or technicians to mix monomers as able , including , without limitation , water , PBS , Saline , etc. 
they need the polymer . Further , monomers can have varying As used herein , and “ aqueous solvent ” , is an aqueous 
degrees of toxicity . The copolymers described herein do not solution compatible with the copolymer which can be 
require conducting a chemical reaction at the site of use and absorbed into the copolymer matrix . The composition also 
the copolymers can be washed free of monomer contami- 20 may comprise an active agent , biological or drug , such as , 
nation prior to distribution in the marketplace . Lastly , the without limitation : antibiotics , clotting agents ( without limi 
release of a portion of the aqueous phase during phase tation , an antifibrinolytic , such as desmopressin / DDVAP ) , 
transition can facilitate local drug delivery in the excluded analgesics , anesthetics , antiseptics , anti - inflammatory 
aqueous phase . agents , chemotherapeutic agents , metabolites , rheology 

Another desirable physical quality of the polymers 25 modifiers , cytokines , chemoattractants , hormones , steroids , 
described herein is that , when ester linkages in the compo- proteins ( including enzymes ) , nucleic acids , cells , virus 
sition are hydrolyzed ( for instance over time in situ in a particles , nucleic acids , biomatrices or precursors thereof , or 
living system , such as a human patient ) , the released copo- a foaming agent . In one embodiment , the composition 
lymer fragments have an LCST above 37 ° C. , so that they comprises stem cells ( such as adipose - derived stem cells ) or 
are soluble ( and as an additional benefit , non - toxic ) , facili- 30 other progenitor cells so that the composition is useful as a 
tating safe degradation and clearance of the polymer over biodegradable tissue engineering scaffold . The composition , 
time in a living system such as a human body . even without cells , is useful as a cell growth niche or 

In one embodiment , the copolymer comprises an acrylic scaffolding into which cells such as native stem / progenitor 
residue having an amine - reactive group . The copolymer cells can migrate in situ . In such an embodiment , chemok 
may be reacted with amine - containing compositions , such as 35 ines , cellular growth agents and cellular differentiation 
compositions or molecules comprising amine groups , for agents can be included within the composition to attract cells 
example and without limitation , collagen , fibrin , gelatin and into the composition and promote cellular growth and dif 
heparin . ferentiation when placed in situ . 

In one non - limiting example in which the copolymer According to one embodiment , in its application to wound 
comprises a macromer comprising methacrylate and lactide 40 treatment , a clotting agent such as desmopressin may be 
residues , the ratio of methacrylate and lactide residues in the included in a polymer composition . An appropriate , e.g. , 
polyester macromer is from 1 : 1 to 1:10 , such as 1 : 1 , 1 : 2 , 1 : 3 , pharmaceutically acceptable , foaming agent as are well 
1 : 4 , 1 : 5 , 1 : 6 , 1 : 7 , 1 : 8 , 1 : 9 , and 1:10 ( inclusive of values known in the relevant arts also may be included for the 
between those provided here ) . In another non - limiting purpose of creating compression in a wound , whether 
embodiment , the ratio of methacrylate to lactide residues in 45 exposed to a body surface in the case of ( for example ) 
the polyester macromer is from 1 : 4 to 1 : 1 , such as 1 : 4 , 1 : 3 , puncture wounds or bullet wounds , or internal wounds , in 
1 : 2 , or 1 : 1 ( inclusive of values between those provided which case , the polymer can be injected into or near a site 
here ) . In another non - limiting example in which the copo- of internal bleeding . As such , the composition can find use 
lymer comprises a macromer comprising hydroxyethyl in many situations , ranging from home use to stabilization of 
methacrylate and trimethylene carbonate residues , the ratio 50 bleeding or massively bleeding patients in emergency and 
of hydroxyethyl methacrylate to trimethylene carbonate battlefield situations . The copolymer also can be used during 
residues in the polyester macromer ranges from 1 : 1 to 1:10 , surgical procedures to apply compression and otherwise 
1 : 2 to 1 : 5 or any increment within those ranges , including secure a site of injury , such as a portion of a patient's 
1 : 1 , 1 : 2 , 1 : 3 , 1 : 4 , 1 : 4.2 , 1 : 5 , 1 : 6 , 1 : 7 , 1 : 8 , 1 : 9 , and 1:10 intestine , nasal passage or sinus cavity where a tumor or 
( inclusive of values between those provided here ) . In one 55 polyp has been removed or after other surgeries . The benefits 
embodiment of the copolymer useful in humans or animals , of such a reversibly - gelling copolymer composition is that 
the copolymer has a lower critical solution temperature the composition can be removed simply by cooling , for 
below 37 ° C. For veterinary applications , the LCST can be example and without limitation , by flushing with cool ( lower 
slightly higher as the core body temperature of certain than the copolymer's LCST ) flushing solution , such as 
animals ( e.g. , cats , dogs , horses , cows , sheep and goats ) is 60 water , saline or phosphate - buffered saline . Thus , while a 
in the range of 38 ° C. - 39 ° C. In another embodiment , the wound and bleeding in a patient can be stabilized by 
copolymer has a lower critical solution temperature above application of the polymer , the polymer can be selectively 
37 ° C. after its backbone ester linkages are hydrolyzed eroded in an emergency room or during surgery simply by 
( substantially hydrolyzed , as with treatment of the polymer flushing with a cool ( for example and without limitation , 0 ° 
with NaOH , as described herein ) . 65 C. to 30 ° C. ) saline solution . 

In medical or veterinary uses , the copolymers and com- In another embodiment , the composition as substantially 
positions comprising the copolymers may serve , for described above , comprising as copolymer having a LCST 
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of 37 ° C. , is injected into tissue at the site of an injury or observed in terms of maintaining or increasing LV wall 
defect to provide support and / or provide a scaffold for thickness and fractional shortening . The mechanism behind 
infiltration of cells . The composition as injected may option- these beneficial results is controversial , although several 
ally include cells , growth factors , drugs , and the like , as have suggested that the transplanted cells led to regeneration 
provided elsewhere in this disclosure . In certain embodi- 5 of contractile myocardial tissue . Increasingly , however , it is 
ments , the copolymer may have an LCST of , for example believed that the positive results are derived from cell 
36 ° C. or lower , 35 ° C. or lower , 34 ° C. or lower , or , in associated angiogenic effects or cytokine - mediated reduc 
another embodiment between 10 ° C. and 34 ° C. , including tion in apoptosis rather than myocardial regeneration by the 
increments and sub - ranges therebetween , and in another transplanted cells . In 2006 , a report by Wall et al . argued that 
embodiment , less than 20 ° C. 10 the positive results of these cell therapy studies might simply 

In certain embodiments , the composition is injected into be attributable to the mechanical effects associated with the 
the heart , to treat a heart defect . In some embodiments , the injection of fluid volume ( cells and delivery vehicle ) into the 
composition is injected into myocardial tissue , at the site of LV wall . The injected volume would change the LV geom 
a myocardial defect . In some embodiments , the myocardial etry and thus modify the mechanics inside the LV wall , 
defect is necrotic tissue . In some embodiments , the necrotic 15 leading to a reduction of elevated local wall stresses in the 
myocardial tissue is an infarct that is the result of a myo- infarct border zone and preventing the pathological remod 
cardial infarction . Those of skill in the art will understand eling in the post - infarct heart . This hypothesis was supported 
and appreciate that the composition described above is with a finite element analysis that modeled the local systolic 
suitable for such therapeutic uses because of its character- fiber stress distribution in an infarcted LV wall injected with 
istics , specifically its flowable , liquid nature at room tem- 20 a mechanically passive material . The simulation showed that 
perature ( or below the temperature of the human body ) , and injection of a volume 4.5 % that of the total LV wall volume 
gel - like nature at physiological temperatures ( such as 37 ° and a stiffness ( elastic modulus ) 20 % of the natural LV tissue 
C. ) . Thus , a practitioner may deliver the proper amount of into the infarct border zone could decrease the fiber stress by 
the composition with precision , and without the worry of the 20 % compared to a control simulation in which there was no 
composition “ running ” into areas where it is not wanted or 25 injection . The mechanical simulation also showed that this 
needed . attenuating effect on LV wall stress increased with the 

In a further embodiment , the composition serves as a cell injection volume and modulus of the injected material . This 
growth medium . According to one embodiment , cells are report thus provides the basis for the local treatment of the 
introduced into a composition comprising a copolymer as failing cardiac wall with biomaterial - based injection 
described herein to produce a cell construct . The cell con- 30 therapy . The stress reduction potential of the injected mate 
struct is incubated under conditions suitable for growth of rial is of great relevance since in a dyskinetic transmural 
the cells . That is , the cell construct can be placed in an infarct , the elevated stresses in the infarct border zone region 
incubator or into a patient so that the cells are maintained are thought to contribute to pathological remodeling in the 
under adequate environmental conditions to permit the cells post - infarct heart . Reducing these stresses may in turn 
to survive , proliferate , differentiate and / or express certain 35 minimize stress - induced apoptosis and border zone expan 
products . “ Cell growth ” means that the cells survive and sion , reducing further remodeling and preventing progres 
preferably , though not exclusively , divide and multiply . The sion to congestive heart failure . 
composition may comprise cell growth media , which typi- Both naturally derived and synthetic materials , including 
cally provides necessary nutrients and environmental con- alginate , fibrin , alginate - fibrin composites , collagen , chito 
ditions for cell growth . The cells may be introduced and 40 san , self - assembling peptides , self - assembling polymers , 
incubated under conditions suitable for cell growth by and thermoresponsive dextran - poly ( N - isopropylacrylamide ) 
introducing the composition into a patient and allowing ( PNIPAAm ) composites , have recently been utilized for 
native cells , such as stem cells to migrate into the compo- cardiac wall injection therapy in animal models with 
sition . The composition can be administered by injecting the reported benefits in terms of attenuated decrease in wall 
composition into the region requiring cellular growth or 45 thickness and infarct expansion in most cases , and in a few 
remodeling , such as a region of damaged tissue . cases improved LV functions . Alginate has been shown to 

