STIMULI RESPONSIVE NANOFIBERS TECHNICAL FIELD The present invention generally
relates to stimuli responsive nanofibers and stimuli responsive nanofiber modified surfaces. More
particularly, the present invention is directed to nanofibers including a thermally responsive polymer, a

multi-functionalcresselipising agent, and optionally a biologically active matggigl. Qb flapetignal polymer
that is reactive with a biologically active material. The stimuli responsive nanofibers can be used to
modify a surface of a substrate, such as a cell culture device. BACKGROUND 10Nanofibers are being
considered for a variety of applications because of their unique properties including high surface area,
small fiber diameter, layer thinneSEiigh.pRiteaibilHy Eidadov bEsiRweight. More attention has been
focused on functionalized nanofibers having the capability of incorporating active chemistry, especially
in biomedical applications such as wound Efgéﬁ\}é:fbﬁo% rs and scaffolds for tissue 15engineering.
Nanofibers may be fabricated.by electrostatic spinning (also referred to as eégtr\o{spinning). The
technique of e]ectﬁfé%iﬁﬁ?%%?%%nﬁi s%ﬁ]gﬁ%i}:yso f&%%ri% “gc%%%résé)f) BSHRSIAYABEYE #8vell known and
has been deséfiEddrperfivmiaotbpatenidcductass for exgrple; WS . tRaprdNas. idy043,831 and

5,522,879, Theiptocass AleirstiosRinaing 2ResRarpihk IaIvesdiatoaision.of g splution or liquid

into an electric field, so that the solution or liquid is caused to produce fibers. These fibers are

generally drailiTo A EHTRIoRS A Activé MiscHaSatehai g e sIikess AnD oAl the conversion

of the solutioh:oidiguidi inte fbetsothadiners-harden-aan/onerymbinisogsaening ardat drying may be

caused by coaling of the liquid, i.e., where the liquid is normally a solid at room 25temperature; by
e i

evaporation of & Solvent, S AHSH Hshy St iRaLCEETAtdating); or by a curing

mechanism (chemically induced hardening). The grogess of electrostatic spinning has typically
been directed toward the use of the fibers td*¢reafe At dr other non-woven material, as disclosed,

for exgmple, in U.§, Pat. No. 4,043 331, Nanofibers ranging.from 50 nm to 5pm in diameter can be
%\ano%ibcxs alé%mri c 1‘181(%er or Vdilc%é%.d 15183%0{}%'33%%%? ﬁgg}m&iameters,

30eletrospun into @ nonwoven or arralighed nanofiber i
electrospun BxiePinhatEntycpussebzh vechigh surkdcttaremamntalsmathparessizeh These

properties make, elgetoshY ﬁbt@l%'g%xpamti@&&@aﬁmmgefb@eﬂ%Q&JdOJ%%BQ%QQEZ%A”C'Uding:

membranes, tissye scaffolding, and other biomedical applications. Nanofibers can be used to modify
the surface GFACERBEL4ENS Hekiephi ity abinsarsetfasaivardiaiistic cmegeambfiber surfaces have
to be enginesireoktoceltppridhyalility as wound dressing, biosensors and scaffolds for tissue

15 engineering,

Nanofibers may be fabricated by electrostatic spinning (also referred to as
electrospinning). The technique of electrospinning of liquids and/or solutions capabic of
forming fibers, is well known and has been described in a number of patents, such as, for
example, U.S. Pat. Nos. 4,043,331 and 5,522,879, The process of electrospinning

20 generally mvolves the introduction of a solation or liquid into an electric field, so that the
solution or liquid is caused to produce fibers. These fibers are generally drawn to a
conductor at an attractive electrical potential for collection. During the conversion of the
solution or liquid into fibers, the fibers harden and/or dry. This hardening and/or drying
may be cansed by cooling of the liquid, i.c., where the liquid is normally 2 solid at room

25 temperature; by evaporation of a solvent, e.g., by dehydration (physically induced
hardening); or by a curing mechanism (chemically induced hardening).

The process of electrostatic spinning has typically been directed toward the use of
the fibers to create a mat or other non-woven material, as disciosed, for example, in U.S.
Pat. No. 4,043,331, Nanofibers ranging from 50 nm to Sum in diameter can be

30 electrospun into a nonwoven or an aligned nanofiber mesh. Due to the small fiber



to immobilize biomolecules. Surface modification ©of synthetic biomaterials, with the intent to improve
biocompatibility, has been extensively studied, and many common techniques have been considered
for polymer nanofiber madification. For example, Sanders et al in "Fibro-Porous Meshes Made from
PolyurethaneWc%%Q%%%%g. Effects of 10Surface Charge on Tissue Respongg‘wg?&ﬁ‘?%@%q% 26, 81 3-8
18 (2005) introduced different surface charges on electrospun polyurethane (PU) fiber surfaces
through plasma-induced surface polymerization of negatively or positively charged monomers. The

surface chargeRI) farmesiinas IMPlANed i 1oL SUDEUIRDBAUS dOLSUIof 5 wegls (0 evaluate

tissue compatibility, and it was found that negatively charge su?faces may facilitate 1svessel ingrowth
into the fibroptF6§E ikt BrABLE S ackicapsrrdavice BRtiubemdiorefectrospliar Pblyethylene

TerephthalateRid)MNanefibens: Towardsdarelenmentaha NewMateralfor B ﬁ%&éﬁéé@.'
Engineering" Biomaterials 26, 25%7-25 6(208%)3 onju atedégelatin onto formaldehyde pretreated
polyethylene terephtRafat8 P E ) Hdhiotibery ﬁﬁﬁ"ﬁ%?ﬁff’ d BONHEHREIR QR ghHter and found
that thesgelatimnactlifieatiserizGimploveddhibspredetinghand proliteatiencofie ndatheliaksits (ECs) on

the PET ' t ' Chua et al. in "Stable | bilizati f
Rat Hepatooyte CREIaie B LAl Naaany SEo o st 2 57 (o0s)

/ paermds on Galactosylate er Sca
introduced galetbseiligand Giterpori{eLéaphsiaitonectnserhl stdjidnemphospratel(RCLEEP)
hanofiber scaffalghyiasqavalsatconivgatando.aripaly @yl acidiga.apacenUVagiafted onto the fiber

surface, Hepatocyte attachment, ammonia metabolism, albumin secretion and cytochrome P450
enzymatic actiify Wete ifleSHyateRr B Hsbsspglidcmdhigatses tien -hibAsrbErdtafold as well as
the functionab2<BxfilthsgbsiraieuSMMAR ¥iaahe:mathodssantteshnigprs slammanized above are
costly, complicated, or material specific. Thus, there i eed for a surface modification approach that
IS more genglrlgﬁtdgﬁ Rgr e)f;’t(}él Siseg and can’ ergé]f)l |5&%ﬁcﬁebre?n&i‘llé%%{§rsié%ﬁgu %t%bﬁ;%%_ 54‘/‘% ty of
nanofibers. surfifcafilstianpeictn thisregiiprovidedséively chitpaes! artotanbiaviheasdstace and a

thermally respgRsive-pobgtiehdiaks ¢RpaRIEAHGRARAINALIOM.a RUMARlY hyAephilic siale to a

primarily hydrophobic state when the temperature of the polymer or its surroundings rises above a
lower critical SRtEHRATPLIERE, e &R S 8harssity %éﬁéﬁ%@\?@rﬁﬂ%‘i&}’@ﬁégﬁ@imed with the
surfaces via avesesshinkingtegenihbaingableastiwpidatentteacive:gi0upSsurfacd BR:5R6MM aspect,

Contaciing A SO e SOl e SR TE o DTHE Lol k o  PUBER Sirtposition
comprising aMagrmldiy Béwgorsive gipneengh 8ids aapab i oI ChRanging @ nemijpranatily hydrophilic
state to a prigaayiy ay@rﬁmmghwsr\é&mmmw@é%mm@tp?}’%ﬁ%g{oﬁ%&grroundings rises

above a lower critical solution temperature, and ‘a crosslinking agent having at least two latent reactive
groups: and through)asaatiad i eehary Forisoditisn tpitmvdibaatenerlisisivedifisainof the
crosstoking aggatdharebyaoinlingithe thesnallyrespensiMecapyren tenthe sunface of the cell culture
article in a manng I ety % 12t some. NS atent eagive gr9upS Leman in oy ngtve state.
of Rat Hepatocyte Spheroids on Galactosylated Nanofiber Scaffold” Biomaterials 26, 2537-
2547 (2005) introduced galactose ligand onto poly(e-caprolactone-co-ethyl ethylene
phosphate) (PCLEEP) nanofiber scaffold via covalent conjugation to a poly{acrylic acid)
25 spacer UV-grafted onto the fiber surface. Hepatocyte attachment, ammonia metabolism,
albumin secretion and cytochrome P450 enzymatic activity were investigated on the 3-D

galactosylated PCLEEP nanofiber scaffold as well as the functional 2-D film substrate,

SUMMARY
30 The methods and techniques summarized above are costly, complicated, or

material specific. Thus, there is a need for a surface modification approach that is more
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In a third aspect, there is provided a method for preparing a cell culture article, the method comprising
steps of: (a) contacting a surface of the cell culture article with a coating composition comprising a
thermally responsive polymer that is capable of changing from a primarily hydrophilic state to a
primarily hydrophobic state when the temperature of the polymer or its surroundings rises above a
lower critigahsolUtiohdampesatunedacondsslipking agest iadngatileast twe Jatent4gastive groups, and
a biologlc%lgl}é afcglve material; and (b) treating the coating composition to activate latent reactive
groups of the cr ssllnklng agent to form a coating on the cell culture device surface. In a fourth
aspect, there is grovides aspethaobefer preparidgiazcedi culilitgcasticla: thevmethogeampsising steps of:
@) contacé}ng]1 ﬁurface of the cell cult%;re .article with a crosslinking agent having at east two latent
reactive group%3 Y ws?ﬁﬁf“é%P %é] e & 8s§ﬁlnklng agent to activate less than all of the latent reactive

groups of tap-tiesslinkingragent therelicouplingstiecressliplsing-agentipdhgisiiace ofihe el
culture articlg %%BQ%W{PQP%E@»?%%‘&Oﬁ%ﬁéﬂﬁdﬂ}&%ﬁ@? o et o o e

(c) contacting the surface of t ell culture article'with a thermally responsive’ péjlymer HRRT TS capable
of changing B &P HHAZRH hTRSBIING SREETE & RSk hyar proBiE ata e Wheiv tHEtenspeeature of
the polymeroritstdarsbtindingsiisestblsaueepfower critical solution temperature; (d) treating the
surface of the cell culture article to activate latent reactive groups which are present in an inactive

state su bsequenIr;t@ stepr(b)sthetethy colsping ihel theredady fespansivapobmentataeaalculture
article sur{f’ac In a fifth. asp ti%ere is provided a method for preparing a cell culture article, the

ect
method compﬁ%ﬁlﬁ%ds ep gn%mo S') preparing a composition comprising a thermally responsive

polymer that is c&pa&ziemfmigwgﬂg&e&mma\mﬁmaalwfmiﬁapblkkatﬁtat@@;@owdﬁﬂ@ﬂéytmﬁd iaPbekis state
when the tempstaiuyre gh 1 n‘?&’Q’Eﬂ@ﬁq@iﬂ&%%&%ﬂ%‘?%ﬁ%ﬁh@??@’@a ARSE o 5&%%5%“0”

temperature, an a}}cros k|n nt havmg at least twao latent reactlve groups; ormlng a cell

culture arfielE o T &Fért‘é’ﬁ)af J- mytjopholy ‘(?)'ﬁ?gﬁt}’ﬁlésﬁw@‘ééqpﬁ?ﬁ’fﬁ%% i RsHyTBETin
step (b) td}aeﬁ\ﬁatmatémpe"@@ﬁ\?é@f@a@%vmrtﬁ@tm@winlkmgt@zgemamm mdesixtiy spect, divare is
provided &anethaditas preparing recel culivwpsadicle, the method comprising steps of: (a)

preparing a Com?&swgﬂlﬁpmwmga& Shandagtosalinky greg%%eh%v'Lgat%%?%%%%’;' o

reactive groups; (b) for éll culture article fro & cCompoSItion-of

contacting'&” Shraeh gfct?ﬁf ’é?l e é’lée\ﬁﬁﬂ?%l‘fﬁgﬂ%?’(:?ﬁ?fﬁ@éﬁﬁﬁ%@%&@%%ﬂqa‘t‘i?’ééﬁ&lﬂ@of
changing fﬁoﬁmfﬁﬁmaﬂwlh?mdmﬂhm&teﬁﬁla primtarity thye poplobierstatemdreindbévtesnperature of
the polymer or its surroundings rises above a lower critical solution temperature; and

In a third aspect, there is provided a method for preparing a cell culture article,

the method comprising steps of:

(a) contacting a surface of the cell culture article with a coating composition comprising
a thermaily responsive polymer that 1s capable of changing from a primarily hyvdrophilic state to
a primarily hydrophobic state when the temperature of the polymer or its surroundings rises
above a lower critical solution temperature, a crosslinking agent having at least two latent
reactive groups, and a biologically active material; and

(b) treating the coating composition to activate iatent reactive groups of the crosslinking

agent to form a coating on the cell culture device surface.
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(d) treating the surface of the cell culture article to activate latent reactive groups of the crosslinkina
agent, thereby coupling the thermally responsive polymer to the cell culture article surface. According
to one embodiment, the present disclosure is a stimuli responsive nanofiber including a stimuli
responsive polymer. One example of a stimuli responsive nanofiber is a thermally responsive
nanofiber including:gythermally LespRusive mer, In either of these embodiments, the stimuli
responsive nanofiber may ir_lc_blléde’a Cross- in%l)élg%ag-n ‘%é%ufé RO 8 talbriieseavecketivatable
groups. In GEE,%B?é%mﬂg,%@wébhemically or thermally latent reactive gtoups will form
covalent bonds w n(%ng&gg%to squrce of energy. Suitable energy sources include radiation,
electrical and ther}arf%al energy:in %ugrﬁ%eeorjr?glgqg ‘f’?}%ﬁi%??ﬁé%%%ﬁ aréreRisvigibtsnukranialet, ieast
infrared, x-rg)? cg?‘t?ﬁfcrfﬁ\ﬁﬁi?egﬁéﬁﬁ?omagnetic radiation. The cross-linking agent may have at least

two latent reactivétactivetiablégroupsinkheselatent £8AGHYE.ALQURS May he }%%ﬁar@aet%emo% D8 o
different. ForeexasmpieilkotiheHatent !’:%@fﬁﬂ}{@ Groyps W&/ilg)e %Eotochemica Ups.