In one non - limiting example , the damaged tissue is within have a beneficial effect in terms of attenuating the decrease 
the cardiac wall caused by a myocardial infarction and the in wall thickness and infarct expansion , but recent reports 
composition is injected into the cardiac wall . In one varia- injecting adhesion peptide modified alginate demonstrate no 
tion of that embodiment , cytokines , chemoattractants , nutri- 50 clear benefit of such modification . Self - assembling peptides 
ents and / or cell differentiation factors , such as one or both of carrying specific growth factors have been reported to have 
bFGF and IGF - 1 , are included in the composition . The positive effects on the cardiac wall remodeling process and 
composition optionally contains one or more of an antisep- have also been reported as vehicles for the transplantation of 
tic , an analgesic , an anesthetic and an antibiotic ( for cardiomyocytes into the cardiac wall . Regarding thermo 
example , for selection of the cells or to prevent bacterial 55 responsive polymers , a recent report showed that injection 
growth in the composition ) . To facilitate cell growth , in one of a dextran - poly ( NIPA Am ) composite 4 days following MI 
non - limiting embodiment , the copolymer is conjugated with in a rabbit model prevented adverse cardiac remodeling and 
collagen , for example between 0 % and 10 % by weight of the dysfunction 30 days following treatment . 
copolymer of collagen . In considering all of the biomaterials that have been 
A current broadly pursued approach to treating ischemic 60 utilized in these early investigations of cardiac injection 

cardiomyopathy is cellular transplantation into the infarct or therapy , it is encouraging that some positive benefits have 
border zone region to improve regional and global pump been observed in the animal models studied . However , the 
function . Cells such as skeletal myoblasts , bone marrow materials investigated to date have not been optimal for the 
stromal cells , endothelial precursor cells and embryonic cardiac injection application and that most investigators 
stem cells have been injected into injured myocardium . 65 have utilized " off the shelf ” materials ( alginate , fibrin , 
These studies report mixed results , with modest attenuation collagen , chitosan ) or synthetic hydrogels that do not display 
of progressive loss of ventricular function primarily the degradation or mechanical profile that would be most 
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desirable for this setting . Only short term effects have been half - life of bFGF in vivo , controlled release from biomate 
reported in the literature , perhaps since the injected materials rial carriers has been shown to be an appropriate delivery 
are rarely detectable in vivo after 6 wk . Although mechani- method to increase cardiac regeneration . Using a bimodal 
cal properties of the injection material have been shown to delivery system of bFGF followed by IGF - 1 may provide a 
be important in mechanical modeling , these properties have 5 vascular network to which stem cells can be recruited 
notably not been characterized and discussed in the early followed by increased proliferation with an improved local 
reports where cardiac injection therapy has been investi- vascular network . 
gated . In terms of the animal models that have been evalu- In addition to the above description of cardiac uses of the 
ated , in most reports LV injections were made within 1 wk copolymers described herein , there are numerous other uses 
of infarction , in the acute , necrotic phase . Waiting longer , 10 for supplementing and / or enhancing repair of other muscle 
even to the point of 2 wk post - MI would have greater tissues . Those of ordinary skill in the art will appreciate that 
relevance , since this time would more closely correspond to the presently disclosed copolymers will be suitable for 
the beginning of the fibrotic phase of remodeling , after the numerous applications where biocompatible gels may be 
necrotic phase . Such a time lag may better represent infarcts useful . 
that would be encountered in patients with sub - acute MI , 15 Compositions comprising a copolymer described herein 
where the patient may not present clinically until substantial can be distributed for use in any suitable vessel . In one 
wall remodeling has already occurred . instance , the composition is packaged in a sealed container , 

In the example of infarcted myocardium , in addition to the from which the composition can be poured , squeezed or 
mechanical benefits associated with injections of the copo- otherwise decanted , for example and without limitation , by 
lymer compositions described herein into the infarcted myo- 20 use of a syringe . The vessel can be a bag , such as an IV bag . 
cardium , the inclusion of bioactive growth factors in the In another embodiment , the composition can be distributed 
delivered material for controlled temporal release offers in a syringe for immediate dispensation into a wound or 
another mechanism by which injection therapy might lead to body cavity / location . A syringe can be fitted with any type 
more functional LV remodeling . Many growth factors such of needle , tip , tube , balloon device or other useful fitting for 
as basic fibroblast growth factor ( bFGF ) , platelet derived 25 facilitating accurate placement of the solution in or around 
growth factor ( PDGF ) , hepatocyte growth factor ( HGF ) , a desired delivery site , for example and without limitation , 
vascular endothelial growth factor ( VEGF ) and others have for delivery into the large intestine of a patient after removal 
been injected into the myocardium following infarction and of a tumor . In another embodiment , the composition and a 
have elicited improvements in cardiac angiogenesis , ejection pharmaceutically acceptable solvent is stored within a 
fraction , and cellular activity in the form of mitogenesis and 30 syringe at or below 4 ° C. and the syringe is fitted with a 
motogenesis . Injection of fluid concentrated with growth needle gauge sufficient to allow for injection without 
factors has been shown to have the same capacity to sig- increased pressure but also prohibit back flow of the solution 
nificantly improve cardiac function as injection of ste into the syringe after injection , such as , without limitation , 
cells . Delivering multiple growth factors has also been a 16G through 23G ( gauge ) needle , and in certain embodi 
shown to have advantages over the presentation of a single 35 ments an 18G or 20G needle . As described below and in the 
factor . For example , cardiac injection of an alginate material Examples , a robotic injection device can be used to deliver 
designed to release VEGF followed by PDGF showed any of the compositions described herein to the heart or 
increased alpha smooth muscle cell vessel density than the other organs or tissue . Thus , methods of use embodying the 
delivery of either growth factor alone . Bimodal delivery above - described uses for a copolymer described herein and 
systems may seek to mimic the native kinetics of growth 40 compositions comprising the copolymer are contemplated 
factor delivery wherein the stimulation and development of and embraced as part of the present invention . 
one system prior to another may be beneficial — in the In the context of myocardial infarction , although myo 
example mentioned the development first of a primary cardial injection therapy is currently dominated by trans 
vascular network from endothelial cells provided a founda- catheter endocardial approaches , direct epicardial injection 
tion for recruiting smooth muscle cells to mature and 45 offers potential advantages such as easy detection of target 
stabilize that network . myocardial infarct lesions , decreased likelihood of cerebro 
Two particularly important growth factors studied in the vascular complications , and superior site specific efficacy . 

context of cardiac remodeling have been bFGF and insulin- Particularly with gel materials , the risk of backflow and 
like growth factor - 1 ( IGF - 1 ) . IGF - 1 has been shown to have embolization from an endocardial injection site is a serious 
significant cardioprotective , inotropic , and regenerative 50 concern . To date , a major limitation of direct epicardial 
capabilities and to be a potent recruiting factor for stem injection is the lack of dedicated minimally invasive access 
cells . IGF - 1 also leads to increased Akt signaling in cells technology , generally causing it to be performed only in 
which can lead to production of other growth factors includ- conjunction with other procedures using sternotomy or 
ing VEGF and angiopoietin - 2 . Local IGF - 1 delivery thoracotomy , both of which have high associated morbidity . 
injured myocardium has been linked to decreased apoptosis , 55 In addition , the instrumentation used in most reported appli 
increased cell growth , and improved systolic function . As cations does not readily accommodate the motion of the 
such , controlled IGF - 1 delivery may be useful to improve beating heart , and therefore does not facilitate precise place 
heart function simultaneously with injected material . A ment and depth of injections . A dedicated technology for 
growth factor with effects complementing IGF - 1 is bFGF . precise interaction with the heart from within the intraperi 
This potent angiogenic factor strongly increases both 60 cardial space that balances treatment efficacy and minimal 
endothelial and smooth muscle cell proliferation , and has invasiveness is likely to provide a future clinical benefit for 
been linked to increased cardiomyocyte mitotic activity . the hydrogel injection therapy proposed here and for myo 
Increased regional blood flow in the infarcted heart has been cardial injection - based therapies in general . To address this 
shown as long as 6 months after a single intramyocardial need , we have developed a novel miniature robotic device 
injection of bFGF . Importantly , from a functional standpoint , 65 ( HeartLander , see , e.g. , US Patent Publication No. 
left ventricular ejection fraction has been increased in 20050154376 , incorporated herein by reference in its 
infarcted hearts supplied with bFGF . Due to the short entirety ) that navigates over the epicardial surface to per 
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form minimally invasive myocardial injections on the beat- from hexane and vacuum dried . NIPPAm ( 50 g ) was dis 
ing heart through a subxiphoid approach . Such injections solved into 150 mL hexane at 80 ° C. and then recrystallized 
have been achieved in vivo in a porcine model , demonstrat- at room temperature . AAC and 2 - hydroxyethyl methacrylate 
ing positioning accuracy of 1.7 : 1.0 mm in applying multi- ( HEMA ) were purified by vacuum distillation at 70 ° C. and 
target injection patterns . 100 ° C. , respectively . Benzoyl peroxide ( BPO ) , stannous 

In another use , a composition described herein can be 2 - ethylhexanoate [ Sn ( OCt ) 2 ] , trimethylene carbonate 
used for cosmetic purposes , such as for a rheology modifier . ( TMC , Boehringer Ingelheim Chemicals Inc. ) were used as 
Ingredients , including without limitation colorants , fra received 
grances , flavors , and other ingredients listed herein , includ- Synthesis of HEMA - poly TMC ( HEMAPTMC ) 
ing active agents , may be included in the composition . HEMAPTMC was synthesized by ring - opening polymer 

The following examples are provided for illustration ization of TMC initiated by HEMA with Sn ( OCT ) 2 as a 
purposes and are not intended to limit the scope of the catalyst ( FIG . 1 ) . Stoichiometric amounts of HEMA and 
present invention . Reference is made International Patent TMC ( molar ratio 1 : 2 ) were mixed in a flask to which was 
Publications : WO 2008/045904 and WO 2010/127254 , for added anhydrous toluene of equal mass to the TMC / HEMA 
the disclosure of the general process of making , and char- 15 mixture . Sn ( OCt ) 2 ( 1 mol % with respect to HEMA ) in 1 mL 
acteristics of , various copolymers . The disclosures of WO toluene was subsequently added . The reaction was con 
2008/045904 and WO 2010/127254 are incorporated herein ducted at 120 ° C. for 1.5 h . The mixture was then dissolved 
by reference in their entirety . in THF and precipitated in water . This precipitation process 

was repeated twice and the liquid precipitate was then 
EXAMPLES 20 isolated by centrifugation , dissolved in THF , and dried over 

anhydrous MgSO4 . THF was removed by rotary evapora 
A hydrogel possessing thermoresponsive behavior tion . 