€ i y reactive gfo
AIternative%iiaeo‘,mgr ﬁ(@?f?dimﬁf‘t§ of the gi Elosure the Cross EH@ g‘ﬁéﬁf%fﬁé%ﬁ@llb@tﬁure
photochemically and therntally Feacivecdr g‘ﬁsl.mﬁmﬂ?éﬁ“tﬁ%%‘%ﬁmWn@munmmagahevmaﬁmmeric or
polymeric materidld 6¢1ial s e itxtere ot thettrinoromertciaacpOlYDRHGMARLBIS s ve Argarding to
a further edBodimpatlobflvapreiseritalisalosiiies e hesmally KEsPoNsive polymer is hif 5t
poly(isoprapyiachd ehas WEQ@&@&%@%‘{?@ g& oLl%%sogropylacryl mide)-sucl _a% g‘f ft _%Sﬁ:olymer
derivatives[é%}je polvethylene glycol derivatives.” RECOVHG T AHOtHe? BrBoRiHieH sehetipresent
disclosure is a method of treating a surface of a subsrrate including the steps of combining a stimuli
responsive polymiét, Eematha sHefpany tigspoheivenpalynaes :anek s SEOREHNKNG 098Nt having at least
two latent seaptiveradtivatable graups sformingatd e fiber from the combifjed mixture:
contactinggfigauriaceawith thg.nangillbe rsif!agg forrﬁ% g%o@n%%&egu ngﬂge% E\eaﬁgffﬁépéﬁasﬁﬁ’é@ﬁ?face.

According to another embodiment, the presen%’disclosure is a surface coating for a surface of an
article. The surface coating includes a stimuli responsive nanofiber including a nanofiber coated with a
stimuli responsiv@“r?oﬂ#ﬁéﬁ%ﬁbﬁlﬁﬂaiﬂﬁméi@d@Qpﬁh@ﬁ/&p@h}d@%ﬁz@ﬁdﬁl%@ﬁﬁﬂ.@ﬁ@@g@@t having
at least tmé@s@atcmgltjgﬁgg@@gy@ggble groups. Optionally, the coated nanofiber or the coated surface
may include a biologically active materifal or, alternatively, a functional polymer. According to yet
another‘embod|n{'éhﬁ?lﬁi@fp@s@ms@insur@mmmaglﬁlaadﬂaﬁiuﬂmﬁébﬁf@&ﬁo@%%%Qf"‘}@r&g {hermally
responsiveinanaliber becoming. e inbersmbadime ri%%ﬁ%%@(?]“ ‘ﬁngnswc anoflbgr Includes

a thermally.fesponsiverpal nd a cross-linking agent having at least .WB T&E’fte{in_‘fv Adfie activatable
groups. " Accordin tg%s i%]gé%%gr%ﬂgse?uer?ﬁ)%gjfﬁ%ﬁ%‘?ﬁétiﬂ‘é%ér}\?‘dﬁélﬁé‘ﬁﬁéﬁ@lafwltcmmtdm/ice

including A rgrosst K BERRg A hsinsan  veslsisntivesaanofibermE he theiwally responsive
nanofiber include®a ey tBspimsive potyfnes, bcressinkiog 2genthavipg at least two latent

reaaive-activatahle greups, :apd:-a biglagicallyaetl erial. According to other embodiments of
the preseméi@gggﬁgkg%tglgegpmuli responsive naﬂ%@ﬁ)cr@e?ﬁrr{g%‘ﬁg Sy %%gl%ﬁ%rl FPARGRRY fraHPYEs 200

microns and still other éntbodiments may have a diameter ranging from | nm to 1 000 nni The stimuli
responsive nanofiber may have an aspect ratio in a range of about at least 10 to at least 100.

In a sixth aspect, there is provided a method for preparing a cell culture article,
the method comprising steps of:
(a) preparing a composition comprising a polymer and a crosslinking agent having at
least two latent reactive groups;
(b) forming a cell culture article from the composttion of step (a);
(¢) contacting a surface of the cell culture article with a thermally responsive polymer
that is capable of changing from a primarily hydrophilic state to a primarily hydrophobic state

when the temperature of the polymer or its surroundings rises above a lower critical sol
temperature; and

ution
(d) treating the surface of the cell culture article to activate latent reactive groups of the
crosslinking agent, thereby coupling the thermally responsive polymer to the cell
surface. |

culture article



According to yet a further embodiment of the present disclosure, the thermally responsive nanofiber
has first physical property at a first predetermined temperature range and a second physical property
at a second predetermined temperature range. The thermally responsive nanotiber is capable of
transitioning from a first physical property to a second physical property upon the application or
removal of heat to or from the system Various modifications and additions can be made to the
exemplary embodiments discussed without departing from the scope of the present disclosure. For
example, while the embodiments described above refer to particular features, the scope of this
disclosure also intiERIAR S IABBEREAk RN i differenticombinationsefifeatidigs and embodiments that

do not inclugdgathofithe gescribed features.. Accordingly, the scope of the present disclosure is
intended to embrace all such alternativ §f1“ﬁ1v6'cﬁ' ?lc% |6%S,%%%“373??3%%%@%#%%%3&@%00% of the

claims, tog®HEY Wit APeHuNA SFBRiTesRDESTRIFTION OEFHEDRAWENGS, 1 mFigure 1is an

electronic image=ob&pelycapsaacipnenanefinerdescriped in Example |. Figuré 2 is an electronic
image of a,p lamide nanofiber desc%%ed in %?ﬁ%éré ey me %Eu?e%”%“%’nd 4 illustrate

gisopromacrylamide. cribed
protein absorptonpro |flevénsfaﬁéﬁﬁé%WBEF%%Y&@%W@@M%ﬁlzemlad polyisopropylacrylamide

nanofibersrliessribetiiExampletdnbiguiesEand & @J@@J@gg@g@m%igff%ell lift up times from
e of TA7:5%¢Hs cultured

various sugages.gescried in Example 5 . Figure 7 is an electronic imag
on nanofiber and fiat £ﬁ§§§55é§3%6§ g 5%"%%8&%?‘1@1%&6%%&" replateerBAECaskHiso10 DETAILED
DESCRIPPHON St resigbrsivevoritsiant emiatetialsarematerials:ihat have.qng or more

uitraviolet, infrared, X-TaY OF WHCrowave electromagnetic radiation.
The c:rogs~hni:mg agent may have at least two latent reactive activatable groups.
These latent reactive groups mway be the same or may be different. For example, all of the
latent reactive groups may be photochemically reactive groups. Alternatively, in other
embodiments of the disclosure the cross-linking agent may include both photochemically
and thermally reactive groups. Further, the cross-linking agent may be monomeric or
polymeric materials or may be & mixture of both monomeric and polymeric materialg
According to a further embodiment of the present disclosure, the thermally
responsive polymer is poly(isopropyiacrylamide) as weli as derivatives of
poly(isopropylacrylamide) such as graft copolymer derivatives with polyethylene ghyeol
dertvarives. )
According to another embodiment, the present disclosure is a method of treating a
surface of a substrate meiuding the steps of combining a stimuli responsive polvmer, such
as a thermally responsive polymer, and a cross-linking agent having at least two latent
reactive activatable groups; forming at jeast one nanofiber from the combined mixture;
contacting th.e surface with the nanofiber; and forming a bond betwesn the nanofiber and
the surface,
According to another embodiment, the present disciosure is a surface coating for a
surface of an article. The surface coating includes a stimmii responsive nanofiber
including & nanofiber coated with & stimmuli Tesponsive polymer, such as 5 thermally

responsrve polymer, and a cross-linking agent having at least two latent reactive
e i
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properties that can be altered in a controlled fashion by the application of external stimuli, such as
stress, temperature, moisture, pH, applied electric or magnetic fields, ionic 15 strength, or
biomolecules such as glucose or antigens. Representative stimuli responsive materials and polymers
as well as their physical characteristic are reported by Gil et al., "Stimuli-responsive polymers and their
bioconjugates,"Prog. Paivrn. Sci., 29,1173-1222 (2004) which is incorporated by reference herein. A
thermally responsive polymer is one example of these materials. A thermally responsive material is a.
material in WQ{E%Q aam%lgephgsical roperty is altered in response to a change in temperature in the
surrounding environ Nt'Brs Eﬁﬁl.a}&’tﬁé@mfaﬁhﬁdregmﬁsbﬁ)p@jymgéggw nge frorrf hydrophilic
state to hydrophobieitaie whendhg tempergiute;of the s%%gi%] or its surroundings fise&"Stove a lower
critical solution terRQgOrXali%rem(LeC%ST .When in a hydrogﬁ} I tB‘?lé‘ﬁ:@onlymer chains become swollen.
Conversely, in a pydrok?h ic'Sta ”e‘,“t"ﬁ%eﬁﬁflmte‘éhﬁiﬁ@T@@@bﬁap@umﬁaaﬁme;malmcp@gomes
insoluble in WatERInAvRISE Cases, the-pratessGRRPe. ible. One embodiment of the present
invention is gﬁﬁ,@ggglégt’atgpg{%gy res or?gvgﬁﬁg_ﬁbeg_r@ﬁg% ﬂﬁerr%%f%ffbﬁ&@@ﬁanofiber can be
used to modify a surface of a substrat ?6155Y6\ﬂ%[é0g?ﬁh@ﬁ’éﬁ@ﬁ%@mm&dﬂm&p@gayggw, the
thermally re&BOASKAE 0RO eaiiseueet toprovide: sathermally. Jesponsive surface on a
substrate. The physicaliptoResy %tq}%ﬂé‘?%%ﬂgi&eg]got siv% nanofiber qu%%p%_urface of the _
substrate cggvn es In response to a change in tempera ore ﬁﬁ’%@%@w@m@@m&y active materials
can be immobilize onafﬁﬁaar?élﬁ%ﬁf)@?%%%lﬁmwlmgﬁmMgQ@&{%ctiﬂ@al groups accessible
or exposedtéﬁrm@ismcﬁmmbfcﬂmmbﬁt@&%c@m?ﬁ’y%nm? @glogci;c%lly active materials retain all or a
portion of thelshigactiviry after having been 5immobilized orf the tHiethiiFesponsilielnanofiber
modified surface. The ability of biologiCAN AERE KBk T®, bond withoeasuriage.of the substrate
can he affe%i%rﬁrt?épending on the physical state of the modified surface. Thus, by controlling the
temperature of thadnedified suiia bility to bind to a biological material can be controlled.
10According to gne embodiment %?Fkgea%n%e_ns&é%ﬁ%?/gﬁﬁﬁﬁ el theimtitystiesponspsasnanofiber includes a
thermally résponsive Bofiftict % Bietagresipmttve matesinh.ansha£10Sslinking agent haying at least
two latent F@abmbﬁmamﬁvﬁﬁlhlﬁf@éwﬂﬁeﬂl?a}%%ﬁmﬁl responsive nanofiber can be used to modify the
surface of aguhsirate b%/ ondi{}g%the nanofi erto the stirage %@ptﬂ’élfo?ﬁfaﬁr@ﬁldf a covalent bond
between the surface of the 1550bst A Hd e Hembfibendeashane Rhibedatenyeactive
activatabld ﬁ%ups undergoes activation when subjected to a suitable energy source to form a covalent

bond

According to yet a further embodiment of th

. & present disclosure, the thermally
responsive nanofiber has firg: physical

property at & first predetermined emperature range
cond physical property at a second predetermined IEmMperature range ]

thermally responsive nanofiber i o 8¢ The
er 18 capable of transiioning from a firgt physical propert
5 § eITY 10

upon the application or removal of heat to or from the SY8T
Various modifications and additions can be made to the exe

and a ge

& second physical property
em
| ° ‘ mplary embodiments

discussed without departing from the scope of the present disclosure

the embodim i I
ents described above refer fo particular features, the scope of this disclosure

also includes embodiments having different combinations
that do not include all of the described feamre

disclosure is

of features and embodiments

- s, ACuOT dﬁlgl vV, t]}.u SCOpe &) ﬂ}e present
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between the surface of the substrate and the thermally responsive nanofiber. The remaining latent
reactive group(s) are left accessible or exposed on the surface of the substrate. The biologically active
material included in the nanofiber or the accessible or 20exposed latent reactive groups on the surface
may be usedviar furtheessurface modification of the substrate. A number of pregaessir@gdeghnigues such
as drawing, template synthesis, phase separation, self-assembly or clectrospinning have been used to
prepare nanofibers. For example, a thermally responsive nanofiber can be formed by electrospimung a
25 fiber-forming combination that includes a thermally responsive polymer, a biologically active
material, and a croSEskirit) BgBptairBc easmlo senenteasivei dctivatible groupsd
Electrospinnjpg gengiadly involves the introduction of a polymer or other fiber-forming solution or liquid
into an electric field, so that the solution or liquid is caused to produce fibers. When a strong
electrostatic field i< 4ppifed 168 ABGERST NG R SRBIRENBA Y0 Habrhassyrmy&atiaiéapillary outlet, a
pendant dropletwaf th fibexéomming ynbitve fromi thecapillenyoutelisidefarmad.intaa Taylor cone.
When the voltage surpasses ? threshold value, the electric, orces overcome the \sufr(fac‘e tension on the
droplet, and a (:hargg’eB jet of the solution or Illqu IS ejecte ffom the ﬁB%rafhoé}‘sl‘(ﬁl); 6f€one. The
ejected jet thHEFcHIBES towartedcollecting metal screen that acts as a counterelectrode having a tower
electrical potential flhgdetiisaRitdpiREmalbeharaed ibars andbrls,nganysalveaipresent
evaporates leaying behind a nonwoven fabric mat formed on the screen. In one embodiment,
electrostaticé’i]lgf?ﬁﬂn fibers can be produced having very thin diameters. Parameters that influence the
diameter, consistenayrandsumnitosmityiofithe electespdrpitiers.inglude the thermally responsive
polyrqgr, the molecular weight of the polymer; the cross-linker concentration (loading) in the
fiber-forming mixture, the flow rate of the polymer solution, the applied voltage, and the needle
collector distance. 10 According to one embodiment of the present invention, a stimuli responsive
nanofiber has a. diameter ranging fromPEIoHLERR ¥ abBUE00 um. In other embodiments, the stimuli
responsive nanoligr has a diameter in a range of. about | n{i%‘g %t])ql.ét 1000 nal. Further, the nanofiber
may have an aspect ratio n‘a range of about at least 10 16 about at least T80 1Fvif be appreciated
that, becausergiaiesvidny smal disrnétersbtiefiibfsshine fibdrs dpalieatiba ohigheswifacendiea per unit of
mass. This high suface aregdamassaRtiaRimisfiber.oningmalarial solutigns o be ransformed
0

from solvated fiber-forming materials to solid nanofibers in fractions of a secorid. ~ The stimuli
respofisive SOFHEr YRS Ko TARSAdnSHIsar T1eay Bis Bete BB Bty Stivil fefesptisive,
fiber-formingnmaietiahtbabissempatibleawiibiihe erossclinking R0agentJnene embediment, a selected

thermally resggnsive olymer stlould be (ﬁal%?bllge of und‘erggi[gg ar %S change from a first physical

.l-cp',‘;" VITICTS A c ) 173-127
property to a'3eCond pRysical property When the Temparature ofthe sy&tei tias tiseh above a lower

critical solutigfitémiperhtdracEreraplaby thisrmallycesponsivanfiberfopmingpolmerssinctude, but are
not limited tapaEsomaRMarrAAMIde)and Mixiues.ANdcoROYINELIRRLeRl Qlfigr hermaly

25res2ponsive polymers include random copolymers of 2-(2-methoxyethoxy)ethy
0 physical property is altered in response to a change in temperature in the surrounding

environment or system. A thermally responsive polymer may change from a hydrophilic
state to hydrophobic state when the temperature of the system or its surroundings rises
above a lower critical solution temperature (LCST). When in a hydrophilic state, the
polymer chains become swollen. Conversely, in a hydrophobic state, the polymer chaing
25 collapse, and the polymer becomes insotuble in water. In most cases, the process can be
reversibie.
One embodiment of the present invention is directed to a thermally responsive
nanofiber. The thermally responsive nanofiber can be used to modify a surface of a
substrate to provide a functionalized surface. More particularly, the thermally responsive
30 nanofiber can be used to provide & thermally responsive surface on a substrate, The

physical property of the thermally responsive nanofiber modified surface of the substrate