coupled with robust mechanical properties suitable for soft Synthesis of Poly ( NIPAAm - co - AAC - CO - HEMAPTMC ) 
tissue engineering is of great interest . Such a thermorespon- Poly ( NIPAAm - co - AAC - CO - HEMAPTMC ) copolymers 
sive scaffold could readily encapsulate and deliver cells for 25 were synthesized by free radical polymerization ( FIG . 1 ) . 
subsequent mechanical training in vivo or in vitro . Monomers ( NIPAAM , AAC , HEMAPTMC ) were dissolved 
Described herein and in the examples below is a family of in 1,4 - dioxane to form a 5 wt % solution containing BPO 
injectable and flexible hydrogel composites based on ther- ( 7.2x10-3 mol / mol monomer ) . The polymerization was car 
mosensitive copolymers , optionally conjugated with colla- ried out at 70 ° C. for 24 h under argon atmosphere . The 
gen . The compositions find use in , for example cardiac 30 copolymer was precipitated in hexane and further purified 
remodeling after myocardial infarction . These novel ther- by precipitation from THF into diethyl ether . The purified 
mosensitive , biodegradable and flexible hydrogels have copolymer was vacuum dried . 
properties attractive for future application in soft tissue Results 
engineering . Synthesis of HEMAPTMC and Copolymer 

The synthesis of HEMAPTMC was confirmed by the 
Example 1 : A Thermally Responsive Injectable 1H - NMR spectrum of the product ( data not shown ) and the 

Hydrogel Incorporating Acrylic 13 C - NMR spectrum ( data not shown ) containing proton 
Acid Poly ( Trimethylene Carbonate ) for peaks and carbon peaks in agreement with the molecular 

Hydrolytic Lability structure of HEMAPTMC . In the ' H - NMR spectrum , 
40 HEMA alone would be expected to have two characteristic 

Thermally responsive injectable and bioabsorbable triple peaks centered at 4.4 ppm and 3.9 ppm for d protons , 
hydrogel by copolymerization of N - isopropylacrylamide while for HEMAPTMC the combination of the two d peaks 
( NIPAAm ) , acrylic acid ( AAC ) , and biodegradable monomer into a single peak at 4.4 ppm provides confirmation of the 
hydroxyethyl methacrylate - poly ( trimethylene carbonate ) formation of HEMAPTMC . The chemical structure of 
( HEMAPTMC ) is synthesized and evaluated . The study 45 HEMAPTMC was further confirmed by the mass spectrum 
sought to investigate and tune the molecular design by ( API - ES positive ) . Peaks at 254.8 ( HEMAPTMC1 + Na + ) , 
altering the relative amount of AAC so that a thermorespon- 357.0 ( HEMAPTMC2 + Na + ) , 459.0 ( HEMAPTMC3 + Na + ) , 
sive hydrogel would be achieved with an LCST below body 561.0 ( HEMAPTMC4 + Na + ) and 663.0 ( HEMAPTMC5 + 
temperature prior to hydrolysis of the poly ( trimethylene Na + ) were observed , indicating that the product was a 
carbonate ) ( PTMC ) branches , but with an LCST that rose 50 mixture of molecules containing different PTMC lengths 
above body temperature with PTMC cleavage . The ( data not shown ) . The number average length of PTMC units 
HEMAPTMC component was selected and synthesized for per monomer was determined from ' H - NMR spectrum as 2 
use since the carbonate bond in PTMC should have a by calculation from the ratio of the integrals of hydrogen 
hydrolysis rate that would allow retention of the gel over the peaks from PTMC and the double bond hydrogen ( CH2 = ) 
several week period that are hypothesized as being neces- 55 peak . This PTMC unit number for HEMAPTMC was in 
sary for the cardiac application in vivo . After characterizing agreement with the molar feed ratio of HEMA to TMC ( 1 : 2 ) 
and optimizing the copolymer structure , the optimized in the synthesis of HEMAPTMC . 
hydrogel was evaluated by injection into chronic rat myo- Copolymers with different monomer ratios were prepared 
cardial infarctions two weeks following coronary ligation , by free radical polymerization ( FIG . 1 ) . Table 1 ( below ) 
and the resulting cardiac performance and ventricular 60 summarizes poly ( NIPAAm - co - AAC - CO - HEMAPTMC ) 
remodeling were assessed over an 8 week period . The copolymers synthesized with different AAc feed ratios . All 
hypothesis was that injection of the designed thermorepon- of the copolymers have molecular weights between 20 k and 
sive hydrogel would alter the progression of ventricular 30k , and a polydispersity index of 1.5 ~ 2.0 . The existence of 
remodeling , preserving ventricular wall thickness and main- AAC ( COOH ) units in the copolymer was verified and 
taining contractile function . 65 quantified by titration of the polymer solution with NaOH 

Chemicals were purchased from Sigma - Aldrich unless solution ( 0.1 M ) ( data not shown ) . The AAC content 
otherwise stated . NIPAAm was purified by recrystallization obtained by the titration method and the integration ratios of 
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characteristic proton peaks in the ' H - NMR spectra were tion therapy where increased mechanical strength and rela 
used to determine copolymer compositions ( Table 1 below ) . tively slow resorption rates would be attractive . 
The monomer compositions in the copolymers were found Materials and Methods 
to be close to the feed ratios , with a consistent slight All chemicals were purchased from Sigma - Aldrich unless 
reduction in the measured AAC content from that expected 5 otherwise stated . NIPAAm was purified by recrystallization 
based on the feed ratio . from hexane and vacuum dried . 2 - hydroxyethyl methacry 

TABLE 1 

Properties of poly ( NIPAAm - co - AAC - co - HEMAPTMC ) 
copolymers with different feed ratios of AAC . 

Feed ratio 
NIPAAM / AAC / 
HEMAPTMC 

COOH 
content , 
10-4 
mol / g 

Polymer 37 ° C. , 
composition , 16.7 wt % 
NIPAAM / AAc / in PBS , 
HEMAPTMC pH 7 

LCST 
16.7 wt % 
in PBS , 

pH 7 , ° C. 
Mn 

g / mol 
Mw / 
Mn Yield 

solid gel 
solid gel 

87/3/10 
86/4/10 
85/5/10 
84/6/10 

86 % 
87 % 
84 % 
93 % 

27,000 
23,000 
34,000 
21,000 

1.8 
1.9 
1.5 
2.0 

1.6 
2.6 
2.8 
3.8 

88.5 / 2.1 / 9.4 
88.3 / 3.3 / 8.4 
87.0 / 3.6 / 9.4 cloudy , weak gel 
86.2 / 4.8 / 8.9 clear solution 

29.1 + 0.37 * 
33.1 + 0.43 * 
36.2 + 0.38 * 
44.5 + 0.10 * 

p < 0.001 versus each of other copolymers 

Gelation Properties , the LCST and Optimization of Mono- late ( HEMA ) was purified by vacuum distillation . Lactide 
mer Feed Ratic was purified by recrystallization from ethyl acetate . Benzoyl 

The qualitative gelation properties of the poly ( NIPAAm- peroxide ( BPO ) , sodium methoxide ( NaOCHz ) and meth 
CO - AAc - co - HEMAPTMC ) copolymers are summarized in 25 acryloyl chloride were used as received . 
Table 1 ( above ) . When the AAc feed ratio was 3 % and 4 % , Synthesis of Methacrylate Polylactide ( MAPLA ) 
a solid gel could be formed at 37 ° C. When the AAC feed As shown in FIG . 2 , polylactide ( HO - PLA - OCH3 ) was 
ratio was increased to 5 % , a fluid - like hydrogel with neg synthesized by NaOCHz initiated ring opening polymeriza 
ligible strength was formed . When the AAc feed ratio was as tion of lactide . In a lactide solution in dichloromethane a 
high as 6 % , the copolymer solution remained a clear solu- 30 solution of NaOCHz in methanol ( 10 % wt / v ) was added with 
tion at 37 ° C. , indicating an LCST above 37 ° C. The a molar ratio of ( NaOCHZ + HOCHZ ) to lactide of 1 : 1 , under 

vigorous stirring . The reaction proceeded for 2 h at 0 ° C. calculated LCSTs were determined from the optical data before the solution was rinsed with 0.1 M HCl and deionized ( not shown ) . The temperature at which optical absorption 
rapidly transitions ( the LCST ) is seen to increase as the AAC 35 and dried over anhydrous MgSO4 . The solvent ( dichlo 

( DI ) water . The organic phase was isolated by centrifugation 
feed ratio of the copolymer is increased . While copolymers romethane ) was removed by rotary evaporation at 60 ° C. to 
with AAc feed ratios of 3 , 4 and 5 % had LCSTs below 37 ° obtain HO - PLA - OCHZ . Biodegradable monomer MAPLA C. , the copolymer with an AAc feed ratio of 6 % had an was synthesized by dropping equimolar amounts of meth 
LCST of 45 ° C. acryloyl chloride into the HO - PLA - OCHz solution in 

40 dichloromethane in the presence of equimolar amounts of Example 2 : A Thermally Responsive Injectable triethylamine . After reacting at 0 ° C. overnight , the solution Hydrogel Incorporating Methacrylate - Polylactide was filtered to remove precipitants , and was then rinsed for Hydrolytic Lability sequentially with 0.2M Na2CO3 , 0.1M HCl and DI water . 
The organic phase was isolated by centrifugation and dried 

Methacrylate - polylactide ( MAPLA ) , with an average 2.8 45 over anhydrous MgSO4 . The solvent ( dichloromethane ) was 
lactic acid units , was synthesized and copolymerized with removed by rotary evaporation at 40 ° C. to get the raw 
n - isopropylacrylamide ( NIPAAm ) and 2 - hydroxyethyl product of MAPLA , which was finally purified by flash 
methacrylate ( HEMA ) to obtain bioabsorbable thermally chromatography 
responsive hydrogels . Poly ( NIPAAm - co - HEMA - CO - MA- Synthesis of Poly ( NIPAAm - co - HEMA - CO - MAPLA ) 
PLA ) with three monomer feed ratios ( 84/10/6 , 82/10/8 and 50 Poly ( NIPAAm - co - HEMA - CO - MAPLA ) copolymers were 
80/10/10 ) was synthesized and characterized with NMR , synthesized by free radical polymerization ( FIG . 2 ) . Mono 
FTIR and GPC . The copolymers were soluble in saline at mers ( NIPAAM , HEMA , MAPLA ) were dissolved in 1,4 
reduced temperature ( < 10 ° C. ) , forming clear solutions that dioxane to form a 5 wt % solution containing BPO ( 7.2x10-3 
increased in viscosity with the MAPLA feed ratio . The mol / mol monomer ) . The polymerization was carried out at 
copolymers underwent sol - gel transition at lower critical 55 70 ° C. for 24 h under argon atmosphere . The copolymer was 
solution temperatures of 12.4 , 14.0 and 16.2 ° C . respectively precipitated in hexane and further purified by precipitation 
and solidified immediately upon being placed in a 37 ° C. from THF into diethyl ether and vacuum dried . 
water bath . The warmed hydrogels gradually excluded water 
to reach final water contents of ~ 45 % . The hydrogels as Example 3 : Design Rationale and Characterization 
formed were mechanically strong , with tensile strengths as 60 of Poly ( NIPAAm - co - HEMA - CO - MANHS - CO - MA 
high as 100 kPa and shear moduli of 60 kPa . All three PLA ) +/- Growth Factors 
hydrogels were completely degraded ( solubilized ) in PBS 
over a 6-8 month period at 37 ° C. , with a higher MAPLA In order to provide the capacity for controlled release of 
feed ratio resulting in a faster degradation period . Culture of bioactive factors from the injected hydrogels , the design of 
primary vascular smooth muscle cells with degradation 65 poly ( NIPAAm - co - HEMA - CO - MAPLA was modified to cre 
solutions demonstrated a lack of cytotoxicity . The synthe- ate poly ( NIPAAm - co - HEMA - CO - MANHS - CO - MAPLA by 
sized hydrogels provide new options for biomaterial injec- incorporating the monomer N - hydroxysuccinimide meth 
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acrylate ( MANHS ) ( FIG . 3 ) . This monomer has the ability In another example microparticle carriers , which offer an 
to readily react with primary amine groups ( e.g. surface extended release profile , are employed as a protein delivery 
lysines in proteins ) forming a stable amide bond and pro- mechanism . Combining a suspension of growth factor 
vides a means for covalent growth factor attachment to the loaded ( or other active agent - loaded ) microparticles in solu 
copolymer in an aqueous environment . The covalent link 5 tion with the protein - conjugated poly ( NIPAAm - co - HEMA 
reduces the burst release often encountered with hydrogel co - MANHS - CO - MAPLA ) permits delivery of a second 
systems . This attachment technique was applied previously , growth factor , where each delivery system covalent hydro 
where poly ( NIPAAm - co - AAC - CO - HEMAPTMC ) was used gel attachment or microparticulate has distinct design 
but with the addition of N - acryloxy succinimide ( NAS ) to parameters to influence release kinetics which are largely 
bind IGF - 1 . The results showed IGF - 1 was successfully 10 independent of the other . Microparticles of many common 

biomaterials such as gelatin , collagen , alginate , and poly bound to the hydrogel and remained bioactive upon release . ( lactic - co - glycolic ) acid ( PLGA ) have been synthesized and As discussed , however , poly ( NIPAAm - co - AAC - CO - HE used for drug delivery with positive results . With poly MAPTMC ) does not have the mechanical strength and ( NIPAAm - co - HEMA - CO - MANHS - CO - MAPLA ) . In decreased degradation rate advantages of poly ( NIPAAm - co- 15 example , relatively hydrophobic PLGA microparticles are 
HEMA - CO - MAPLA ) . MANHS may be desirable over NAS utilized since they will interact with the hydrophobic 
for this application since the succinimide ester reactivity NIPAAm groups in the collapsed hydrogel , thus precluding 
with water is slower for MANHS , ultimately favoring amine their exclusion from the gel network during phase transition . 
reaction and higher loading efficiency . In preliminary studies As an example , a double emulsion system is used to form 
1 mol % MANHS has been incorporated in the polymer feed 20 these microparticles with IGF - 1 loading in a manner to 
to make poly ( NIPAAm - co - HEMA - CO - MANHS - CO - MA- protect against protein denaturation , as previously 
PLA ) ( Mw 25 kD , Mw / Mn - 1.5 ) that was subsequently described . It has been shown that appropriately designed 
loaded with protein at a loading efficiency of 46 % . The microparticles can deliver growth factor at a slower rate with 
majority of protein was delivered in vitro from poly ( NI- a smaller burst than the covalent system above . PLGA 
PAAm - co - HEMA - CO - MANHS - CO - MAPLA ) in the first 25 ( 75:25 , 100 kDa ) microparticles ( 49 um diam ) encapsulating 
week followed by near zero - order release extending for 3 BSA have been synthesized and protein release rates mea 
months related to polymer degradation . Because we ulti- sured after particle mixing with poly ( NIPAAm - co - HEMA 
mately seek a hydrogel system with bi - modal release , with co - MAPLA ) . Inclusion of protein - loaded PLGA micropar 
bFGF delivery occurring before IGF - 1 , we will take advan- ticles in a hydrogel system has previously been shown to 
tage of the higher early release rates and use this covalent 30 nearly eliminate burst release leading to delayed protein 
attachment system with bFGF . delivery . The results agree , showing only 4 % burst release of 

Several design parameters of poly ( NIPAAm - co - HEMA- total protein during gel formation , and only 15 % released by 
CO - MANHS - CO - MAPLA ) can be altered to influence protein 2 wk . This release rate is about one - third of that from the 
release kinetics . In one example , the relative amount of same microparticles not within a hydrogel . Later - stage pro 
MANHS incorporated into the copolymer , which determines 35 tein release follows the degradation of the PLGA micropar 
protein binding capacity , is varied between 1-5 mol % . ticles which increases after 4 wk in saline . A biphasic system 
Increasing MANHS content not only has the potential to is thus achievable wherein the majority of bFGF is released 
increase protein binding but can also be used to speed early from the hydrogel carrier followed by IGF - 1 release 
polymer degradation and thus protein delivery rate . In later as the PLGA microparticles within the gel degrade . As 
addition to this parameter the amount of bFGF loaded can be 40 has been shown previously , the burst and duration of protein 
varied . Both parameters will influence the release profile of release from PLGA microparticles can fall within a wide 
the protein . While studies to date have not specifically range depending on controllable factors such as polymer 
investigated the influence that burst release has on the weight fraction in the microparticles , particle size , degrada 
angiogenic effects of delivered bFGF , some conclusions can tion time , and weight fraction of growth factor . One exem 
be made based on direct injection studies . It has been shown 45 plary design objective for microparticles is < 20 % release in 
that when a solution of free bFGF is injected directly into the the first 2 wk , with an additional 60 % over the 4 wk 
myocardium only 16 % remains after one hour . While some following . Since a dose range from 25 ng to 100 ug of IGF - 1 
cardiac improvements have been shown from this delivery has shown functional cardiac improvements in rats , a mod 
method , additional benefits of bFGF delivery with a carrier erate total dose between 1-10 ug is used . 
have been demonstrated . Delivery of bFGF from micro- 50 Hydrogel chemical structure is characterized with NMR , 
spheres and gel systems over a range of 1-6 wk resulted in FTIR , and mass spectra . Molecular weight is determined by 
substantial vascular and functional improvements . The gel permeation chromatography . The LCST of the hydrogel 
amount of bFGF remaining at the injection site 72 h after solutions is determined by DSC , UV - optical absorption with 
injection was roughly 30 % when the factor was incorporated temperature scanning and rheological testing with tempera 
into gelatin microspheres — a 15x increase compared to free 55 ture scanning . Hydrogel solution viscosity below the LCST 
bFGF injection . As an example , the design of poly ( NI- is measured with rheometry and gelation speed at 37 ° C. is 
PAAm - co - HEMA - CO - MANHS - CO - MAPLA ) is manipulated quantified by plotting water content over time . Tensile and 
with the objective of > 70 % release over the first 2 wk , with rheological testing provides hydrogel mechanical properties . 
continued delivery for at least 6 wk . Polymer degradation product cytotoxicity is assessed by the 

Studies have also shown that improvements to cardiac 60 metabolic viability of cells cultured with medium supple 
function and blood flow in rats can be elicited when between mented with degradation products . Cells also are observed 
10 and 100 ug of bFGF is delivered , providing an exemplary under fluorescence microscopy after live / dead staining when 
range of bFGF loading concentrations that can be charac- cultured atop the hydrogels . For controlled release from 
terized in vitro . While there is concern that excessive bFGF poly ( NIPAAm - co - HEMA - CO - MANHS - CO - MAPLA ) , the 
delivery might lead to hemangioma formation , bFGF admin- 65 attachment of bFGF to the polymer is investigated with 
istration in this range has not been associated with this matrix assisted laser desorption ionization ( MALDI ) mass 
complication in animal studies . spectrometry . Release kinetics of each growth factor from its 
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polymer carrier is analyzed by enzyme - linked immunosor- PAAm - co - HEMA - CO - MAPLA ) ( PNHM , copolymerized 
bant assay for the specified protein . To quantify bioactivity with N - isopropylacrylamide ( NIPAAm ) , 2 - hydroxyethyl 
of the released bFGF and IGF - 1 cell proliferation assays methacrylate ( HEMA ) and methacrylate - polylactide ( MA 
with L929 fibroblasts and MG - 63 cells are used , respec- PLA ) . The pendant hydrophobic MAPLA sidechains 
tively with calibration to known growth factor concentra- 5 become acidic units upon hydrolysis , resulting in a higher 
tions . Failure to meet the stated design objectives for poly transition temperature and eventual solubility of the copo 
( NIPAAm - co - HEMA - CO - MAPLA ) and poly ( NIPAAm - co- lymer , without backbone cleavage . Different molar ratios of 
HEMA - CO - MANHS - CO - MAPLA ) results in iterative methacrylic acid ( MAA ) were incorporated into the copo 
material design refinement and characterization using the lymer to obtain poly ( NIPAAm - co - HEMA - CO - MAPLA - co controllable parameters discussed above . MAA ) ( PNHMMj ) . The effect of MAA on hydrogel degra 

dation was studied as well as its effect on thermal and Example 4 — Tailoring the Degradation Rates of mechanical behavior . The cytotoxicity of pNHMMj hydro Thermally Responsive Hydrogels Designed for Soft gels and their degradation products were evaluated and an in Tissue Injection by Varying the Autocatalytic vivo degradation study of pNHMMj hydrogels was per 
Potential formed in a rat hindlimb injection model . 