L



methacrylate and oligo(ethylene glycol) methacrylate. According to one embodiment of the present
invention, the thermally responsive polymer is poly(isopropylacrylanlide). Poly(isopropylacrylamide)
changes from a primarily hydrophobic state to a primarily hydrophilic state upon reaching a lower

critical 30solutiondempearature of approximately 20 to 32C. Poly-N-isopropylasrylamigr (Rl PAAr)
has been one of the most studied thenno-responsive polymer not only because it displays a low critical
solution temperature (LCST) of around 32C, close to body temperature, but also because its LCST is
relatively insensitive to environmental conditions. Slight variations of pH, concentration or chemical
environment @fegtthe tOSFDY onhreetcw degreescihehmainame chialigimbd B¢RYRANts aqueous

phase separalianiabr ermAl DAYGRAelEase Al waler malgeyles Aauag o gplyiper Sisopropy!
ctions be

side groups, resulting in intra- and intermolecular hydrophobic intera veen isopropyl groups
above the LEEFHIONd-EHAMSAERSHP I Urdeotikiig Mgertechithibethd earspdsitisalioriing he thermally

responsive risinbfienallews thedhasmally igspansiveonaneiiheriabe cempatile with-a wide range of
suppor{ surfaces. Tpe gate% r%?ctiv? cross-linking 10agents can be used alone or in combination with
bitizee ot e | i‘b}% d(i

/60 SUMFAEE ER PR a0t ey REBtE cro88 ARG agents include

other materiéﬁgntlg provide a esired
either monorhigtig(ghakenoteulainate Hald) ot pdly mekcomateriafsshavdngnaidedsttwio latent reactive

activatable giohRREbAIR:GanARIe LTINS, CANAIRNLGRAS WL GNgl, Matelials when subjected to a

source of 15energy such as'radiation, electrical or thermal energy. In general, Tatent reactive

activatable gfSUSAaE hdi iR stRssatFeshOiy to Wpddific kiplmarartsrrial endrgy or stimuli to
generate activasfeaies with resultant covalent bonding to an adjacent chemical structure. Latent
reactiyg groups are, thos roups that retain thzigcovalent bonds under storage conditions but that

1] 10 H

moleciieL TP S ‘AERIEIEh BY- 285 B tErHEREhETR Sbtice. In some

form covalent bondﬁéc\?ﬁ}' her maolecules
embodimentsatatént redetivesgheups!formpactive species sboliaschieewxadicalsicThesadree radicals

oy e gienaR fADIPL BIGINA.PRIPROLRIANGS WAON ARaIRIon ot exieially 2rpied
da €s ol Known latent reactive groups are

electric, electromagnetic or thermal energy. Various examp 0
reported in URiROESStatss Y £ orsd 038 G55 insrr8 568, 056::5 838 7yietdors|r78,018.

nanofiber to the surface by the formation of a covalent bond between the surface of the
15 subsirate and the nanofiber. At least one of the latent reactive activatable groups
undergoes activation when subjected to a suitable energy source to form a covalent bond
between the surface of the substrate and the thermaily responsive nanofiber, The
remaining latent reactive group(s) are left accessible or exposed on the surface of the
substrate. The biologically active material included in the nanofiber or the accessible or
20 exposed latent reactive groups on the surface may be used for further surface
modification of the substrate.
A number of processing techniques such as drawing, template synthesis, phase
separation, self-assembly or electrospinning have been used to prepare nanofibers,
For example, a thermally responsive nanofiber can be formed by electrospinning a
25 fiber-forming combination that includes a thermally responsive polymer, a biologicalty
active material, and a cross-linking agent having at least two latent reactive activarable
groups. Electrospinming generally involves the introduction of a polymer or other fiber-
forming solution or liquid into an clectric ficid, so that the solution or liguid is cavsed to
produce fibers. When a strong electrostatic field is applied to a fiber-forming combination
30 held in a syringe with a capillary outlet, a pendant droplet of the fiber-forming mixture
from the capillary outlet is deformed into a Taylor cone, When the voltage surpasses a

threshold value, the electric forces overcome the surface tension on the droplet, and a
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25Eight commercially available multifunctional photocrosslinkers based on trichloromethyltriazine are
available either from Aldrich Chemicals, Produits Chimiques Auxiliaires et de Syntheses,
(Longiumeau, France), Shin-Nakamara Chemical, Midori Chemicals Co., Ltd. or Panchim S.A.

(France). Theseighteempeunds include 2,4,6- tris(trichloromethyl)-1,3,5 trigzi8sss008/067708
2-(methyl)-4,6-bis(trichloromethyl)-1,3,5-triazine, 2- 30
(4-methoxynaphthyl)-4,6-bis(trichloromethyl)-1,3,5-triazine, 2-(4-ethoxynaphthyl)-4,6-
bis(trichloromethy0-1,3,5-triazine, 4-(4-carboxylpheny1)-2,6-bis(trichloromethyl)-1,3,5- triazine,
2-(4-methoxypheag 19t 4i6bois¢trictrioromethid pite8;8 Adazine 12 «ftetiema-2one. The cjected

furyl)-4,6-bisfrighloramethyiil.«3. 3cfiazing A0t 2:(4Me s YL&S: cicerode havin

bisitrichloromethyl}-1,3,5-triazine. In some embodiments, the latent reactive groups are‘the same,
while in other BfRbdaientEdiatistentreacive’§raiipainay vecerfdhrentoHer dxandptey the latent

reactive 5groups:may-netwosiferenkoroupshat arbothactivated: by radiation. ln.ether
embodjments one Ilatent reactive goup ma% hy activated by radiation while another latent reactive

group may be activated by Reat SlitBie WoLE NP AGSRISIh CRBE e PR it tional
monomeric aﬁ@hp@t?ém@ﬁtﬁm@aﬂ@l&_ihﬁtenw@acﬁwmgﬁmmihmpea’zﬁﬁ@ﬁﬁ\f&aﬁﬁit@h@ﬂﬂal or heat energy
include a variely {0qtyeRciive maletiesand mav NGde kngwn compoynds, hat decampose thermally

to form reactive species that will then form covalent on.d];g,? & covalent bonds &fiow the cross-linking
to bind to adREREMBEAs; SiRapBETHaNy pediemydGReUs typicklly mavera faiflofatoms having a
heat sensitive,@rdabile:bentd: Heatdabile bonds inglude axygen-Quvgenbondssweh as peroxide bonds,
nitrog;y-oxyg%n bonds , and n%%%g%%ﬁ%jgoggn bonds. Such bonds will react or decompose at

a

cording To'one em DRHEET Bt SR rgBHErAR ERFbEfes and

temperatures I a rafge oFno
nitrenes underjorawarietiof chemicatreactionsdncloding: cashon:-bendmsestionnaigration, hydrogen

abstraction, AR dinenzalenFramelen ol carens osparatersindude diaghnes apd .
diazo-compounds. 20Examples of nitrene generators include aryl amd%s, particularly perfluorinated
aryl azides, &§P#AGES BRY ks snamafideis in adaiion, groups that Wortheatinty forhddeactive triplet

states, such nsydioxeignesiseuradicat anions ard radigal cationsmayilsghe usedip form the
thermally-reaaqtivg %%gc% In one embaodiment the thermally-reactive group of the cross-linking agent
X =

25inclides a pero G816 PG EnpP O REfally:r 85tiVE Bt 6ke & cortaimfing gralipg irtiude, for
example, thermailty-resietivies distytperoxide:gronps fibermally-teastiveparxydisashapate groups,
thermally-reagfiye distoudSraxids AR, Migimally-reactive
The stimuli responsive polymer used to form the nanofiber may be selected from
any stimuli responsive, fiber-forming material that is compatible with the cross-linking
20 agent. In one embodiment, a selected thermally responsive potymer should be capable of
undergoing a rapid change from a first physical property to a second physical property
when the temperature of the system has risen above a lower critical solution temperature,
Exempiary thermally responsive, fiber forming polymers include, but are not limited to,
poly(isopropylacrylamide) and mixtures and copolvmers thereof. Other thermally
25 responsive polymers include random copolymers of 2-(2-methoxyethoxy)ethyl
methacrylate and oligo(ethylene glycot) methacrylate.
According to one embodiment of the present invention, the thermally responsive
polymer is poly(isopropylacrylamide). Poly(isopropylacryiamide) changes from &
primarily hydrophobic state to a primarily hydrophilic state upon reaching a lower critical
30 solution temperature of approximately 20 to 32°C. Poly-N-isopropylacrylamide
(PIPAAm) has been one of the most studied thermo-responsive polymer not only because

it displays a low critical solution temperature (LCST) of around 32°C, close to body

-



peroxyester groups, thermally-reactive peroxyketal groups, and thermally-reactive dioxetane groups.
30Dioxetanes are four-membered cyclic peroxides that react or decompose at lower temperatures
compared to standard peroxides due to the ring strain of the molecules. The initial step in the
decompositiowotdionetenses is cleavage of the 0-0 bond, the second stepghreaksshadswe bond
creating one carbonyl in the excited triplet state, and one in an excited singlet state. The excited triplet
state carbonyl can extract a hydrogen from an adjacent material, forming two radical species, one on
the adjacent material and one on the carbon of the carbonyl with the oxygen and will form a new
covalent bon@BRtnEEs e akiehnedipeéadivEldioxeaarsyanecthéindjacentmmaterial.  Representative
thermally reagtivgmeistigsareraRAtted n WUsh20R60930669. aml other SepteseRtaliye thermal latent

reactive groups are reported in US 5,258,041, Both of these documents are hereby incorporated by
reference Latent re3ctRE HFot SEarat ard s SRE Ve to BRSO B ha IEsatisgivhsseh as ultraviolet or
visible radiatiepsaretypitalyseienieddocas phatechemicalaastiveriiouRsyoynlde use of latent
reactive activalphie, seacien i he anm.of lalent feactive Activpiabis an ketones s useful. Exemplary
latent reactive activatable-aryl ketones melude acetophehone, Ben: 6?3%8 B8 AkivAGuinone,
anthrone, antkrsae ikepordrocyoiesh(ive thhéte€fdcyclic analogs of anthrone such as those having N, 0,
or S in the 15 10-pegitipn),and heitsupaituted (& dxkingisubsituted) derivatives. Examples of aryl

ketones include heterocyclic derivatives of anthrone, including acridone, xantlione, and thioxanthone,
and their rind"STBRHUTEBENGARVEEPH pieticuls: irorbndrorrsardircdsiiatives, having excitation
energies greadefthaabout 360 ningrervsgiuk hadunctipnal groupsiof suah ketones are suitable
since fhey are reaqciAX capal le,200f under oin%loan a%tiv:i\tion/ina%}g/ation/reactivation cycle.

A0CTIS alone or it MALON WD, Of 5 é%?&ﬁﬁjesﬂfﬁ%éqﬁis capable of

Benzophenorie Is an exemplary photochemicaly réactive ativst
photochemicaiBxeithtiontevishithe initial formation of an excited singlet state that undergoes

nersystem crossing e ipieh gl The seied el siate cen napl o, arborhusrogen bonds

by abstraction of a hydrogen atom (from a support surface, for 25example), thus creating'a radical
pair. SubseqUfeit ¥BREpEE St adA Per I BRIS R TerrsENB ACE alHdaweapofiacarbon bond. If a

reactive bondafaige, athomhydreran)isnotayailabladerbrndieg « g siaviglel ightinduced
excita%on of the benz?tphcn ne gropp IS r%{lersible and the molecule returns to around state energy

level Upon removal of the EHErgy souTes PRIISEREHTIEER rih i fARABIS SIS ketones such as

he energy 'source.
benzophenosi 80ard sioetepherions atenitiparticulapimportarcdingsnutbrasrtiesegraups are
%oatin effigi%nc , In some

subject to multiple reactivation inwaterandhence provids ing AR SOR RS

embodiments of the invention, photochemically reactive cross-lin m% agents may be derived from
three differeAt{ipEs JrABISEHTEY faRTIRSUS Hine AR S héRte bas orvalercbhydrophilic portions, i.e.,
a hydroxyl grestpy(ibaidiaydeipreiecies oamineseRkaxt SrunsoRiG: QiienTamiligsmay include
hyd roﬁhObiCa%rgegitgr%B rcl,lz erllgglcsource. In some embodiments, latent reactive groups form active
species such as free radicals. These free radicals may include nitrenes, carbine or excited
states of ketones upon absorption of externally applied electric, electromagnetic or
thermal energy.  Various examples of known latent reactive groups are reported in
United States patents 4,973,493; 5,258,041, 5,563,056; 5,637.460; or 6,278,018,
25 Eight commercially available muliifunctional photocrosslinkers based on
trichloromethyl triazine are available either from Aldrich Chemicals, Prodnits Chimiques
Auxiliaires et de Syntheses, (Longjumeau, France), Shin-Nakamara Chemical, Midori
Chemicals Co., Ltd. or Panchim S A. (France). The eight compounds include 2,4,6-
tris{trichloromethyl)-1,3,5 triazine, 2-(methyl}-4,6-bis(trichloromethyt)-1,3,5-triazine, 2-
30 (4-methoxynaphthyi)-4,6-bis(trichloromethyl}-1.3,5- triazine, 2-(4-ethoxynaphthyl)-4.6-
bis(trichloromethyl)-1,3,5-triazine, 4-(4-carboxylphenyl)-2,6-bis(trichloromethyl)-1,3,5-

triazine, 2-(4-methoxyphenyl)-4,6-bis(trichloromethyl)-1,3,5-triazine, 2-(1 ~cthen-2-2'-

g



5partions. In one embodiment, the family has the formula: L-((D-T-CtRit(XP)C111R2GR3C(-0)R4))fli. L
is a linking group. D is 0, S, SO. SO2, NR5 or CR6R7. T is (- 10(-CH2CH2-0)x, (-CH2C1-12CH2-0-)"
or (-0-12C112CH2C142-0-),. R" is a hydrogen atom, an alkyl, alkyloxyalkyl, aryl, aryloxyallcyl or
aryloxyaryl gmeaedeimtksb, or NRSRO. P is a hydrogen atom or a protecting-graygwyyildythe proviso
that P is absent when X is NR8R9. R2 is a hydrogen atom, an alkyl, alkyloxyalkyl, aryl, aryloxylallyl or
aryloxyaryl group. Gis 0, S, SO, SO2, NRrn, (CE12)-0- or C=0. 11' and R4 are each independently
15an alkyl, aryl, arylalkyl, heteroaryl, or a heteroarylalkyl group or when ft? and R4 are tethered
together via flCHZh)A-PRECHRIDICHEOBCH 2 )rie O 20 S(EFEL2h b5y (EEHRAES-0(- CH2-),
(-C1-42-)rS(Q) 2bsfehl@rdm@hi1CHZANB(CH2-)c. RS and RH' are each independently a hydrogen atom
or an alkyl, aryl, or arylalkyl group. R6 and R7 are each independently a hydrogen atom, an alkyl, aryl,
arylalkyl, heteroary%“o‘-i%@t@‘?%lﬁﬂ%%é% Y. RS A RO e R e pBHaSK S hydrogen atom,
an alkyl, arylmbat&i&lrhyItmwmt&éﬁztazbg%@gem@i@wiﬁ@;@ﬁ}gylmcfuml@fmam@éygt@{é)}ég@@5s a_ntinteger
from 1 to about 7. r is an.integer.from O to ahout 3, s is an.integer from 0 to about 3, m is an integer
from 2§to abéﬁ?‘ﬂjéf’??f%%%?g’gé?‘* rrcl)tn%lﬂlg&a%aotuatr%o% ﬂsatgggﬁt‘éq EFREAH P about 500. 25In one
embodimentsiisdnbrnchedionusbrancbedmatkyl chairi havihngybetiveen weboutdndiakout 10 carbon

atoms. In angther,embedimen. Ris anaxvgen %9@3.&9%%&@5&%@9&%%&%@&%@%@?M is (-CH,-). or

(-CH2CH2-0-); and x is | or 2. In still yet another embodiment, R1 is & hydrogen atom. 30In yet another
embodiment®3¢ [EHH-B1rgarLIPHONCERA G 1 ARG GFErTatom. In another embodiment. R2 is a
hydrogen atom. In stianather.embodimente @is:aa @XUIEAAIIMeL cnergylhstilhygtanother

emboﬂjmer_wtb rga%QQSW&E%i eac indiviidL{ng&/lar&glroues, \é\]/géct _ a(g%.gcg% fggght%&%ggisftiggted. and rn is 3.
In one particular émbodiment. L 80488 s 12 Pt p Y
form reactive species that will then form covalent bonds. The covalent bonds allow the
cross-linking to bind to adjacent materials. Suitable thermally-reactive groups typically
have a pair of atoms having a heat sensitive or labile bond. Heat labile bonds include
oxygen-oxygen bonds such as peroxide bonds, nitrogen-oxygen bonds , and nitrogen-
15 nitrogen bonds. Such bonds will react or decompose at temperatures in a range of not
more than 80 — 200°C.