Materials and Methods Appropriate biomaterial degradation behavior is essential All chemicals were purchased from Sigma - Aldrich unless for obtaining desired therapeutic outcomes in a variety of otherwise stated . N - isopropylacrylamide ( NIPAAm ) was tissue engineering and regenerative medicine applications . 
Biomaterial degradation theoretically should be aligned with 20 2 - Hydroxyethyl methacrylate ( HEMA ) was purified by purified by recrystallization from hexane and vacuum - dried . 
the pace of cell infiltration and neo - tissue formation to allow vacuum distillation . Lactide , benzoyl peroxide ( BPO ) , the structural and functional integration of host tissue with sodium methoxide ( NaOCH3 ) , methacryloyl chloride , meth tissue developed in the region of the implanted biomaterial . acrylic acid ( MAA ) and other solvents were used as For example , rapid degradation of dermal grafts may favor received . a fibrotic response over a more constructive regeneration 25 The synthesis of methacrylate polylactide was performed outcome . Uncoordinated absorption of bone substitutes can as previously described ( Ma et al . Thermally responsive cause mechanical mismatch and ultimately contribute to injectable hydrogel incorporating methacrylate - polylactide failure in load bearing . In biodegradable arterial stent devel for hydrolytic lability . Biomacromolecules 2010 ; 11 : 1873 opment , there is interest in assuring that the stent remains 
long enough to remodel the vascular wall in a stable fashion , 30 dichloromethane solution to synthesize polylactide ( HO 81 ) . Briefly , NaOCHZ / methanol was added to a lactide / 
but not much longer to avoid complications associated with PLA - OCH3 ) through ring - opening polymerization . MAPLA a permanent foreign body in the vascular wall . was synthesized by dropping methacryloyl chloride into a Thermally responsive hydrogels have been widely studied HO - PLAOCH3 / dichloromethane solution containing trieth for their amenability to minimally invasive delivery in the ylamine . Dichloromethane was removed by rotary evapora realms of drug delivery , embolization therapy , cell delivery 35 tion and the product was purified by flash chromatography vehicles , tissue fillers and wound dressings . More recently , to obtain MAPLA with yields of -60 % . intramyocardial injection therapy has been pursued using Poly ( NIPAAm - co - HEMA - CO - MAPLA - CO - MAA ) mechanically strong thermally responsive hydrogels to ( PNHMMj ) copolymers ( FIGS . 4 and 5 ) were synthesized inhibit pathological ventricular dilatation after myocardial from NIPAAM , HEMA , MAPLA and MAA by free radical infarction , a major contributor to morbidity and mortality in 40 polymerization . The feed ratios of NIPAAM , HEMA , ischemic cardiomyopathy . As with other biomaterial appli MAPLA and MAA were 80 / ( 10 - j ) / 10 / j , where j = 0 , cations where temporary mechanical support is the objec 0.5 , 1 , 2 , 5 , 10 ( FIG . 4 ) . Table 2 , showing the parameters for tive , the degradation behavior of thermally responsive production illustrated in FIG . 4 , is shown below . hydrogels becomes a critical design consideration . 

In seeking to control the degradation rate for a thermally 45 TABLE 2 responsive hydrogel that would be used in soft tissue injec 
tion , several other design criteria must be considered . Basic Feed ratio for various poly ( NIPAAm - co 
requirements are acceptably low levels of cytotoxicity of the HEMA - CO - MAPLA - CO - MAA ) ( PNHMMj ) copolymers 
polymer and degradation products and adequate thermal 

Feed ratio ( % ) response to allow needle - based injection and stiffening in 50 
situ . In the role of cell carrier , one would want to maintain ratio ( % ) 
encapsulated cell viability . When tuning the degradation 
rate , one would ideally not impair the thermal sensitivity of 
the system or substantially alter the mechanical properties in 
the fluid or hydrogel state . Polyesters , widely used as 55 
biodegradable polymers in general , have been utilized as a 

10 hydrophobic component in thermally responsive hydrogels 
to trigger dissolution and absorption of the hydrogels upon 
ester cleavage . Polyester materials degrade faster under low Monomers ( 0.066 mol ) were dissolved in 180 mL of 
pH conditions due to catalyzed hydrolysis . The accumula- 60 1,4 - dioxane containing 0.23 g BPO . The polymerization was 
tion of acidic degradation products can lead to an autocata- carried out at 75 ° C. for 20 h under argon protection . The 
lytic effect , accelerating the hydrolysis of ester bonds . It was copolymer was precipitated in hexane and further purified 
anticipated that the autocatalysis effect could be employed to by precipitation from THF into diethyl ether and vacuum 
tune degradation rates across wide ranges . Thus , in this dried , with yields of -80 % . Fluorescently labeled copoly 
study the amount of acid in a thermally responsive copoly- 65 mers were synthesized using the same reaction conditions 
mer backbone was varied to modulate the degradation rate with fluorescein 0 - methacrylate added at a feed ratio of an 
of a poly ( N - isopropylacrylamide ) based hydrogel , poly ( NI- additional 2 % , with all of the other monomer molar ratios 

MAA feed 
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remaining constant and j = 0 . Fluorescently labeled hydrogels rSMCs labeled with the live cell marker CellTracker Red 
used in the in vivo study were prepared by dissolving 14.25 CMTPX ( Life Technologies , Grand Island , N.Y. ) were sus 
wt % unlabeled copolymer with 0.75 wt % labeled copoly- pended in PBS at a density of 2x107 / mL . A total of 0.25 mL 
mer in PBS . of this cell suspension was then added into 1 mL of the 

' H NMR spectra of PNHMMj were recorded with a 600 5 hydrogel solutions at 4 ° C. The mixture was thoroughly 
MHz Bruker spectrometer using CD3C1 or DMSO - d6 as a mixed before being transferred into a 37 ° C. water bath for 
solvent . Molecular weight of the copolymers was deter- gelation . The supernatant was removed and replaced with 
mined by gel permeation chromatography ( GPC , Waters culture medium ( DMEM supplemented with 10 % FBS , and 
Breeze System , Waters 1515 HPLC Pump , Waters 2414 1 % penicillin / streptomycin ) . The medium was changed 
differential refractometer ) . The copolymers were dissolved 10 every 3 d . After 1 and 7 d of culture , samples were taken out 
in THF at a concentration of 1 mg / mL and the GPC analysis and cut into 100 mm thick sections and observed directly 
was performed at 35 ° C. A poly ( methyl methacrylate ) stan- under fluorescence microscopy ( Eclipse Ti - U , Nikon Instru 
dard kit ( Fluka , ReadyCal Set Mp 500-2700000 ) was used ments ) . At 7 d another set of samples were cooled at 4 ° C. 
for molecular weight - elution volume calibration . to release the encapsulated cells and these released rSMCs 

Rheology studies were conducted on a TA Instruments 15 were then cultured on TCPS for an additional 7 d to 
rheometer ( AR2000 ) to observe viscosity changes in the qualitatively assess their ability to proliferate . In a separate 
hydrogels during the temperature induced solegel transition . set of experiments , unstained rSMCs were encapsulated as 
The polymer solutions ( 15 wt % in PBS ) were placed described above and upon recovery from the hydrogels by 
between two parallel plates . With a temperature sweep from cooling at 1 and 4 d were stained with trypan blue solution 
5 to 35º C. and a heating rate of 5 ° C./min , the shear storage 20 and the percentages of live cells were calculated by manual 
modulus GO and the loss modulus G00 were collected as a counting of multiple microscopic fields for 3 independent 
function of temperature at a fixed strain of 2 % and a samples for each hydrogel type . 
frequency of 1 Hz . Adult female Lewis rats weighing 160-210 g were utilized 

To measure the mechanical properties of the hydrogels , in a protocol that followed the National Institutes of Health 
samples were incubated in a 37 ° C. water bath for 24 h to 25 guidelines for animal care and that was approved by the 
reach a stable water content , and then the solid hydrogels University of Pittsburgh’s Institutional Animal Care and Use 
were cut into rectangular strips 1 mm thick , 4 mm wide , and Committee . Anesthesia was induced with 3.0 % isoflurane 
25 mm long and then loaded in a water bath equilibrated to inhalation with 100 % oxygen followed by 1.5e2 % isoflurane 
37 ° C. An ElectroForce 3200 Series II ( Bose , Minn . , US ) with 100 % oxygen during procedure . Dermatotomy was 
equipped with a 2.5 N load cell was utilized to record the 30 performed to expose the inner thigh muscles on both legs . 
tensile stress - strain curve immediately after the samples Single injections of 200-250 mL of hydrogel ( fluorescently 
were taken out of the water bath . labeled or unlabeled ) were made approximately 3 mm deep 