Both thermally generated carbenes and nitrenes undergo & variety of chemical
reactions, including carbon bond insertion, migration, hydrogen abstraction, and
dimerization. Examples of carbene generators include diazirines and diazo-compounds.

20 Examples of nitrene generators include aryl azides, particularly perfluorinated aryl azides.
acyl azides, and triazolium ylides. In addition, groups that upen heating form rcéctive
triplet states, such as dioxetanes, or radical anions and radical cations may alse be used to
form the thermally-reactive group.

In one embodiment the thermally-reactive group of the cross-linking agent

25 includes a peroxide -~(O--0)-- group. Thermally-reactive peroxide-containing groups
include, for example, thermally-reactive diacyl peroxide groups, thermaliy-reactive
peroxydicarbonate groups, thermally-reactive dialkyiperoxide groups, thermaliy-reactive
peroxyester groups, thermally-reactive peroxyketal groups, and thermally-reactive
dioxetane groups.

30 Dioxetanes are four-membered cyclic peroxides that react or decompose at lower
temperatures compared to standard peroxides due to the ring strain of the molecules. The

mitial step in the decomposition of dioxetanes is cleavage of the O--O bond, the second
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is a hydrogen atom, X is 0. P is a hydrogen atom, R2 is a hydrogen atom, G is 0, R3 and 5R4 are _
phenyl groups, mis 3 and x is 1 In yet another particular embodiment. L isD is O, T is (-C1-1,-)7, Rt is
a hydrogen atom, X is 0, P is a hydrogen atom, R2 is a hydrogen atom, G is 0, R3 and Pi are phenyl

groups, m is ¥xasdeangdy is an integer from: to about 6, and in particular,prig@dh@@s4RINn certain
embodiments, x is an integer from about 1 to about 500, more panicularly from about | to about 400,

from about 1 to about 250, from about 1 to about 200, from about 1 to about 150, from about 1 to
about 100, from about 1 to about 50, from about 1 to about 25 or from about 1 to about 10. In another
embodimentsinefapiiiyih4s-thédodraginkSind SRR (X P CHR2G RBG(=®)e))nd andib 4T, X, P. R2, G,

R3, R4, le, RQcRd RinfhetsrMrh 08 %2160 defiped ahgve.inons. embadiment, by Qﬁis a formula
according to structure (I): (). A and J are each independéntly a hydrogen atom, an alkyl group, an aryl
group, or 20f5HEHE MR8 FOFM BEdiE AN Provided sviie i peditac) dreteipimdepéndently a
hydrogen atai,carbadkyl Geati ol B il Yhgrompehen Bis notnresentsBisiNibn Dbl ke H2-)z,
provid%d Wh%n A B aﬂd J form a r%{neggl th%r?d’%‘h%n J are (-CFl,-), or C=0, RI'is a hydrogen atom, an

J \
alkyl group, an 3?%%%6‘3‘6%“ enotes abhohy Wltﬁg’f?eenéé%d531ld " independently is an integer from 0 to 3

and provided wherReittreentaor Jtis @0y tlertiBeis12BNR HycOreopiteC an)l Jarid @ niastbeaatileast 1 In

th ' . , Ner.e imel fami S formula;
T eroRmo L e O SRR ORI | oo

or CONN WHE?T%I'%C@W?;-W her’eby incorporated by reference.
Latent reactive groups that are reactive to electromagnetic radiation, such as

10 altraviolet or visibie radiation, are typically referred to as photochemical reactive groups.
The use of latent reactive activatable species in the form of latent reactive
activatable aryl ketones is nseful. Exemplary latent reactive activatable aryi ketones
include acetophenone, benzophenone, anthraquinone, anthrone, anthrone-like
heterocyeles (i.e., heterocyclic analogs of anthrone such as those having N, O, or S in the
5 10-position), and their substituted (¢.g., ring substituted) derivatives. Examples of aryl
ketones include heterocyclic derivatives of anthrone, inclading acridone, xanthone, and
thioxanthone, and their ring substituted derivatives, In particular. thioxanthone, and its
derivatiwj-:s, having excitation cnergies greater than about 360 nim are useful,
The functional groups of such ketones are suitable since they are readily capable
20 of undergoing an activation/inactivation/reactivation cycle. Benzophenone is an
exemplary photochemically reactive activatabie group, since it is capabie of
photochemical excitation with the initial formation of an excited singlet state that
undergoes imtersystem crossing to the triplet state. The excited triplet state can insert into
carbon-hydrogen bonds by abstraction of a hydrogen atom (from a support surface, for
25 example), thus creating a radical pair, Subsequent collapse of the radical pair leads to
formation of a new carbon-carbon bond. If a reactive bond (¢.g., carbon-hydrogen) is not
available for bonding, the ultravioiet light-induced excitation of the benzophenone group
is reversible and the molecuie returns to ground state energy level upon removal of the
energy source. Photochemically reactjve activatable aryl ketones such as benzophenone
30 and acetophenone are of particular importance inasmuch as these groups are subject to

multiple reactivation in water and hence provide increased coating efficiency.
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In one embodiment, L has a formula according to structure (I): A 5F(l) and A, B, J, Rll\_‘, and z are as
defined above. In another embodiment, L has a formula according to structure 1): NR1,03
N-11-1-11-1611-1(17NR14R1' Ri2, R13, R14, Ri5, R" are each independently a hydrogen atom, an

alkyl or aryl grevpsd&es-gdenotes a bond with T. provided at least two of RU’P%%’%S@%M@;@ R16, RH
are bonded with T and each K, independently is CH or N. In another embodiment, the family has the

formula: L-((TGQR3C(=-0)R4))ni 15 L, G, R3, R4, 1210, R, q, 1, 5, in. t and x are as defined f_;lbove. T
is (-CH2-)x, (-CH,CH2-0- )x.(-CH2CH2CH2-0-), (-CH2CH2CH2CH2-0-)x or forms_ a bo.nd. Qis
(-CH2-)1,, (- CHZCH%@n)pq(n@IdM@Hﬁeﬁnmmﬁc(ﬁQ}Hcﬁdﬂheﬁzﬂllylzeﬁ)ebﬁcaadsp—lm@mgnteger from Ito

about 10. 20lp gpe.gmlodiment.nas & frmua.ac &/préimgr}l%igg giyre :0 some families
include one or more hydrophilic portions, i.e., a hydroxy! group (that may be protected),
amines, alkoxy groups, etc. Other families may include hydrophobic and amphiphilic

5 portions. in one embodiment, the family has the formula:
L-A((D-T-C(RYXPYCHR’GR C(=0R)),.

L is a linking group. Dis O, 8, 8O, 80, NR” or CR°R’, T is (~CH,-),.

10 (~CH,CHy-0-), (-CHyCH,CH,-0-), or (-CH,CH,CH,CH,-0-),. R is a hydrogen atom,
an alkyl, alkyloxyalkyl, aryl, aryloxyalkyl or aryloxyaryl group. X is O, S, or NR°R”", P
is a hydrogen atom or a protecting group, with the proviso that P is absent when X is
NRR® R'isa hydrogen atom, an alleyl, alkyloxyalkyl, aryl, aryloxylatiyl or aryloxyaryl
group. Gis O, S, 8O, SOy, NR'", (CH,)-0- or C=0. R* and R are each independently

15 an alkyl, aryl, arylalkyl, heteroaryl, or a heteroarylalkyl group or when R™ and R* are
tethered together via (~CH,-)q, (~CHy-),C=0(~CH,-);, (=CHz-),.8(-CHo-),, (~CH,-},8=0(~
CHy-)s, (=CH2-)1S(0),(-CH,-)., or (—<CH ) NR(~CH,-).. R’ and R’ are each
independently a hydrogen atom or an alkyl, aryi, or arylatkyl group. R® and R arc each
independently a hydrogen atom, an alkyl, aryl, arylalkyl, heteroaryl or heteroarylaikyl

20 group. R®and R’ are cach independently a hydrogen atomn, an alkyl, aryl, or arylalicy!
group, R is a hydrogen atom, an alkyl group or an aryl group, q is an integer from 1 to
about 7, r 1s an integer from 0 to about 3, s is an integer from 0 to about 2, m is an mteger
from 2 to about 10, t is an integer from 1 to about 10 and x is an integer from 1 to about
500.

25 In one embodiment, L is a branched or unbranched alkyl chain having between
about 2 and about 10 carbon atoms.

In another embodiment, D is an oxygen atom (O).
In still another embodiment, T is (~CHy-), or (-CHyCH»-O-) and x is 1 or 2.
In stil} yet another embodiment, R’ is a hydrogen atom.
30 In yet another embodiment, X is an oxygen atom, O, and P is a hydrogen atom.
In another embodiment, R” is a hydrogen atom.

In still another embodiment, G is an oxygen atom, O.

1



(1) A, B, J. R11. nd z are as defined above. In another embodiment, L has a formula according to
structure (11): "RURNK<RIcR"(ll). R'2, R'3, RN, R'5, R16, R" are each independently a hydrogen
atom, an alkyl or aryl group or denotes a bond with I, provided at least two of R 12, R[3, RH,RH, R'6,
R17 are bonded mwithsIs@ind each K, independently is CH or N. In still yet apqihespamhediment,
compounds of the present invention provide that R3 and le are both phenyl groups and are tethered
together via a CO, a S or a CH,. In yet another embodiment, compounds of the present invention
provide when le and R4 are phenyl groups, the phenyl groups can each independently be substituted
with toat least one &lkyibxyadiopiierouphsliclasiC HBORCHAGH A0 drCHEO-EHEH2CH70- ), -a

hydroxylatcdv@pﬁgf%gMmﬁg[cqlg%m@dq-{d@#r 5, HO(CH2C1-1,0-)n- or HO(- CH2CH2CH20-)"-, etc.
wherein n is an integer from 1 to about 10. In another embodiment the family has the formula:

15L-W-CH2-)nC(RI)(G)R3C(=0)R4)2)m. L, each B; G, each le, each R4, each R10, each
g, eachr, each s, each t and m are as defined above and xx is an mteger from | to about 10. In one

embodiment, L haga formula aceording i strpgture (1)2-2010) 5o 14 ooy, R

is a hydrogen atom, X is O, P is a hydrogen atom, R is a hydrogen atom, G is O, R and

5 R* are phenyl groups, mis 3 and x is 1.
In yet another particular embodiment, L is {(-CHy-),, D is O, T 18 (-CHp-),, R' is a
hydrogen atom, X is O, P is a hydrogen atom, R” is a hydrogen atom, G is O, R and R
are phenyl groups, m is 2, x is 1 and v is an integer from 2 to about 6, and in particular, y
182, 4 or 6.
10 In certain embodiments, x 1s an integer from about | to about 500, more
particularly from about 1 to about 400, from about | to about 250, from about | to about
200, from about 1 to about 150, from about 1 to about 100, from about 1 to about 50,
fromy about 1 to about 25 or from about | to about 10.
In another embodiment, the family has the forimula:
15 E-(T-C(RYXPYCHR*GR C(=0)R™)),,
and L, T,R', X, P, R* G, R*, R* R* R® R' R,q. 1,5 m, tand x are as defined above.

In one embodiment, L has a formula according to structare (1)

JL,

l (h.
A and J are each independently a hydrogen atom, an alkyl group, an aryi group, or

20 together with B form a cyclic ring, provided when A and I are cach independently a

hydrogen atom. an alkyl group, or an aryl group then B is not present, B is NR', O, or (-

CH;-),. provided when A, B and J form a ring, then A and J are (~CH,-), or C=0, R" is a

hydrogen atom, an alkyl group, an aryi group or denotes a bond with T, each z

independently 18 an integer from 0 to 3 and provided when either A or J is C=Q, then B is
25 NRY, O, or (-CHo-), and z must be at least [

In another embodiment, T is ~CH,-.



A. B, J, R11, and z are as defined above. In another embodiment, A and B are both hydrogen atoms.
In still another embodiment, xx is 1. In yet another embodiment. Rl is H. 25In still yet another
embodiment, G is (-CH2-)10- and t is 1. In another embodiment, le and R4 are each individually aryl

groups. wetigatcagmther embodiment, xx is 1, R'is H, each G is (-Clp@ruisimdsapg@ach of R3
and R4 are each individually aryl groups. In another embodiment of the invention, the family has the
formula: 5L-((-C(R1)(XP)CHR20OR3a=0)R4lin L, R, RL R2, R3, R4, Rs. R9, R's, X, P. G, q, r, s, t, and
mare as defined above. In one embodiment, L is-8'. and R2 and R2' are each individually a hydrogen
atom, an alkyl group erabcaey durnlOin Bnothéreinbbdinent, RGEFR 'Ms6Rinathed @émbodiment,

wherein X is .dnyetanpther gmbodiment Ps & dngstilh gt anosher, embediment, R is H In another

embodiment, G is (-CH2-)10- and tis I. 15In still another embodiment, R3 and R4 are each individually
aryl groups. “ONH Y8EahdiHer Embodiment, Rl is H, X is 0, P is H, R2 is H. G istis 1,
In one embodiment, L has a formula according to structure (1):

5 ! (0
and A, B, I, R" and z are as defined above.
' In another embodiment, L has a formula according to structure (11);

NR12R13

KI i
}GR‘JRNJ\KANRMQW (H}

RY, R R™ R, R'" R" are cach independently a hydrogen atom, an alkyl or aryl group
10 or denotes a bond with T, provided at least two of R, RY, R R, R'. R" are bonded
with T and each K, independently is CH or N,

In another embodiment, the family kas the formula:

L-((TGQRC(=0R )y,
15
L.G, R, R, R" R, q,r,5,m, tand x are as defined above. T is (~CH,-),. (-CH,CH,-O-
). (-CH,CHoCH,-0-),, (-CHCHyCHCH,-0-); or forms a bond. Q is (—CHa-),, (-
CHyCH,-0-),, (-CH,CH,CH,-O-), o1 {-CHyCH,CH,CH,-O-), and p is an integer from 1 to
about 10.