Hydrogel degradation was quantified by mass loss mea- in the muscle bed . For each hydrogel , 6 injections in 6 legs 
surements . Hydrogels with known initial dry masses ( ~ 60 were made ( 4 labeled , 2 unlabeled ) . Inner thigh muscles 
mg ) were immersed into 6 mL of PBS at 37 ° C. At 35 from 2 legs of the labeled groups were excised 3 min after 
predefined time points over a 28 week period the hydrogels injection . The muscles were incised to expose the hydrogels , 
( n = 3 each ) were lyophilized and the relative mass loss was and images were taken with a Dino - Lite ( AM4113T - GFBW , 
recorded . The pH of the supernatant during degradation was AnMo Electronics , New Taipei City , Taiwan ) under bright 
measured with an Accumet pH meter ( Fisher Scientific , field and fluorescence mode . After 21 d , rats were sacrificed 
Waltham , Mass . ) . To compare the relative pH inside 40 and the inner thigh muscles encompassing the hydrogels 
pNHMMj hydrogels , polymers were dissolved in PBS con- were excised , images taken and the tissue was fixed in 10 % 
taining 2.5 mM LysoSensor Yellow / Blue DND - 160 pH formaldehyde for 3 d before embedding . H & E staining ( for 
sensitive dye ( Life Technologies , Grand Island , N.Y. , US ) . unlabeled hydrogels ) and immunohistochemical staining 
After gelation , the excess fluid was removed and replaced ( with labeled hydrogels ) with monoclonal antibodies against 
with PBS . The hydrogels were allowed to stabilize for 1 d 45 CD68 ( 1 : 100 , Abcam ) was performed . Nuclei were stained 
before being placed in a plate reader with excitation at 360 with 400,6 - diamidino - 2 - phenylindole ( DAPI ; 1 : 10000 , 
nm and emission intensities at 440 nm and 540 nm measured Sigma ) . Microscopic images were taken under fluorescence 
for the hydrogel surface and cross sections ( cut and microscopy and assessed with Image ) . 
exposed ) . The cross sections were used to semi - quantita- For the paired comparisons of FIG . 7 , a paired t - test was 
tively determine whether there was detectably lower pH in 50 employed . Where three or more groups were being com 
the hydrogel interior . pared , one - way ANOVA was employed with Tukey's test 

The cytotoxicity of the pNHMMj degradation products applied for specific comparisons . Results are presented as 
was assessed by measuring the relative metabolic activity of the mean with standard deviation . Statistical significance 
rat vascular smooth muscle cells ( rSMCs ) cultured in Dul- was defined as p < 0.05 . 
becco's modified Eagle medium ( DMEM ) ( Gibco , Life 55 Results 
technologies ) with 10 % fetal bovine serum ( FBS ) , 1 % The incorporation of MAA into the hydrogels was con 
penicillin / streptomycin , and supplemented at 10 % with firmed by NMR as the eCOOH peak appeared at ~ 12 ppm 
hydrogel degradation solution . The hydrogel degradation on the ' H spectrum , as shown in FIG . 6A . The content of 
solution was prepared from incubation of the hydrogel in MAA in the copolymer calculated with peak areas shows a 
PBS . Culture medium with PBS added at 10 % was used as 60 linear increase with the MAA feed ratio , ( FIG . 6B ) although 
a negative control rSMCs were seeded at an initial density this content is ~ 40 % lower than the MAA feed ratio in the 
of 30,000 / cm2 and their metabolic activity was measured reaction system . This result was also confirmed with minor 
( n = each ) using an MTS assay kit ( Promega CellTiter 96 Cell discrepancies from the NMR results by titrating the eCOOH 
Proliferation Assay ) . To qualitatively verify the results of the groups in the copolymer with HCl / NaOH for protonation / 
above test , cells were also observed under fluorescence 65 deprotonation ( FIG . 6B ) . GPC results showed that the 
microscopy after live / dead staining with a Promokine Live / molecular weights Mw of the pNHMMj copolymers were all 
Dead Cell Staining Kit . between 22000 and 26000 g / mol . 
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The pH of the supernatant solution after gelation of the pNHMM0.5 , pNHMM1 gels , while less than 70 % cells 
PNHMMJ polymers in PBS buffer ( 15 wt % of copolymers ) survived inpNHMM2 ( FIG . 12 ) . Viability was ~ 85 % in 
showed that with increased MAA content in the copolymer , pNHMMO , PNHMM0.5 , pNHMM1 gels 4 d after encapsu 
the more acidic the initial degradation environment was for lation , while viability was less than 60 % in pNHMM2 ( FIG . 
PLA sidechains in this limited volume system , FIG . 7. 5 11 ) . Qualitatively assessing cells stained with a viability 
Measured immediately after changing PBS , the supernatant marker at the time of encapsulation showed that after 1 and 
pH for all pNHMMj increased , and showed no significant 7 d culture , viable cells remained spread throughout the 
difference compared to the pH of PBS . After stabilization for hydrogels ( FIG . 11 ) . Cells isolated at 7 d and cultured on 
24 h to allow diffusion , the supernatant pH of pNHMMO , TCPS for 7 d qualitatively showed an ability to proliferate 
pNHMM0.5 and pNHMM1 remained above 7.3 , whereas 10 ( FIG . 27 ) . The cytotoxicity of the degradation products of 
the pH for pNHMM2 dropped below 7.1 ( FIG . 25 , PNHMMj hydrogels were also tested . Live / dead staining 
PNHMM5 and pNHM10 degraded too quickly for this showed that rSMC proliferation was not impeded by any of 
measurement ) . After another cycle of PBS change and the copolymer degradation products : overall metabolic 
measurement after another 4 d , the PNHMM2 continued to activity of the cultures during the 7 d increased , suggesting 
be able to reduce the pH versus the other hydrogels . On the 15 cell proliferation , and few dead cells were observed after 
other hand , after gelation and placement in fresh PBS , recovery and culture on TCPS ( FIG . 13A ) . Slightly different 
followed by 24 h stabilization , the pH was lower in and on from the findings from the encapsulation experiment , deg 
the surface of pNHMM2 hydrogel compared to pNHMMO , radation products of the pNHMM2 hydrogel did not show 
PNHMMO.5 and pNHMM1 , as indicated by a pH - sensitive higher cytotoxicity compared to its counterpart PNHMM ; 
dye ( LysoSensor , whose emission intensity ratio between 20 hydrogels ( FIG . 13B ) . 
540 nm and 440 nm increases as pH decreases ) . In addition , In addition , smooth muscle cell proliferation was not 
the pH of the interior of the pNHMM2 hydrogel was lower significantly affected by the hydrogel degradation products . 
than the pH on the surface . No significant differences were FIG . 14 shows the gross appearance of a rat heart injected 
found among the other 3 polymer types ( data not available with MAPLA Gel , which was similar to those injected with 
for pNHMM5 25 hydrogels with different MAA content . 
and PNHMM10 due to rapid degradation ) . The degradation In vivo degradation and absorption of hydrogels was 
rate increased significantly as MAA was added in increasing tested in rat hindlimb muscles . Hydrogels solidified imme 
proportion into the polymer backbone , as shown by the diately upon being injected into the muscles and formed 
weight loss profile of the hydrogels in PBS , FIG . 8 , top distinct volumes , displacing the muscle tissue , as shown in 
panel . Without MAA , PNHMMO needed over 5 mo to lose 30 the left columns of FIG . 15. Fluorescent imaging revealed 
50 % weight in PBS , and the same loss required about 2 mo , that the hydrogels formed well - defined regions , with mini 
1 mo , 1 wk and 1 d for MAA containing copolymers with the mal diffusion into the tissue . This effect was also demon 
MAA feed ratio at 0.5 % ( PNHMM0.5 ) , 1 % ( PNHMM1 ) , 2 % strated on immunohistochemical staining sections obtained 
( PNHMM2 ) , 5 % ( PNHMM5 ) and 10 % ( PNHMM10 ) , as from tissue immediately after injection ( data not shown ) . 
shown in FIG . 36. The temporal weight loss profiles of the 35 After 21 d , the boundaries between injected hydrogels and 
pNHMMj hydrogels share a similar shape , which begins the leg muscles were more diffuse compared to the time right 
with a slow weight loss stage , followed by an abrupt after injection , particularly for pNHMM1 and PNHMM2 , as 
decrease in remaining weight . Furthermore , when incubated shown in the right columns of FIG . 15. Fluorescent signals 
in PBS solution at pH 9.5 , the abrupt weight loss for MAA10 could still be observed , showing that the hydrogels were not 
was postponed for 1 d ( FIG . 26 ) . Since pNHMM5 and 40 completely absorbed . However , the fluorescence intensities 
pNHMM10 hydrogels were considered to degrade too were weaker in all four groups compared to the initial status . 
quickly for potential in vivo applications , hydrogels with Unabsorbed hydrogels could be identified in immunohisto 
less MAA were selected as candidates for further evaluation . chemical sections in all four groups as irregularly shaped 

The transition temperature of MAA hydrogels in PBS did regions encompassed by dense cell populations ( FIG . 16 , 
not shift significantly as the MAA content in the polymer 45 panel a ) . For most of the polymers these regions of injection 
backbone was increased . As shown in FIG . 9 , top panel , the had minimal or no fluorescence , while for the pNHMMO 
rapid increase in shear modulus GO of pNHMMO , group this region was seen to have higher green fluorescence 
pNHMMO.5 , pNHMM1 and pNHMM2 occurred within in large , continuous areas . The dense cell populations sur 
17.5 + 2.5 ° C. , which represents the sol - gel transition as rounding the polymers were CD68 positive and identified as 
temperature rises . Accompanying this mechanical transition 50 macrophages ( FIG . 16 , panels a and b ) . For pNHMMO , 
the copolymers were observed to become optically opaque PNHMMO.5 and PNHMMI hydrogels , macrophages 
and form white gels . The abrupt increase in shear modulus encompassed the materials , however , did not appear to 
or viscosity required only a few sec at 37 ° C. , hence when infiltrate into the polymer . For the pNHMM2 group , mac 
PNHMMj hydrogels were injected into PBS at 37 ° C. , the rophages infiltrated into the injection site , separating the 
response was rapid . As shown in FIG . 9 , bottom panel , 55 remaining hydrogel volumes . Similar observation could be 
solution pH did not significantly affect the transition tem- made on H & E stained sections . Macrophages gathered and 
perature of pNHMMj hydrogels , especially in the weak formed capsules around injected hydrogels as shown in FIG . 
acidic range . The Young's modulus of PNHMMj hydrogels 16 , panel c . Macrophages can be found in some regions of 
were all above 200 kPa and did not vary significantly with unabsorbed PNHMM2 hydrogel , migrating from the border 
increasing MAA content ( FIG . 10 ) , indicating that the 60 zone . This was not observed with the other 3 polymer types . degradation or absorption rate for the hydrogels was Discussion 
decoupled from their initial mechanical stiffness in tension Different strategies have been reported to modulate the 
when the MAA content was low . degradation of thermally responsive hydrogels . For poly 
As shown in FIG . 12 , panel round single cells were evenly ( ethylene glycol ) -poly ( e - caprolactone ) -poly ( ethylene gly 

distributed when rSMCs were encapsulated within the 65 col ) ( PEG - PCL - PEG ) , poly ( ethylene glycol ) -poly ( lactide 
hydrogels . Using trypan blue to quantify viability , one day co - glycolide ) -poly ( ethylene glycol ) ( PEG - PLGA - PEG ) and 
after encapsulation , over 85 % cells were alive in pNHMMO , similar block copolymer systems , changing the molecular 
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weight of individual blocks and the molecular weight ratio and phase change and mechanical behavior that were attrac 
between hydrophobic and hydrophilic blocks results in tive for minimally invasive delivery could be maintained , 
changes in degradation rate . For thermally responsive sys- while the degradation rate could independently be optimized 
tems that employ crosslinking , adjusting the crosslinking for a given application . 
density is effective . In poly ( N - isopropylacrylamide ) based 5 As expected , the pNHMM2 hydrogel showed faster in 
hydrogels , the content of hydrolytic pendant groups has vivo degradation and disappearance from the site of injec 
been shown to have a significant influence on both hydrogel tion compared to the other three hydrogels studied . How 
degradation rate and thermal transition behaviors . In other ever , the in vivo degradation and absorption of hydrogels 
cases , introducing enzyme sensitive cleavage sites has qualitatively appeared to be substantially slower than in 
proven an effective mechanism . 10 vitro . Day 21 was chosen as an endpoint for the in vivo 

In this study , pNHMMj hydrogels were synthesized and studies based on the in vitro weight loss curve , expecting 
displayed tunable degradation behavior in vitro and in vivo , that almost all of the pNHMM2 hydrogel and about 50 % of 
supporting the design hypothesis that the addition of MAA the mass of the pNHMM1 hydrogel would have been lost . 
as an autocatalyst for MAPLA hydrolysis would provide a Furthermore , hydrogel mass loss was expected to potentially 
method to accelerate the hydrogel dissolution . Manipulation 15 be faster in vivo if local enzymatic activity contributed to the 
of MAA content over a relatively small range resulted in degradation process . The explanation for the apparently 
widely varying degradation behavior , with 50 % solubiliza- slower hydrogel loss in vivo could be that the catalyzing 
tion occurring in time frames from days to months , wider effect of MAA content was somewhat weakened in vivo as 
than what has been previously reported in the literature . The the tissue served as a more effective buffering system 
lower pH of the supernatant immediately after gelation and 20 relative to the PBS in vitro . 
after a series of PBS / medium changes and stabilization steps The fluorescence of the remaining injected hydrogels was 
indicated that the proton concentrations were higher in the diminished for the faster degrading hydrogels with higher 
environment for pNHMMj hydrogels with higher MAA MAA content ( FIG . 16 ) . This result was in accordance with 
content , as expected . This result also corresponds with the what was observed in vitro . It is known that fluorescein 
pH being lower inside and on the surface of pNHMM2 25 changes from a lactone form to neutral and cation forms 
compared to other pNHMMj hydrogels having less MAA under low pH , and its emission intensity and quantum yield 
content , since greater MAA content would be the source of drop significantly at ~ 490 nm . After 21 d in PBS , the 
extra protons which decreased the supernatant pH . In addi- fluorescence intensity of the labeled hydrogel interior 
tion , the pH appeared to be lower inside pNHMM2 com- dropped significantly for pNHMM0.5 and PNHMM1 versus 
pared to the surface of the hydrogel , suggesting diffusion- 30 that measured immediately after gelation , whereas the fluo 
driven depletion of protons towards the surface of the rescence intensity of PNHMMO remained unchanged ( FIG . 
hydrogel . The four pNHMMj hydrogels studied all experi- 28 ) . This result would explain the relatively strong green 
enced an abrupt mass loss at different es , indicating a fluorescence only being observed for the pNHMMO hydro 
rapid increase in hydrolysis rate and polymer hydrophilicity . gel after 21 d in vivo ( FIG . 16 ) , suggesting that the hydrogel 
This can be explained with the hindered diffusion of protons . 35 interiors were more acidic for the other three studied hydro 
As the proton concentration slowly builds up in the hydro- gels . 
gels , the autocatalytic effect would become stronger , leading The foreign body response induced by the pNHMM ; 
to faster accumulation of cleaved lactic acid molecules and hydrogels 21 d post injection was characterized by local 
MAA residues , which in turn would contribute to a higher macrophage recruitment , as is typical of the foreign body 
proton concentration . The fact that degradation of 40 response . The macrophages mainly distributed around the 
PNHMM10 ( with highest MAA content among pNHMM ; hydrogel mass , forming an encompassing cell layer . Few 
hydrogels ) was slowed in weak basic buffer supports the foreign body giant cells could be observed . For the slow 
proposed autocatalytic mechanism . degrading PNHMMO , PNHMM0.5 and pNHMM1 hydro 

Hydrogel degradation was largely decoupled from both gels , the macrophages did not infiltrate or separate the 
stiffness and thermal transition behavior ( FIG . 9 , bottom 45 hydrogel mass , as opposed to the findings with pNHMM2 , 
panel ) , probably because the MAA content was too low to where the hydrogel was fragmented and the pieces sur 
affect the dominance of NIPAAm and highly hydrophobic rounded by macrophages . This suggested that the in vivo 
MAPLA effects on thermal transition , and increases in absorption of PNHMMj hydrogels is not simply character 
electrostatic repulsion between MAA residues was not con- ized by surface mass loss , but that degradation and solubi 
sequential . Theoretically , the ionizable MAA residues 50 lization occurs across the hydrogel with fragmentation . This 
should increase pNHMMj copolymer hydrophilicity and pH fragmentation was observed in all cases in vitro , with 
sensitivity . Peppas et al . systematically studied the thermal fragmentation not occurring until the rapid phase of mass 
sensitivity and pH sensitivity of poly ( NIPAAm - co - MAA ) loss began . 
hydrogels . They found that the thermal transition tempera- The principle of manipulating acid autocatalysis may 
ture increased from 32 ° C. to 34.5 ° C. as MAA in the 55 apply for controlling degradation rates for other thermally 
poly ( NIPAAm - co - MAA ) hydrogels increased from 0 to 12 responsive hydrogels , and more broadly , biomaterials whose 
mol % ; on the other hand , the swelling ratio of the poly degradation is based on polyester hydrolysis . Ara et al . 
( NIPAAm - co - MAA ) hydrogels increased significantly blended calcium compounds with different acidity with 
between pH 5.3 and pH 5.7 . The pH sensitivity was also PLGA and found that the most basic calcium carbonate was 
observed in a poly ( NIPAAm - co - MAA ) interpenetrating 60 most effective in delaying the degradation , while the most 
polymeric network . In the current study , the examined pH acidic calcium dihydrogenphosphate was least effective . 
range ( 6.4-7.4 ) was narrow , corresponding to infracted car- Similar buffering effects on autocatalysis were also found by 
diac muscle as a potential application area . The pH range Zhang et al . , where basic magnesium carbonate and mag 
studied fell above the pKa of poly ( methacrylic acid ) as its nesium hydroxide significantly decreased the degradation 
effect on thermal transition behavior was studied for 65 rate of PLGA films while neutral sodium chloride and zinc 
PNHMMj hydrogels containing small amounts of MAA . sulfate did not show comparable influence . Wu et al . have 
The pH sensitivity was not significant in the examined range shown experimental results suggesting that pore morphol 
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ogy affects the diffusion of acidic degradation products from polymerization . The feed ratios of NIPAAm , VP and 
PLGA scaffolds , thus directly impacting the extent of acid MAPLA were 80 / j / ( 20 - j ) , where j = 10 , 15 ( FIG . 17 ) . Mono 
catalyzed hydrolysis and degradation rate . For pNHMM mers ( 0.066 mol ) were dissolved in 180 mL of 1,4 - dioxane 
hydrogels , the mass loss curves were characterized by rapid containing 0.23 g BPO . The polymerization was carried out 
degradation following early periods of slower change , simi- 5 at 70 ° C. for 24 h under an argon atmosphere . The copoly 
lar to the behavior of several other polyester materials . The mer was precipitated in hexane and further purified by 
autocatalytic mechanism might readily be applied to the precipitation from THF into diethyl ether and vacuum - dried , 
design and synthesis for current material systems to intro- with yields of ~ 80 % . 
duce a tunable means of increasing degradation . For 1H spectra of poly ( NIPAAm - co - VP - CO - MAPLA ) copoly 
example , it is reasonable to assume that adding a small 10 mers were recorded with a 600 MHz BRUKER spectrometer 
portion of pendant carboxyl groups onto PEG - PCL - PEG , using CD3C , as solvent ( FIG . 17 ) . Molecular weight of the 
PCL - PEG - PCL , or PEG - PLGA - PEG hydrogels could accel- copolymers was determined by gel permeation chromatog 
erate degradation , although such a design might also be raphy ( GPC , Waters Breeze System , Waters 1515 HPLC 
dependent upon the overall hydrophilicity of the modified Pump Waters 2414 differential refractometer ) . The copoly 
polymer system . Of note , a synthetic route to fabricate 15 mers were dissolved in THF at a concentration of 1 mg / mL 
PCL - PEG - PCL copolymer bearing pendant carboxyl groups and the GPC analysis were performed at 35 ° C. A poly 
on the PCL blocks has been reported by Lavasanifar et al . ( methyl methacrylate ) standard kit ( Fluka , ReadyCal Set Mp 
The degradation rate of thermally responsive hydrogels has 500-2700000 ) was used for molecular weight - elution vol 
been studied and utilized to control the release of pharma- ume calibration . 
ceutical agents and proteins . The potential of thermally 20 Results : Poly ( NIPA Am - co - VP - CO - MAPLA ) copolymers 
responsive hydrogels as cell carriers has been demonstrated with different composition were successfully synthesized . 
as well . Given that hydrogel degradability significantly The actual compositions were slightly different from the 
influences cell proliferation , migration and differentiation , feed ratio ( FIG . 17 ) . 
along with the therapeutic outcomes of injection therapies , Rheology studies were conducted on a TA Instrument 
adding acid to tune the degradability of thermally sensitive 25 rheometer ( AR2000 ) to observe the mechanical property 
hydrogels is attractive . change of the hydrogels during the temperature induced 