20 in one embodiment, L has a formula according to swructure (1):

Q

\/" )‘L \‘\A/
’ \T T/ )
J

! ®

A, B, J, R", and z are as defined above.
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R3 and R4 are each individually and groups and 1.22 and R21 are both methyl groups. In yet
another embodiment, the present invention provides a family of compounds having the formula: 20
L-((OR3C(=0)R4))," Lisa linking group; G is 0, S. SO, SO2,(CH,)-O- or C=0; R3 and R4 are each
independentiywanalkytzemyl, arylalkyl, heteroaryl, or an heteroarylalkyl grogp-erwiaesRa3«®S and R4
are tethered together via (-CH2-)0, (-CH,-)rC=0(-CH2-)" (-CH,-),S(-CH2-)s, (- CH,),S=0(-CH,-), or (
-0-12-)$(0)9(-CH2-)s, (-C1-12-),NR(-CH2-)s; Rl is a hydrogen atom or an alkyl, aryl, or an arylalkyl
group; R is a hydrogen atom, an alkyl or an aryl group; g is an integer from | to about 7; r is an integer
from 0 to about 3; $nigrirtegepdiromt O tbaaboonr@meiserdimtegerdrome 21tp about 10. and t is an
integer from 1 to about 10. In one embodimentd:s In another embodiment, G is C=0. 5In still another
embodiment,R3 and le are each individually g%i;oups. In yet another embodiment, G is C=0 and le

and 12,4 are each individually aryl groups. «™ I" by itself or as part of another substituent refers to
a saturated or unsaturated branched, stra@]%—\ch n or cyclic monovalent hydrocarbon radical having
the 10stated number of carbon atoms*tie:; CI«C6 'S one to six carbonigtoms) that is derived by

the removal gf-ope: hydregen, atom fram. 3 S| eec(%rtg . atom of a parent alkanc ,alliene or alkyne.
Typical alkyl groups include, _ljt'aréjl no_fl mﬂ?'tg, me hﬁfetf?ﬁl%ngg%ﬁ’é{% :él %r:(\))z;lfjg enyl, ethynyl:
propyls suchCadFpahbten "o papcoddedycieptdpamisyi, gropRL -ah . Ryl rope bemigiyl,
prop-2sen-1 vwyikhCyelepsapr & -aficbeydarcioptepr 2cen- | -yl, 15prop- 1 -yn- 1 -y1, prop-2-yn- | -yl, etc.;
butyls such as butﬁln- ]g;?i._put%n-z- l, 2-_m§thyl-propan: 1 -yl, 2-methyl-propan-2-yl, cyclobutan- 1 -yl,
but- 1-en- 1 -y1, bub-Foen 2§ 2 he PRI FUBROTS, BURORERE VBT 8 D4R Bita-1.3-dien-
1-y1, buts-1 [B-gie @ 2ayd eyichatut: droem- hnylaeyelbbutt kere@eylyieyctobutar & Bedien- | -yl, but-l-yn-l-yl,
but-1 -yn-3-yl, bUt'i?}J'}f/@f Iaﬁ%tiliereetﬁﬂb&ﬁglég - cl%gpé{yrli’l(%rgf b€ S%Qé?ek?‘ﬁ%%n‘%fon provide when R®

and R* are phenyl groups, the phenyl groups can cach independently be substituted with

10 at least one alkyloxyalky! group, such as CH:0-(CH,CH,0-),-, or CH.0(-CH,CH,CH,O-
)-8 hydroxylated alkoxy group, such as HO-CH,CH,0-, HO(-CH,CH,0-), - or HO(-
CH,CH,CH»0-),-, ete. wherein n i3 an integer from 1 10 about 10,

In another embodiment the family has the formula;
15 LA((-CHy ) CR(OR CE=OIR o).

L,each R, R', each G, each R*, each R*, each R'", cach q, each , each s, each t and
m are as defined above and xx s an integer from 1 to about 10.

In one embodiment, L has a formula according to structure (1)

20 | (I
A B, I, R' and z are as defined above.,
In another embodiment, A and B are both hydrogen atoms.
In still another embodimens, xx is 1.
in yet another embodiment, R’ is H.
25 In still yet another embodiment, G is (-CHz-)O- and tis 1.

In another embodiment, R* and R* are each individually aryl groups,
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20saturation are intended, the nomenclature "alkanyl,” "alkenyl" ancUor "alkynyl" is used, as defined
below. "Lower alkyl" refers to alkyl groups having from 1 to 6 carbon atoms. "Alkanvl" by itself or as
part of another substituent refers to a saturated branched, straight-chain or cyclic alkyl derived by the
removal of oseohydsagesssatom from a single carbon atom of a parent alkapefypigalatlanyl groups
include, but are not limited to, 25methanyl; ethanyl; propanyls such as propan-I-yl, propan-2-yl
(isopropyl), cyclopropan-I-yl, etc.; butanyls such as butan-I-yl, butan-2-y1 (sec-butyl),
2-methyl-propan-1-yl (isobutyl), 2-methyl-propan-2-yl (f-butyl), cyclobutan-I-yl, etc.; and the like.
"Alkenvl" by itself dp atlpait sfodmottiebelibstituentséf&'sitdanaghSaturated-bianchedstraight-chain or

cyclic alkyl hayingratLgast-one CRIPARGAMIAN double hond derived by the removal of one hydrogen
atom from a single carbon atom of a parent alkene’ The group may be in either the cis or trans

conformation abouttARCHS IR BT @) ey prear lkdhfy/ [potdssiesdaan®iat are not limited to,
ethenyl; propenyls such as prop-1 -en-1 -yl, prop-I -en-2-yl, prop-2-en- 1 -yl, prop-2-en-2-34,
cycloprop- |--en-1 -y1; cycloprop-2-en- | =yl ;; is;such.as but- 1 -en-1 -yl, but- | -en-2-yl.
2-methEyI-prop- | -en-1-yl, but-2-en-El""(gil(ﬁ%Miﬁﬁy@%&g(ﬁ%ﬂen- | -yl, buta-1,3-dien-2-y1,
cyclobut-l-en-Il-yl, cyclobutThen-3-yl, cyclobuta-1,3-dien-I-y etc.; 10and the like "Alkyloxvalkvl"
refers to a nlgie\tﬂthgaNipgﬂt’\w’@&y&g@upﬁﬁtgﬂt@:ﬁq tQQ,e&H&HA’L%% xygen bond. Suitable alkyloxyalkyl

groups include polyoxyalkylenes, such as polyethyieneoxides, polypropyleneoxides, etc. that are
terminated with an alkyl group, such as a m f/l group. A general formula for such compounds can be
depicted as R'- 15(OR"),, or (R'0)"-R" whefeinwn is an integer from 1 to about 10, and R' and R" are
alkyl or alkylene groups. "Alkynyl" by Qr as part of another substituent refers to an
unsaturated brancheadistraighizetiain.or cyclic-atkythBvingdk feast ane iedibidmbarbon triple bond

derived by the removalef Qg&@%{f&(ﬁ@p&%@p&@ single carbon atom of a parent 20alkyne. Typical
alkynyl groups include, but are not limited to, éthynyl: propynyls such as prop- | -yn-l-yl, prop-2-yn-l-yl,

etc.; BBtynyls suchta@Be ERRRARAN G Gt- B Jyn-3-yl, but-3-yn-l-yl, etc.; and the like. "Alkyldivr by
itself or as part of anethensuhstivusmireiersidrasaturated or unsaturated, branched, straight-chain or
cyclic divalent hydrocarbon }(T:Lro‘ui) hgvin tll}e, ZE stated number of carbon atoms (i.e., Ci-C6 means
from one to six carBon atd s()r & W\? 8“8%% dr€moval of one hydrogen atom from each of two different
carbon atoms of alpatéhtalkeribsratkendimesikitns, r by the removal of two hydrogen atoms from a

single carbon atorp, of, a.parent.alkane, %K??«%ﬁ!-‘? ype;The,two monovalent radical centers or each
valency of the divalent radical center can form bonds with the same or different atoms. 30Typical

alkyld/l groups indiutidl Btksrecrbeiniead B, awbEaiarrehduiaiynlsact axups.
In yet another embodiment, R is H, X is O, P is H, R7is H, G is (-CHy)O-, tis 1,
R*and R* are each individually aryl groups and R* and R? are both methyl eroups.
In vet another embodiment, the present invention provides a family of compounds
having the formula:
20
L-((GRC(=0)R™Y),,,

L is a linking group; G is O, 8, SO, 8O,, NR" (CH,)~O- or C=0; R* and R* are each
independently an alkyl, aryl, arylalkyl, heteroaryl, or an heteroarylalkyl group or when R*
25 and R* are tethered together via (~-CHy-}q, (~CHyp-),C=0{-CH,~),, (~CH,-),S(~CHy-),, (—
CHy-) S=0(=CHy-), or (~CH;-),S(0)o(~CHs-)g, (—CHy-),NR(~CH,-): R" is a hydrogen
atom or an alkyl, aryl, or an arylalkyi group: R is a hydrogen atom, an alkyl or an aryt

group; q is an integer from I to about 7; ris an integer from 0 to about 3; s is an integer



ethan-1,1-diyl, ethan-1,2-diyl, ethen-1 -diyl, ethen-1,2-diy1; propyldiyls such as propan-1,1-diyl,
propan-1,2-diyl, propan-2,2-diyl, propan-1,3-diyl, cyclopropan-1,1-thyl, cyclopropan-1,2-diyl, prop- |
-en-1,1 -di)* prop- 1-en-1.2-ciiyi, prop-2-cn-1,2-thyl, prop- 1-en- 1 ,3-diyl, cycloprop- 1-en-
Icycloprop-2-amy duid/ehigsscycloprop-2-en-L1 -diyl, prop- Il ,3-diyl, etc.; butybgiyis slaghassoutaml, |
-diyl, butan-1,2-diy1, butan- |,3-diyl, butan-1,4-diyl, 2-methyl-propan-1,1-diyl, 2-methyl-propan-1.2-diyl,
cyclobutamt, | -diy1; cyclobutan-1,2-diyl, cyclobutan-1,3-diyt. but-l-en-1,1-diyl. but-l-en-1,2-diyl,
but-l-en-1,3-diyl, but-I -en-1,4-diyl, 2 -methyl-prop-1-en- 1.1 -diyl, 2-methanyl idene-propan-1,1 -diyl,
buta- 1 ,3-diérPm, 0-gighdsafan, B-ehidntige-Giyin Buteatio8-dienst] Bidhd, iuter1fB8wdier hpdndiyl, cyclobut-|
-en-1,2-diyl, gyclobut- | -en-1 ,3-diyl, cyclobut-2-en-1,2-diyl, 10cyclobuta-1,3-dien-1,2-diyl, cyclobuta- |
,3-dien-1,3-diy1, but- 1-yn- but-l-yn-1,4-diyl, buta-1,3-diyn-I ,4-diyl, etc.; and the like. Where specific
levels of saturation are intended, the nomencldture alkanyldiyl, alkenyldiyl and/or alkynyldiy1l is used.
Where it is specifically intended that the cies be on the same carbon atom, the nomenclature
"alkylidene" is used. A "lower alkyldiyl" is a alky{ diyl group 15having from 1 to 6 carbon atoms. In
some embodiments,the. alkyldiyl.arougs rate acyclic alkanyldiyl groups in which the radical
centers are at the terminal carbons, e.g., methandiyl (methano); ethan-1,2-diyl (ethano);
propan-1,3-diy1 (pfBFanEy BREREANANHi{LI{5GtEN0); and the like (also referred to as alkylenes. defined
infra). SAlk_ylene" bysitselhomas-paahanpotiensupstiuentrefersde.a siraight:ghain 20 saturated or

unsaturated alkyldiyl group having two tgr inal monovalent ragipal centers derived by the removal of
S e?]t%myvmen e@rﬁ%né%é‘fﬁio% St5nis BrsiaigRtctinliya {n alkane, alkene

one hydrogen atom from each 0 & two't
or allcyne. Thetpeation of a double bond or triple bond, if present, in a particular alkylene is indicated

I sauare brackets. Tupiea) APOL QIR NP BHE IS NORINACR. I, efhyene (methano);

ethylenes such as e etheno, ethyno; propylenes such as propano, prop[l Jena,
propa[1,2jdieRFBropf Fchte. sHaighirbsia geRyal busanssutrvénsshepledcaludle, Sdieno,
but[llyno, butf2iynexbutali-addyanele: and-hedlikes Where sneciis lavels afsaturation are

intended, the ngmenclatur alk%no, alkeno and/or alkyno is used. in some embodiments, the alkylene

group is (Cl?é%CoTF (T2 R R B eBLLER e e B ol ARt iRSsaturated alkano

groups, e.g.2ethandkethadoppropino shutaniecadd the dikenot limitd thynitssif emas pask of another

substituent refers.to A, Ve mati rocarbon group having the stated number of carbon
SCIR! lad?ﬁ%'}q Q{ﬁy%gm G H}/c% & 8r0p%n-9-§y§é%§r%pgv c gﬁyglr%[fdnm— ?

atoms (1. a, C5-C15 means from 15 carbon atoms) de he'reé one’hydrogen atom
from a singl&CRrbSH-AtBPETa pdreny lafbihatie tihy systent oy pieall arylcyebupsrirchade ybut are not

limiteesto, grevapsi derived fresp-aceanthrylene.agenaphihylene: agephananfhrylene, anthracenc,
azulene, benzene, ﬁ:_h%sgan?, oronene, fluoranthene, fluorene. hexacene, hexaphene, hexalene,
as-indacene; SiHdadenBnda éf’?ﬁcd]@(‘ié?lR%%gﬁ%}l’eﬁél.o&‘fﬁ%éﬁ%l; Betptisheloctalene, ovalene,

penta-2,4-diewe] peftateneciontalene;pentdpheneeperylenea;-pheralgne;phenanthiene, picene,

pleiadene, PYrENE s DYLANIYCAG, SHRIGENS WPRENISNS  op-3-y1. cyciobuta-1 3-dien-1-y1.
but-1-yn-1-yl, but-1-yn-3-yl, but-3-yn-1-yl, etc.; and the like. Where specific levels of

20 saturation are intended, the nomenclature “alkanyl,” “alkeny!” and/or “alkyny]” is used,

as defined below. “Lower alkyl” refers to alkyl groups having from 1 to 6 carbon atoms.
“Alkanvl” by itself or as part of another substituent refers to a saturated branched.

straight-chain or cyclic alkyl derived by the removal of one hydrogen atom from a single
carbon atom of a parent alkane. Typical atkanyl groups inciude, but are not limited o,

25 methanyl; ethanyl; propanyls such as propan-1-yl, propan-2-y] (isopropyl),
cyclopropan-1-yl, etc.; butanyls such as butan-1-yl, butan-2-y1 (sec-butyl),
2-methyl-propan-i-yi (isobutyl), 2-methyl-propan-2-yi (¢-butyl), cyclobutan-1-yl, ec.;
and the like.



trinaphtlaalene, and the like, as well as the various hydro isomers thereof. In some embodiments, the
aryl group is (C5-C15) aryl or, alternatively, (C5-C10) aryl. Other embodiments include phenyl and
naphthyl. "Arvlalkvl" by itself or as part of another substituent refers to an acyclic alkyl radical in

which one of the hydieger atoms bonded to a carbon atom, typically a termgirgh Lok sR-garbon atom,
is replaced with an aryl group. Typical arylalkyl groups include, but are not limited to, benzyl,
2-phenylethan-l-yl, 2-phenylethen-I-yl, naphthylmethyl, 2-naphthylethan-1-yl, 2-naphthylethen-1-yl,
naphthobenzyl, 2-naphthophenylethan-1-y1 and the like. Where specific alkyl moieties are intended,
the nomenclature aifgétkptiyhvarytélke ay pandftamarytalkomyibisusedrd msanesembediments, the

arylalkyl groyp.is-g0(C/:G30).arvlalkyl lkanyl, alkenyl ar. alkynyi maiety. of the arylalkyl group
is (C1-C10) anccli_ the érﬁ%o%@ %{sl%lc%ﬂgﬁ%d)ﬂé?% é%er gﬁl\{/jeu)éo 3% “5‘?5%1%71%?8@8%‘(%9‘3 O arylalkyl,
e.g., the alkaffiflv &N ICTF ARSI R SABTAEAERIAIRY groUPCiSHCIGRYantE thcatyl moiety is

(CG-Chlz). aﬁie%.fvfwgﬁ%}jyﬁlé§f&i$.f{@i@;fﬁQigtlr)ﬁs‘rll@\ﬂﬂgs%ﬁ?f%ﬁ%%@&'g R ﬁ(&!ﬁlﬁék@, group ﬁStethered
together via an axygen bond. Suitable aryloxyalkyl groups include phenyloxyalkylenes, such as
metho%yphe%}f]%?%te{n 1%%3H§ﬂyt?gmwdfbcéﬂg§t" VAR IR P ATt DR amEtRESHBS RNt refers to a
cyclic versionsafran-Tatkyl*group- Fypitalicyclpdliyl- groupsinzlade -y atepnet-linsitadyto, cyclopropyl;
cylobuls s HEBPMAATY PXISPIEIIN CYASRenls sueh s cycopertanyl SDanc

uch'as cyclohexany fo - ant

cycloalkenyb cyé}%ﬁh)exyls such a and cyctohexenyl; and’the like. "Cycloheteroalkvl"
by itself or as st A ePsUistitiettcreters yialsadratetior UAsHturatet cyclic alkyl radical in

which one ommere arhon atomsdand apy: agsegiaied. nydrogen alems).are independently replaced
with the same or, difif.irent heteroatom. Typical heteroatorns to replace the carbon atom(s) include, but

are not Limit& t%]el\ll, P.0, S or Si. Where a specific level of saturation is intended, the nomenclature

"eycloheteroalkanytAdiyloyehiihdterdatkeny nisitigedy hypicaliyalohetierealisyt grops-binelude, but are
not limited to, groups, derived from epoxidesy imidazolidine, morpholine. piperazine, piperidine,
pyrazolidinc,ap rggi’ldine, qUinﬁc%nggg%q(ﬁ ?i%lngikié%.ups i gfo%{)el%qxgr%gﬁo%biﬁ(ﬁeafhselves or as part
of another susitbsHqIdes DHherAisestrEderefsr fofiuororohiorg, bitbrmeadnd ipdg, "Haloalkvl" by

itself or as paktphanatbes SHOSHIUEFRIETSA0:N AKX OFQUR I HRWBICHORE A1 gL of the hydrogen

atoms are re(%} ced with a halogen. Thus, the term "haloalkyl” is meant to include monohaloalkyls,
dihaloalkyls, frifalb Qs Vatd Ul 16 BB &I GRIRREEEP XA SROYHE et Bs sihi (el Haloalky!”
includes fluovoniietleyk gidflporomethyl, trifluoromethyl, 1-fluoroethyl, 1,1-clifluoroethyl, 1,2-difluoroethyl,

1,1,1-trifluoroethyl OM%Q %E@fl ‘or as part of another substituent refers to an unsaturated
branched, straight-chain or cyclic alkyl having at lcast one carbon-carbon triple bond
derived by the removal of one hydrogen atom from a single carbon atom of & parent
20 alkyne. Typical alkynyl groups inclade, but are not limited to, ethynyl; propynyls such as
prop-1-yn-1-yl, prop-2-yn-1-yl, esc.; butynyls such as but-1-yn-1-vi, but-1-yn-3-yl,
but-3-vn-1-yl, ete.; and the like.
“Alkyldivl” by itself or as part of another substituent refers to a saturated or
unsaturated, branched, straight-chain or cyclic divalent hydrocarbon group having the
25 stated number of carbon atoms (i.¢., C;-Cq means from one to six carbon atoms) derived
by the removal of one hydrogen atom from each of two different carbon atoms of a paremnt
alkane, alkene or alkyne, or by the removal of two hydrogen atoms from a single carbon
atom of a parent alkane, alkenc or alkyne. The two monovalent radical centers or cach
valency of the divalent radical center can form bonds with the same or different atoms.
30 Typical alkyldiyl groups inciude, but are not limited to, methandiyl; ethyldivis such as
ethan-1,1-diyl, ethan-1.2-diyl, ethen-1,1-diyl, ethen-1,2-diyl; propyldiyls such as
propan-1,1-diyl, propan-1,2-diyl, propan-2,2-diyl, propan-1,3-diyi, cyclopropan-1,1-diyi,

17



15"Heteroalkyl Heteroalkanyl Heteroalkenyl, Hetet-Oalkynyl" by itself or as part of another substituent
refer to alkyl, alkanyl, alkenyl and alkynyt radical, respectively, in which one or more of the carbon
atoms (and any associated hydrogen atoms) are each independently replaced with the same or

different hetetpataiegresips. Typical heteroatomic groups include, but argRptkiniest8es0-, -S-,
-0-0-, -S-S-, -0-S-, -NR--, 20 =N-N=, -N=N-, -N=N-NR'-, -PH-, -P(0),-, -0-P(0)2-, -5(0)-, -S(0)2-, -SnH9-
and the like, where R' is hydrogen, alkyl, substituted alkyl, cycloalkyl, substituted cycloalkyl, aryl or
substituted aryl. "Heteroaryl" by itself or as part of another substituent, refers to a monovalent
heteroaromaticsteidierindbrivirt oy dhe reniovdhof moe-hydrogedidtonofrdrme Sinigge atom 250f a parent

heteroaromaic,fing.gystem, T¥RIcakheteraryl &59%%1%}9&95’ e%yltﬁr(ﬁvqot limited to, groups derived

from acridine, arsindole, earbazole, 13-carboline; benzoxazine, benzimidazole, chromane, chromene,
cinnoline, furaff $ifTaZHs, ihdBo R ot ifcblihe/indetie siseterzbrirar, istichromene,
isoindolc, iscndeline dsaapineling - dsathiazele.dsexaraie. napithysidine,expdiazals. gypzole,

perimidine, phenanthridine, 30phenanthroline, phenazine, phthalazine, pteridine, purine, pyran,
pyrazigsle, pyr“a%ﬁ%e],yp e ﬁlzlirf’ef%;%id;lﬂg%%%;ﬁ }d%n%ygﬁ%gfég%ﬂrbﬁz% EARRYBIRE >elitfoline,
quinolizine, dquinbxalihé;detramole cthiatidztleythiazolé-dhibphenertriazalg) xanthene, and the like.

The heteroarylGrayR iy e fromy 20, BERBGFREbsigioary of atemafitely, rom, &40 membered

heteroaryt. In some embodiments, the heteroa[yl groups are those derived from op%ene, pyrrole,
benzothioph&R&; benFaturaw daiE:- byritifre lguifivlime Erhittdiotd o%édole and pyrazine.
S"Hetcroarviadkydbpylitself oas, artafanather substituent refers w ag;acyclic alkyl group in which one
of the hydrogen atoms bonded to a carbon atom, typically a terminal or sp3 carbon atom, is replaced
with aﬁaeteroa‘[’rcyigj}fﬁtod(j%.“’V\I;1 %”r%zégléféiﬁgcé?%}fﬂ %é‘ier’/ L hrefhteRtby Y hd-Adenclature
heteroarylalkamyl;yneteroarylakeriyt amear. heteroarylalkynyliis. usedrd3goiie embogdiments, the
heteroarylallgyl group.is a.8:2: 10membere teroarylalkyty, e.g.. the alkanyt, alkenyl.or allcynyl
moiety of the hcteroardylalk_yl is ('C‘l-CG) aﬁ y?ﬁ]%d t?%%%?o‘%ﬁ%%%%ﬁ?%ré@ﬂé bered heteroaryl.
In other emb&dinekbs e Haxsifsnialkiatded Burdhmernbeletheteroatiaileyt, @ggthe alkanyl,

aLkenyl or alicynyheiebhisAG3-GR)alivlanddhe hetemaryLimeielris aSikoimerhered heteroaryl.

15"H3€%roxy ”é},/tn b}yr itself or as part of qnothger substituent re\feritovan_alkyl_ group in which one or _
more of the hydr e?lné?o%g SYETR 18RS Wit ae R ORI Stin dtitdatirh SR8 rm "hydroxyalkyr is
meant to inclateamonahydraikyaikyis, ditydroxyalkyisorttibydiyaliods: tRaentAromatic Rim'
S g T Ol RN 9 RSB0 A gl o
butan-1.4-diyt (butano}; and the like (also referred to as alkylencs, defined infia).
“Alkylene” by itself or as part of another substituent refers to a straight-chain
20 saturated or unsaturated alkyldiy] group having two terminal monovalent radical centers
derived by the removal of one hydrogen atom from each of the two terminal carbon atoms
of straight-chain parent alkane, alkene or alkyne. The location of a double bond or triple
bond, If present, in a particular alkylene is indicated in square brackets. Typical alkylene
groups include, but are not limited to, methylene {methano); ethylenes such as ethano,
25 etheno, ethyno; propylenes such as propano, prop[1jenc, propa[1,2jdieno, propf1 Jyno,
ete.; butylenes such as butano, but{1 Jeno, but[2}enc, buta[1,3]dicno, butf1]yno,
but[2}yne, butaf1.3]diyno, etc.; and the like. Where specific levels of saturation are
intended, the nomeneclature alkano, alkeno and/or alkyno is used. In some embodiments,
the alkylene group is {C;-Cg) or (C,-C,) alkylene. Other embodiments include
30 straight-chain saturated alkano groups, e.g., methano, ethano, propanc, butano, and the
like.
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of "parent aromatic ring system" are fused ring systems in which one or more of the rings are aromatic
and one or more of the rings are saturated or unsaturated, such as, for example, fluorene, indane,
indenc, phenalene, tetrahydronaphthalene, etc. Typical parent aromatic ring systems include, but arc
not limited toyaceantiargiene, acenaphthylcne, 25acephenanthrylene, anthsageneqazaieng. benzene,
chrysene, coronene, fluoranthene, fluorene, hexacenc, hexaphene, hexalene, indacene, s-indacenc,
indane, indene, naphthalene, octacene, octaphene, octalene, ovalene, penta-2,4-diene, pentacene,
pentalene, pentaphene, perylene, phenalene, phenanthrene, picene, pleiadene, pyrene, pyranthrene,
ruhicenc, tetrahydrohaghinalésié otriphenyitrmstidn sphtiatens fandthentikey 30asawethas the various
hydro isomers,thesgehn oroRArERhHgieraRiomAlicRIPGSYSEMIelersdoa parsnt argmatic ring

system in which one or more carbon atoms (and any associated hydrogen atoms) are independently

replaced withthe SHRTE BPECISREASEFRITR #l Pl e lrsatoend seplacesih & EhrBon atoms
include, but arennof limites toodhiR r B Sy Sinetayprecificaisincludedvishinthecdeafinition,of "parent

heteroaromatic ring,systems” are fused ring systems in which one aor more of the rings are aromatic
and on%e or 'cl)?ielpts)%tﬁf'\g ?lgn%glgﬁgeggfulpg?ga’g?%ﬁﬁ%&ﬁj%@&?@%]dgélnl?ngxd?#ﬁ%? [l%sindole.
benzodioxardstsizobgramcishoriente coloronve e cinddimcirftoling. xanthene heteplypical parent
heteroaromayis fipgLsystgmsdnciude;bularedant limited to, arsindote, carhazole, 13;carboline,

chromane, chromene, cinnoline, furan, imidazole, indazole, indole, indoline, indolizine, isobenzofuran,
isochromene’ FeHiRtIE f6imBline “1€5EGiRGTHS TS0 tEZ SRS - RE¥aRsTE:. RAPHERgridine, oxadiazole,
oxazole, perishigine;heaanthiidineiehenamhaling, phenazingphthaleizing, pighidine,purine, pyran,
pyrazine, pyrazol ridazi ridine, pyrimidine, pyn-ole, pyrrolizine, guinazoline, quinoline,
UinolinG, e Ao A A ToTe TARILIE, IRGBHEHEC T AS5ie: wdrthEhe, and the fike.
"Leaving grotipbidimngroudhatligrdispiaced during arrebictien wjyalAuclepphilicAfreagent. Suitable
leaving grouQﬁg@g{%g@@%p{é%héwglﬂr.ﬁgm&q:g., F, Cl, Br, I). "Linking group" is a group that

serves as an intermediate locus between two of more end groups. The nature of the linking group can
vary widely, and caftRsatik Bivtisallany Rohebiraibi oragnsiceGrotparusarlicelspacing one

molecular maiey: frianvigaiother fibs Bxamplesthes ke may, beam agyalis pydigcarhanridge (e.g., a
20satyrated or umsaggrated alkyleno such as methano, ethano, etheno, propano, Frop | Jerio, butane,

but] 1 18n, butf21end. Bkal1™s 1ol EHECSnd th &), BoRnb@Ehc B BT TG bridge (e.g.,
[1,2Thenzerwg [RBlmaphittaleney adehtiaeikéynal simplehacytlibeheteroatpmig mndueteroalkyldiyl bridge
(€.9., -0, -So.s@fmyMian-Pbl-o-Cb M b QAINHs: -p{0)m 8(0) "7'-§£%?1 Honap(@hiNb p-CH -,
-CH,-0-CH,-, 2%0- .H:CH-CﬂI’,-, gé%)thye like), ayrﬁon%gcy%ﬁc'o%bf)lyc C |8%gt@r8lar§ﬁ bric ge (e.g.,
[3,41furano, PriBmidtn BBRED PR HEM PR T 1 iez Mo pREbIdIs O dAtand like) or
combinationsrokstuekbiid@esrylalkyRvolecting greuR:isid e thahis.appepded 9 for example, a
nyaroR! OoRERRRERST S PR ORI SRR O R L PP R inetuce

(C1-Cip) and the aryl moiety is (C4-Cyo) or, alternatively, an arylallkyl group is {Co-Cag)

aryialkyl, e.g., the alkanyl, alkenyl or allcynyl moiety of the arylalkyl group is (C,-Cs) and

the aryl moiety 18 (C-Cia).