One key advantage of the strategy employed here is that sol - gel transition . The polymer solutions ( 15 wt % in PBS ) 
relatively small amounts of catalyst ( acid ) did not signifi- were placed between two parallel plates . The heating rate 
cantly influence the material properties of interest . However , was 5º C./min , the shear storage modulus G ' were collected 
there are potential limitations and drawbacks of this strategy . 30 as a function of temperature at a fixed strain of 2 % and a 
First , for the acid to play its role , a certain level of diffusion frequency of 1 Hz . 
and access of protons to the ester bonds is needed , which in To measure the transition time of hydrogels in 37 ° C. air , 
turn is dependent on the water content in the hydrogel . The 150 uL of each type of hydrogel was added to pre - cooled a 
accelerating effect may not be as readily achieved for more 96 - well plate and placed in a plate reader which was 
hydrophobic materials , particularly in the early stages of 35 pre - warmed to and set at 37 ° C. Absorbance at 490 nm was 
degradation . Also , for injectable hydrogels , the catalyzing recorded for 15 min . 
effect may vary across injection sites under the influence of Results : VP10 and VP15 have transition temperature of 
buffering capacity . Second , an acidic microenvironment 19 ° C. and 26 ° C. , respectively ( FIG . 18 ) . VP15 has higher 
would be generated for faster degradation to take place , hydrophilicity as evidenced by higher transition temperature 
which would also lower the pH for the cells and correspond- 40 and longer transition time . 
ing physiological events in the vicinity of the implant . This Relevance : It shows our capability to modulate hydrogel 
was not explicitly studied in this report , but the histological hydrophilicity by changing polymer composition under the 
results did not suggest an obvious effect for the healthy described design and synthesis route . 
skeletal muscle bed examined . Hydrogel degradation was quantified by mass loss mea 
Conclusion 45 surements . Hydrogels with known initial dry masses ( ~ 60 
A series of NIPAAm based thermally responsive poly- mg ) were immersed into 6 mL of PBS ( replaced weekly to 

mers ( PNHMMj ) were synthesized , which contained vary- maintain a constant pH value of 7 ) at 37 ° C. At predefined 
ing MAA content . By releasing protons that catalyzed ester time points over a 10 weeks period the hydrogel ( n = 3 each ) 
hydrolysis , MAA accelerated the degradation and adsorption were lyophilized and the relative mass loss was recorded . 
of the hydrogels both in vitro and in vivo , and this effect was 50 Hydrogel discs after 24 h equilibrium in 37 ° C. PBS were 
positively correlated to MAA content in the copolymer . The weighed ( water on gel surface removed ) and thoroughly 
thermal transition behavior and mechanical strength did not dried in oven . Water absorption was calculated as ( wet 
significantly vary among the pNHMMj hydrogels . On the weight - dry weight ) / wet weightx100 % . 
other hand , the pNHMMj hydrogels showed low cytotoxic- Results : Being more hydrophilic , VP15 absorbs more 
ity and appeared to induce a mild foreign body response . The 55 water and degrades faster in PBS than VP10 ( FIG . 19 ) . 50 % 
introduced autocatalysis strategy of tuning the degradation weight loss in PBS takes 5 weeks and 7 weeks for VP15 and 
of thermally responsive hydrogels where degradation or VP10 , respectively . 
solubilization is determined by their polyester components Relevance : Similar with other hydrogels disclosed , poly 
might be applied to other tissue engineering and regenera ( NIPAAm - co - VP - CO - MAPLA ) hydrogels can provide 
tive medicine applications where appropriate biomaterial 60 mechanical support on injection sites for a relatively long 
degradation behavior is needed . time . 

To measure the mechanical properties of the hydrogels , 
Example 6 – Synthesis of samples were incubated in a 37 ° C. water bath for 24 h to 

Poly ( NIPAAm - co - VP - CO - MAPLA ) Hydrogels reach a stable water content , and then the solid hydrogels 
65 were cut into round discs with 3 mm diameter and 3 mm 

Poly ( NIPA Am - co - VP - CO - MAPLA ) copolymers were thickness , and then loaded in a water bath equilibrated to 37 ° 
synthesized from NIPAAM , VP and MAPLA by free radical C. An ElectroForce 3200 Series II ( Bose , Minn . , US ) 
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equipped with a 2.5 N load cell was utilized to record the with released AAV particles were collected at different time 
compressive stress - strain curve immediately after the points and new media was added to allow further release . 
samples were taken out of the water bath . The media with released AAV particles was used to infect 

Results : Being more hydrophilic , VP15 has a weaker pre - seeded HEK293 cells for 48 h . Cells were observed with 
mechanical strength than VP10 ( FIG . 20 ) . a fluorescent microscope . 

Relevance : The compressive modulus of VP15 is within Results : HEK293 cells were infected with AAV particles the range of soft tissue modulus , meaning it is strong enough released from hydrogel . The AAV particles released 14 days as a bulking agent . VP10 should work better in terms of after gelation still has some level of activity ( FIG . 24 ) . mechanical strength . Relevance : It is proved that slow release of bioactive The cytotoxicity of the degradation products of VP15 and 10 agents can be achieved with poly ( NIPAAm - co - VP - CO - MA VP10 hydrogels was assessed by measuring the relative 
metabolic activity of rat myoblasts ( H9C2 cells ) cultured in PLA ) hydrogels while maintaining some level of activity , 
Dulbecco's modified Eagle medium ( DMEM ) ( Gibco , Life which shows the potential of poly ( NIPAAm - co - VP - CO - MA 
technologies ) with 10 % fetal bovine serum ( FBS ) , 1 % PLA ) hydrogels as mechanical support + carrier for bioactive 
penicillin / streptomycin , and supplemented at 10 % with 15 agents . 
hydrogel degradation solution . The hydrogel degradation The present invention has been described with reference 
solution was prepared from incubation of the hydrogel in to certain exemplary embodiments , dispersible composi 
PBS . Culture medium with PBS added at 10 % was used as tions and uses thereof . However , it will be recognized by 
a negative control . H9C2 cells were seeded at an initial those of ordinary skill in the art that various substitutions , 
density of 30,000 / cm2 and their metabolic activity was 20 modifications or combinations of any of the exemplary 
measured ( n = 6 each ) using an MTS assay kit ( Promega embodiments may be made without departing from the spirit 
CellTiter 96 Cell Proliferation Assay ) . To qualitatively and scope of the invention . Thus , the invention is not limited 
verify the results of the above test , cells were also observed by the description of the exemplary embodiments , but rather 
under fluorescence microscopy after live / dead staining with by the appended claims as originally filed . 
a Promokine Live / Dead Cell Staining Kit . 

Results : H9C2 cells stayed alive and proliferate normally We claim : under the influence of hydrogel degradation products ( FIGS . 1. A composition , comprising a copolymer having a lower 
21 and 22 ) . critical solution temperature ( LCST ) of less than 37 ° C. , Relevance : The degradation products of VP15 and VP10 
have negligible cytotoxicity , showing their safety and bio- 30 consisting essentially of N - isopropyl acrylamide ( NIPAAm ) 
medical materials . residues ; acrylic acid ( AAC ) residues ; a hydroxyethylmeth 

Adult female Lewis rats weighing 160-210 g were utilized acrylate - poly ( trimethylene carbonate ) ( HEMAPTMC ) mac 
in a protocol that followed the National Institutes of Health romer residues ; and methacrylic acid ( MAA ) monomer 
guidelines for animal care and that was approved by the residues , wherein the copolymer is prepared by radical 
University of Pittsburgh’s Institutional Animal Care and Use 35 polymerization with a molar feed ratio of NIPAAM : AAC : 
Committee . Anesthesia was induced with 3.0 % isoflurane HEMAPTMC : MAA in a range of 71.5-94 : 2.5-16 : 4.5-11 : 
inhalation with 100 % oxygen followed by 1.5-2 % isoflurane 0.5-2.5 , and has a degradation rate of less than 200 days in 

vivo . with 100 % oxygen during procedure . Dermatotomy was 
performed to expose the inner thigh muscles on both legs . 2. The composition of claim 1 , wherein the copolymer is 
Single injections of 200-250 uL of VP15 or VP10 hydrogel 40 prepared by radical polymerization with a molar feed ratio of NIPAAM : AAC : HEMAPTMC : MAA in the range of were made approximately 3 mm deep in the muscle bed . 85-87 : 3-5 : 10 : 0.5-2 . After 28 d , rats were sacrificed and the inner thigh muscles 
were excised and fixed in 10 % formaldehyde for 3 d before 3. The composition of claim 1 , wherein the copolymer is 
embedding . H & E staining was performed ( FIG . 23 ) . prepared by radical polymerization with a molar feed ratio 

of NIPAAM : AAC : HEMAPTMC : MAA in the range of Results : Typical foreign body response was observed 45 86-87 : 3-4 : 10 : 0.5-2 . featuring recruited macrophages . However , the morphology 
of VP10 and VP15 28 days after injection is different . VP10 4. The composition of claim 1 , wherein the copolymer is 
formed a solid mass in tissue while VP15 diffused better and prepared by radical polymerization with a molar feed ratio 

of NIPAAM : AAC : HEMAPTMC : MAA in the range of integrated with the muscle ( FIG . 23 ) . 72-88 : 3-15 : 4.5-11 : 0.5-2 . Relevance : This difference shows VP10 and VP15 may 50 
have different releasing effects while carrying bioactive 5. The composition of claim 1 , wherein the LCST is less 

than 35 ° C. agents . 
40 or 10 uL of adeno - associated virus ( AAV ) with packed 6. The composition of claim 1 , wherein the LCST is less 

than 34 ° C. GFP was mixed with VP15 hydrogel before gelation at 37 ° 
C. Hydrogel was then immersed in 37 ° C. DMEM . Media 