“Arvioxvalicyl” refers to a moiety having an aryl group and an alkyl group
25 tethered together via an oxygen bond. Suitable aryloxyalkyl groups include

phenyloxyalkylenes, such as methoxyphenyl or ethoxyphenyl.
“Cycloalleyl” by itself or as part of another substituent refers to a cyclic version of
an “alkyl” group. Typical cycloalkyl groups inciude, but are not limited to, cyclopropyl:
cyclobutyls such as cyciobutany! and cyclobutenyl; eyclopentyts such as cyciopentany]
30 and cycloalkenyl; cyclohexyls such as cyclohexanyl and cyclohexenyl; and the like.

“Cycloheteroalkyl” by itself or as part of another substituent refers to a saturated

or unsaturated cyclic alkyl radical in which one or more carbon atoms (and any associated
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30(acetate, ethylacetate), ethers (methyl, ethyl), ethoxylated derivatives (ethylene glycol, propylene
glycol) and the like that can be removed under either acidic or basic conditions so that the protecting
group is removed and replaced with a hydrogen atom. Guidance for selecting appropriate protecting
groups, as wealbas®ymntizstic strategies for their attachment and removal, mayrhe:tasnsk-fag example, in
Greene & Wuts, Protective Groups in Organic Synthesis, 3d Edition, john Wiley & Sons, Inc., New
York (1999) and the references cited therein (hereinafter "Greene & Wuts"). 5Plastics or porous
membranes such as polyolefins, polystyrenes, poly(methyl)methacrylates, polya.crylonitriles,
poly(vinylacétetes)psRaEiay alkoisistbhierinectontaitintppelymiéissuochessqaoty(vinyl) chloride,
polyoxymethylenes npeivsaraonaies. Rolyamides RN INiHasPAYURIANES: phenqlics, @mino-epoxy

resins, polyesters, silicones, cellulose-based plastics, fluoropolymers and rubber-like plastics can 10all
be used as S%B‘b%lrts BFB%WH&?&%&E@?E‘?&%@WH@‘ ﬁ’?&’dﬁﬁfé‘z He pRIBEFHEY Rerein. In addition,
supports suchasthesefunmed @f ‘pyr:mytimmarbﬁm parwe@emmspbwmeﬁma@d sitylpted surfaces of
glass, geram dlucicrq) alirg‘rﬁeo rm forlsour;a %mé)ddiql(i%teonmdcs sy dd gl thod of thehg{esent invention
may involve the attachment o ol og% ﬁlil active material to a supp lor% stirface Edr example a
thermally regpiotisives nainofibee. DB iaelidingrarerbduinkimy elgimt. isngribvitded having two or more
latent reactive activaiable, 0oLRSIR e PIESRNGS Of & SUPRATRHACELARCIdIRgQ an alternative

embodiment, the nanofiber may also include a biologically active material or a functional polymer that
is reactive M?ﬁ%wﬁiﬁfﬂﬂ&%ﬁyfﬁ’c’i‘?v%uﬁf&téhﬂo AL TBASEEhE S the latent reactive groups is activated
and covalently bondeddoitie sgarfaae@;m@mmmmmuelaiﬁﬁmﬁ@a@t;\é&:@rma@fﬁ 2@allowyed to remain in
their %actlve ta}eo%ggralrj% I(% I acﬁlvgte%]{rli %gldlgg to b| d adblo 0 hfi IIX active %terlal or a functional

-~ polymer in ordey 1o attach e biofogically Atve n{ﬁtlécp A0 RETSTFFACE D the'sUB&HAR. A functional
polymer is a“pelgatied havm?gm‘)malmlmle@Wﬁ@@@rdﬂpﬁ@ihﬁwﬂh&emwm adiagtagically active
material. Repigaeniate Mncianghaauns nalide-@5.eamory estar. Apaxy, ydigry; amido, amino,

thio N-hydroxy succinimide, isocyanate, anhydride, a2|de aldehyde, cyanuryl chl orlde or phosphine
groups that WilltEREtsHity SRABICANY: dcfiveramstidt d‘ﬂﬂéﬁéﬁ’ﬁéﬁbélﬁ {HABIefdyially active material

or functlonallpptymﬁmr@eﬂgedl|petiﬁ1@dh%mgzally responswe nanofiber composition may bind to a second
biological material :i_?lp orerlt%attaclﬁthelsgicond |oIo rial to the SLérface of the substrate

through manipulatiorrot the Stopeties Ot the Rirnport St \)fg RS e B She application
or removal ofiaést ﬁ@mlth@}smm alkyl, alkanyl, alkenyl and alkynyl radical, respectively, in

which one or more of the carbon atoms (and any associated hydrogen atoms) are each

independently replaced with the same or different heteroatomic groups. Typical

heteroatomic groups include, but are not limited 1, -O-, -S-, -0-0-, -§-8-, -0-8-, -NR-
20 =N-N=, -N=N-, -N=N-NR’-, -PH-, -P(0},-, -O-P{O},-, -5(0}-, -8{O)2-, -SnH,- and the

like, where R is hydrogen, alkyl, substituted alkyl, cycloalkyl, substituted cycloaliyl.

1

aryl or substituted aryl.
“Heteroaryl” by itself or as part of another substituent, refers to a monovalent
heteroaromatic radical derived by the removal of one hydrogen atom from a single atom
25 of a parent heteroaromatic ring system. Typical heteroaryl groups include, but are not
limited to, groups derived from acridine, arsindole, carbazole, B-carboline, benzoxazine,
benzimidazole, chromane, chromene, cinnoline, furan, imidazole, indazole, indole,
indoline, indolizine, isobenzofuran, isochromene, isoindole, isoindoline, isoquinoline,
isothiazole, isoxazole, naphthyridine, oxadiazole, oxazole, perimidine, phenanthridine,
30 phenanthroline, phenazine, phthalazine, pteridine, purine, pyran, pyrazine, pyrazole,
pyridazine, pyridine, pyrimidine, pyrrole, pyrrolizine, quinazoline, quinoline, quinolizine,

quinoxaline, tetrazole, thiadiazcle, thiazole, thiophene, triazole, xanthene, and the like.
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The steps of the method can be performed in any suitable order. For example, a thermally responsive
nanofiber including a thermally responsive polymer and cross-linking agent, as described herein, may
be physically absorbed in or adsorbed to a suitable support surface by hydrophobic interactions. Upon
photoactivatien; atdeasizene of the photoactivatable groups (e.g., benzophgagre Gmlpskyndergoes
covalent bond formation at the support surface. With the absence of abstractable hydrogens in the
proximity of the remaining unbonded photoactivatable group(s), and removal of the photoactivation
source, the photoactivatable group returns from an excited state to a ground state These remaining
photoactivatablelgigupe btethenicdpabie 5t Heingreaetdvatedantien. altdrbividyidatiy active material
intended for jamebilization.ispresent.andhenshe Heated swface s expesed fo.angther round of

illumination. This method can be described as a "two-step” approach, where the thermally responsive
nanofiber is SPPIEERI NG et Yte B H6CHUATE R TabsHE YRAREVE Kiff4EE JHiTe THRESecond step, the
biologically aetiuezmatesiabis agtled femattachment to the activated surface. 15Alternatively, the
method, described.as a -one-step” method, provides that the thermally responsive nanofibers of the
present invention are—nﬂ'xe%ﬁrogethejf With thé biologiCafly SEtve WMATEHA 15 B8R X Bihposition. The
resultant coralsusitionnistuskbidhosurfabe indadifyrmaters dtsifcdisinglebphetoactivationystep. In this case,
phOtoactlvatteﬂlyaggsr@éﬂ9&@8%%94@%%@@ {QAmation.of.of 1east oRe AholoaFivatable group with

the 20surface of the substrate, but also simultaneously triggers covalent bond formation with any
adjacent biolBGiCATR ARCtE At Fare PEdieiry e AdRR uldeay | hefgr et dRlemiative eibodiment, the
thermally respansivenaneffberdsifowleshiremm cambination-orsmixiug ineugding a-thermally
respopsive polymer, a cross-linking agent having at least two latent activatable groups, and a
biolog{i}é:ally ac ﬁe%@éﬁ%ﬁ?ﬂ%ﬁ ”ﬁgdﬁéeoa?liﬁrg}a?éﬁetﬂ%é)étia\l/e BrOISE tindléfgoes covalent bond
formation atthierseppokysinfaceto Horidudendnofiberytathesirfate ofthesuhstratecafyie remaining
latent reactiyg WQ@%%@%QQ&QQL@&H@%@Q do .’@%Qﬁﬂg’&@d‘”’h@%ﬁg%@ p_g.lgalwﬂactlve material.
[

Alternatively, the biologically active material incorporated into the nanofibér canitself react with a

second bioldUiealY &khiu! Sibnay tiepievitd forfturtier sofuhetisisimuatiowisntieesubltrate.  In

another alteinativereaeifiegathe thermally responsive nanofibers of the present invention are used to

pretreat a substratg surface prigr to the application. and bonding of molecules that have themselves
been 1\‘%nctionalize(Si“jsv?;f‘[{F%\a\{aeﬁ-relz}ilycf|1\‘q/ee%fg§l?§())°ffd%3f1 igl}%tgﬁ%’ﬁ)l%tlﬂjsg@wﬁﬁréi%ﬁfﬁ&ﬂ%ﬂv%@’r% a particularly
difficult substratbiréquizes maxinidhcopdinged utability; irphischaitherhtienemiierinfeovalent bonds
formed betwpgn the substiiesyiface-and s fRvastmalestls, derivatized yithatentrgactive groups
can typically be increased, as compared to surface modification with a desired latent réactive
group-contaﬂﬁiﬁﬁ’i’éf@&’%ﬁécule alone. After the surface of a substrate has been coated or treated
with the thermally F@aﬁﬂ@ﬂm&@@ib@@QEM&&E%&H&&W@BH@&&Q@EH@WWJ&SW\%&VG surface can
then be fine tuned by the application or removal of heat to the system to selectively bind and 10release
a biolgical MYAtEHAR S eyt S Ea e Ao A piREY t%%@&ﬁéﬁf’iﬁ%ﬁéﬁ%ﬁ%é%tﬁlé‘ﬁﬂ%u|y
responsive nérpdiber domadctatheysurtace drm dhydsophilicistake: T chahydsepbohicstate. In a
hydrophoblcﬂ;aet%}t 11a&ta temperature hlgpﬁ]r than LCST, the ((})rl){lmer chaH1§ cgllgpﬁ and the surface

1C T1C OF IN0TE e Fings are sathraté nsapyraied, [Suc
becomes hydrophobic. Inthis state the therm y responsive hanohber suff

5688V attract or repel
select targetrblecufbenrAiteingtive pdtBhebt wimmal sobeyremeredfom the §ystent lByecooling the

substrate belewihe kST« QRcaA00ledy the thermally responsixe panafiber mayrgyert back to its

initial hydrophilic state, once again showing an altered affinity for a particular target molecule.
Suitable bioRSGREAHK AL er IR o RAUTRS Riael ik mesresentrve Auerthssmpass a diverse
group of mafexialscohsubstansesphbesednatetalsiaay.be Wseein, indane, indene,

naphthalene, octacene, octaphene, octalene, ovalene, penta-2 4-diene, pentacene,

pentaiene, pentaphene, perylene, phenalene, phenanthrene, picene, piciadene, pyrene,

pyranthrene, rubicene, tetrahydronaphthaiene, triphenylene, trinaphthalenc, and the like,
30 as well as the various hydro isomers thereof.

“Parent Heteroaromatic Ring System” refers to a parent aromatic ring system in

which one or more carbon atoms (and any associated hydrogen atoms) are independently
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20either an underivatized form or previously derivatized. Moreover, target molecules can be
immobilized singly or in combination with other types of target molecules. Target molecules can
be immobilized to the surface after (e.g., sequentially) the surface has been primed with the thermally

responsive naofinergafsthe present invention. Alternatively, target molecules,ak8dmmebkilized during
(e.g., simultaneously 25with) attachment of the thermally responsive nanofibers to the surface of the

substrate. Typically, target molecules are selected so as to confer particular desired properties to
the surface and/or to the device or article bearing the surface. According to one em.bodir_nent of the
present inveitigrcahe thrietsaatacyldformateriakisna Biplogicatipaetivesmatgriale Biologically active

materials whigh e ALTZE09 ARG 0.6 he ganpiter modifessbepte. o

alternatively, provided as a part of the nanofiber composition, generally include ut are not limited to,
the following &Ry eds Hrotemy CATBUHYATERES EIERE SERIETENY ke EsaliEreofHarther examples
of suitable targesh WO ROAHOOLBESRE I S20AB06VT4E malesulesHingluding biglogigal. materials,

and th% surface" roperties they are t Pi ally us qpt rovide, is represented by trhe following
rionfimiting W@‘fﬁﬁ iélﬁf%ébf_oéﬁ’é,f\féﬁ%ﬁ%\% A%%W%V%gﬁﬁ%@%l?m@ulfomc
acid-substitutétbivabyicitdy negaltiliety chenged surfageicpoyacrylemide dyatophilisittdalyactylamide
o Profein denieion, DRl Fabie s oLl ibE by SELANGRIISIR repuision.
cinnoline, furan, imidazole, indazole, indole, indotine, indolizine, isobenzofuran.
isochromene, isoindole, isoindoline, isoguinoline, isothiazole, isoxazale, naphthyridine,

10 oxadiazole, oxazole, perimidine, phenanthridine, phenanthroline, phenazine, phthalazine,
pteridine, purine, pyran, pyrazine, pyrazole, pyridazine, pyridine, pyrimidine, pyrrole,
pyrrolizine, quinazoline, quinoline, quinolizine, quinoxaline, tetrazole, thiadiazole,
thiazole, thiophene, triazole, xanthene, and the like.

“Leaving group” is a group that is displaced during a reaction by a nucleophilic

15 reagent. Suitable leaving groups include $(0),Me, -SMe or halo (e.g., F, CL, Br, 1.

“Linking group” is & group that serves as an intermediate locus between two or
more end groups. The nature of the linking group can vary widely, and can include
virtually any combination of atoms or groups useful for spacing one molecular moicty
from another. For example, the linker may be an acyclic hydrocarbon bridge (e.¢., a

20 saturated or unsaturated alkyleno such as methano, ethano, etheno, propano, propf | Jeno,
butano, butf i Jenc, but[2]eno, buta[1,3}dicno, and the like), a monocyclic or polycyclic
hydrocarbon bridge (e.g., {1.2]benzenc, [2,3naphthaleno, and the like), a simple acyclic
heteroatomic or heteroalkyldiyl bridge (e.g., -O-, -S-, -S-O-, -NH-, -PH-, -C(O)-,
-C(ONH-, -5(0)-, -S(O)p-, -S(ONH-, -S(O,NH-, -0-CHo-, -CH,-0-CH,-,

25 -0-CH=CH-CH,-, and the like}, a monocyclic or potyeyclic heteroaryl bridge (e.g.,
[3.4]furano, pyridina, thiopheno, piperidine, piperazino, pyrazidino, pyrrolidine, and the
like) or combinations of such bridges.

“Protecting group” is a group that is appended to, for example, a hydroxyl oxygen

in place of a labite hydrogen atom. Suitable hydroxyl protecting group(s) inciude esters
30 (acetate, ethylacetate), ethers (methyl, ethyl), ethoxylated derivatives (ethyiene glycol,
propylene glycol) and the like that can be removed under either acidic or basic conditions

so that the protecting group is removed and replaced with a hydrogen atom. Guidance for

22



Positively charged surface Polylactic acid Bioerodible surface Polyvinyl alcohol Lubricity, hydroph!lic_:ity
Polyvinyl pyrrolidonc Lubricity, hydrophilicity Quaternary amine-substituted polyacrylamide .. Lubricity,
positively charged surface Silicone Lubricity. hydrophobicity Conductive polymeric material;, e.g.,
polyvinylpyridwne 2@elyasstylcne, polypyrrole) Electric conductivity . Carbokydrgtesh@«Mginic acid
Lubricity, hydrophilicity

10
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30

selecting appropriate protecting groups, as well as synthetic strategies for their attachment
and removal, may be found, for example. in Greene & Wuts, Proteciive Groups in
Organic Synthesis, 3d Edition, John Wiley & Soms, Inc., New York {1999) and the
references cited therein (hereinafier “Greene & Wuis™).

Plastics or porous membranes such as polyolefins, polystyrenes,
poly(methyljmethacrylates, polyacryloniwiles, poly{vinylacetates), poly (vinyl alcohols),
chlorine-containing polymers such as poly({vinyl) chioride, polyoxymethylenes,
polycarbonates, polyamides, polyimides, polyurethanes, phenolics, amino-epoxy resins,
polyesters, silicones, cellulose-based plastics, fluoropolymers and rubber-like plastics can
all be used as supports, providing surfaces that can be modified as deseribed herein. In
addition, supports such as those formed of pyrolytic carbon, parylene cpated surfaces, and
silylated surfaces of glass, ceramic, or metal are suitable for surface modification.,

The method of the present invention may involve the attachment of a biologically
active material to a support surface. For example, a thermally responsive nanofiber
including a cross-linking agent is provided having two or more latent reactive activatabie
groups in the presence of a support surface. According to an alternative embodiment, the
nanofiber may also include a biologically active material or a functional polymer that is
reactive with a biologically active material. At least one of the latent reactive groups is
activated and covalently bonded to the surface, The remaining latent reactive groups are
allowed to remain in their inactive state and are later activated in order to bind a
biologically active material or a fimctional polymer in order to attach the biologically
active material to the surface of the substrate.

A functional polymer is & polymer having one or more functional groups that will
react with a biclogically active material. Representative functional grouns include
carboxy, ester, epoxy, hydroxyl, amido, amine, thio N-hydroxy succinimide, isocyanate,
anhydride, azide, aldehyde, cyanuryl chioride or phosphine groups that will react with a
biologically active material

Alwernatively, the biologically active material or functional polymer provided in
the thermally responsive nanofiber composition may bind to a second biotogical material
in order to attach the second biological material to the surface of the substrate through
manipulation of the physical properties of the support surface via, for example, the

applicatior or removal of heat from the system.
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Ce llulose Lubricity, hydrophiticity, bio- degradable glucose source Chitosan Positively charged
surface, hydrophilicity, hemostatsis Glycogen Hydrophilicity, biodegradable glucose source H eparin
Antithrombogenicity, hydrophilicity, cell and growth factor attachment, protein affinity Hyaiuronic acid
Lubricity, negativalysglaeged surface Lubricity, hydrophilicity Pectin Mono-p@iysasshadidgs
Hydrophilicity Dextran sulfate Chromatography media, hydrophilicity WO 2009/002858 TARGET

MOLECULE

The steps of the method can be performed in any suitable order, For example, a
thermally responsive nanofiber including a thermally responsive polymer and cross-
linking agent, as described herein, may be physically absorbed in or adsorbed to a suitable
support surface by hydrophobic interactions. Upon photoactivation, at least one of the

5 photoactivatabic groups (e.g., benzophenone groups) undergoes covalent bond formation
at the support surface. With the absence of abstractable hydrogens in the proximity of the
remaining umbonded photoactivatable group(s), and removal of the photoactivation
source, the photoactivatable gronp refurns from an excited state to a ground state. These
remaining photoactivatabic groups are then capable of being reactivated when &

10 biologically active material intended for immobilization is present, and when the treated
surface is exposed to another round of illumination. This method can be described as a
"two-step" approach, where the thermally responsive nanofiber is applied in the first step
to create a latent reactive surface, and in the second step, the biologically active material
is added for attachment to the activated surface.

15 Alternatively, the method, described as a "one-step” method, provides that the
thermally responsive nanofibers of the present imvention are mixed together with the
biologically active material to form a composition. The resultant composition is used o
surface modify materials in a single photoactivation step. 1n this case, photoactivation
triggers not only covalent bond formation of at least one photoactivatable group with the

20 surface of the substrate, but also simuitaneously triggers covalent bond formation with
any adjacent biologically active materials residing on the surface.

In an alternative embodiment, the thermally responsive nanofiber is formed from a
combination or mixture including a thermally responsive polymer, a cross-linking agent
having at least two latent activatable groups, and a biologically active material. At least

25 one of the latent reactive groups undergoes covalent bond formation at the support
sutface to bond the nanofiber to the surface of the substrate. The remaining latent
reactive group(s) can undergo photoactivation to react with a second biologically active
material. Alternatively, the biologically active matcrial incorporated into the nanofiber
can itseif react with a second biologically active material to provide for further

30 functionalization of the substrate.

In another alternative method, the thermally responsive nanofibers of the present

mvention are used to prefreat a substrate surface prior to the application and bonding of
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PCT/US2008/067708 FUNCTIONAL ACTIVITY Proteins Antibodies Antithrombotic agents (e.qg. _
antithrombin 111) Albumin Attachment proteins/peptides (ca. collaen) Enzymes Extracellular m_atrlx
proteins/peptides Growth factors, proteins/peptides Hirudin Thrombolytic proteins (e.g. streptokinase,

plasmin, urokin@se)skaguigts Antigen binding, immunoassay Antithrombogenie-suidag/ns770s
Nonthrombogenic surface Cell attachment Catalytic surface Cell attachment and growth Cell growth

Antithrombogenic surface Thrombolytic activity Hydrophobicity, biocompatibilitv Hydrophobicity,

lubricity, bio- degradable fatty acid source
molecules that have themselves been functionalized with latent reactive groups. This

method is useful in situations where a particularly difficult substrate requires maximal
coating durability. In this manner, the number of covalent bonds formed between the
substrate surface and the target molecule derivatized with latent reactive groups can

5 typically be increased, as compared to surface modification with a desired latent reactive
group-containing target molecule alone.

After the surface of a substrate has been coated or treated with the thermally
responsive nanofibers of the present invention, the thermally responsive surface can then
be fine tuned by the application or removal of heat 1o the system to selectively bind and

10 release a biological material of interest. Heat can be applied to the svstem to transition the
thermally responsive nanofiber bound to the surface from & hydrophilic state to 4
hydrophobic state. in a hydrophobic state at a temperature higher than LCST, the
polymer chains collapse and the surface becomes hydrophobic. In this state the thermally
responsive nanofiber surface may attract or repel select target molecules. Alternatively,

15 heat can also be removed from the system by cooling the substrate below the LCST.
Unce cooled, the thermally responsive nanofiber may revert back to its initial hydrophilic
state, once again showing an altered affinity for a particular target molecule.

Suiteble biologically active or target molecules for nse in the present invention
encompass & diverse group of materials or substances. These materials may be used in

20 cither an underivatized form or previously derivatized. Morcover, target molecules can
be immobilized singly or in combination with other types of target molecules.

Target molecules can be immobilized to the surface after (e.g., sequentially) the
surface has been primed with the thermally responsive nanofibers of the present
invention. Aliernatively, target molecules are immobilized during (e.g., simultancously

25 with) attachment of the thermally responsive nanofibers 1o the surface of the substrate.

Typically, target melecules are selected so as to confer particular desired
properties 1o the surface and/or to the device or article bearing the surface. According 1o
one embodiment of the present invention, the target molecule or material is a biologically
active material. Biologically active materials which may be immobilized on the surface

30 of the nanofiber modified substrate, or alternatively, provided as a part of the nanofiber
composition, generally include, but are not limited to, the following: enzymes, proeins,

carbohydrates, nucleic acids, and mixtures thereof. Further examples of suitable target

25



Phospholipids Hydrophobicity, lubricity, bio-degradable fatty acid source Prostaglandins/ Ieukotrienes
Nucleic Acids Nonthrombogemc surface/immobilized messenger . _
nucleases/affinity binding, genomic assay RNA Substrate for nucleases/affinity binding, genomic

PCT/USZO08/067708

assay

5

10

WG 2009/002858

TARGET MOLECULE

Synthetic Polymers

Sulfonic acid-substituted

molecuies, including biological materials, and the surface properties they are typically

used to provide, is represented by the following nonlimiting fist.

FUNCTIONAL ACTIVITY

Lubricity, negatively charged surface,

DNA Substrate for

polyacrylamide hydrophilicity
Poivacrylamide Lubricity, protein repulsion, hydrophilicity
Polyethylenc glycol Lubricity, cell and protein repulsion,

hvdrophilicity

Polyethyleneimine

Positively charged surface

Polylactic acid

Bioerodible surface

Polyvinyl alcohol

Lubricity, hydrophilicity

Polyvinyl pyrrolidone

Lubricity, hydrophilicity

Quaternary amine-substituted
polyacrvlamide

Lubricity, positively charged surface

Silicone

Lubricity. hydrophaobicity

Conductive polymeric
materials, e.g.,
polyvinyipyridine,
polyacetylene, polypyrrole)

Electric conductivity

Carbehydrates

Alginic acid Lubricity, hydrophilicity

Collulose Lubricity, hydrophilicity, bio- degradable glucose
source

Chitosan Posnwe}y.charged surface, hydrophilicity,
hemostatsis

Glycogen Hydrophilicity, biodegradable giucose source

Heparin Antithrombogenicity, hydrophilicity, cell and

growth factor attachment, protein affinity

Hyaluronic acid

Lubricity, negatively charged surface

Pectin

Lubricity, hydrophilicity

Mono-, di- saccharides

Hydrophilicity

Dextran sulfate

Chromatography media, hydrophilicity



Nucleosides, nucleotides Source of purines, pyriandines, enzyme cofactor
15Drugs/Vitamins/Cofactors Enzyme cofactors Heme compounds Drugs Immobilized enzyme Globin
bindings/surface oxygenation Drug activity WO 20119/002858PCT/US2008/067708 TARGET
MOLECULERUNGHEIGMIAL ACTIVITY Nonpolymerie Materials Dyes (e.g., 2@, g¥ssiis)eoloring
agent Fluorescent compounds Fuorescence The thermally responsive nanofibers of the present
invention can be used in a wide variety of applications including: filters, scaffolds for tissue
engineering, protective

TARGET MOLECULE FUNCTIONAL ACTIVITY

Proteins

Antibodies Antigen binding, immunoassay
Antithrombotic agents (c.g.
antithrombin 1)

Albumin Nonthrombogenic surface
Attachment proteins/peptides
{e.g. collagen)

Antithrombogenic surface

Cell attachment

Enzymes Cataiytic surface
Extracellular matrix
. . Celi attachment and growth
proteins/peptides
wth factors

Growth factors, Cell growih

proteins/peplides

Hirudin Antithrombogenic surface

Thrombolytic proteins {e.g.,

streptokinase, plasmin, Thrombolytic activity

urokinase)

5
Lipids
Fatty acids Hydrophobicity, biocompatibility
. . . Hydrophobicity, lubricity, bio- degradable fatt
Mono-, di~ and triglycerides yarop RE ey g Y
= acid source
. Hydrophobici bricity, bio-degradable fatt

Phospholipids yd oph ty, lu y, bio-degradable fatty

acid source
) e . Nonthrombogenic surface/immobilized

Prostaglandins/ ieukotriencs =

messenger
10
Nucleic Acids
DNA Substrate for nucleases/affinity binding, genomic
i assay
RNA Substrate for nucleases/affinity binding, genomic
assay
Nucleosides, nucleotides | Source of purines, pyrimidines, enzyme cofactor
15 Prugs/Vitamins/Cofactors

Enzyme cofactors Immobilized enzyme

Heme compounds Globin bindmgs/surface oxyeenation

Drugs Drug activity




10clothing, reinforcement of composite materials, and sensor technologies. Medical articles that
can be fabricated from or coated or treated with the thermally responsive nanofibers of the present
invention can include, but are not limited to, the following: catheters including urinary catheters and
vascular cathetersdsgegzzperipheral and central vascular catheters), woundggrainagesisies, arterial
grafts, soft tissue patches, 15gloves, shunts, stents, tracheal catheters, wound dressings, sutures,
guide wires and prosthetic devices (e.g., heart valves and LVADSs). Vascular catheters which can be
prepared according to the present invention include, but are not limited to, single and multiple lumen
central venous catheters, peripherally inserted central venous catheters, emergency infusion
catheters, percutanedussreathiat:BdITeE systems, tHEIMOAIGTOAI2BEETREESTE, including the hubs
and ports of such vascular catheters, leads to electronic devices such as pacemakers, defibrillators,
artificial heart ™ 08 MipiaAtedBiB8ensors.  Additional articles that can be fabricated from or have a
surface€ that can bS coated or treated, ¥vith the thermally responsive nanofthers of the present invention
can include, but ate Rothnmik &0 HAES multi-we idi '

O -t6- following—shdes-multi-welt-plates, Petri-dishes,-tissue culture

25slides, tissue Crqu urefip ates eI Culturentiasksyeell culture devices, or column supports and/or
c%, qorescéxt . . .

chromatography media. In another embodiment, the thermally responsive nanofibers of the present

invention can be applied to a microscope slide or "chip” for biomolecule immobilization. In yet another

embodiment, the thermally tesneasive nanafiRges ofthe TB@&HB??Q{QM&BE&B@C npPg aeplied o a

surface of a cell culture device to provide a thermally responsive surface Various types of
mammalian (‘5@“‘11%%8@@1’@@8@%‘%{?@3‘@%@%@&c%ﬂ?ﬁfré%cfﬁfs%‘??éﬁ@@@ﬁ%dﬁ%@ﬁmm
poly-isopropylagiylamidestPHRAAD) Thecelsadiriedapraliferated and-differentiated in the same
manner as uncoat Cﬁ%.t.\/\{ithtghe ceIFIEIs ?n bare 'I;CCPS, Adjg’estive trypsin treatment is carried out to
dissolve the extracellilsr MAtAKand o thelats BaHH Tamal e talishe @b ras Beaeailhwhich in the
process losethiginge surdabeveddptorssgapjunctionsandluddbryingrextiacelidanimatrix. Another
atternative fab Rk ikleans.i IRHRRO" AL SCARE i Meslanialase ofwwiich geperates
irregularly shaped tisSsue fragments. With thérmo-responsive polymer coated dishesthe cells are
detached in &PHGRRYASV S RHIGAGRIY TP P s eisbes witer i mrolratafetirommobes1 0 32C at a

tempegature @atwhichuhe a@m@a&u@raa@fméﬁp@@&sm@&ﬁ@mﬂ&dl@ﬁ&éi%@% adhesive proteins
n

and ceII-ceIIﬁg&%}i@%r&s Qe.twe nothed ponjl ent cells arg preserved, enab ing generation of a three
dimensional CHONATEstd Thal BEkE AR Lahdia el hereriELHRG R §58MGue technique that
has arisen fronpihel eserohithento-responsiverpolyimsndas lcek eultiurestibstraige Ab87C, PIPAAM

becomes

3

multiple Tumen central venous catheters, peripheraily inserted central venous catheters,
emergency infusion catheters, percutaneous sheath introducer systems, thermodilution
20 catheters, including the hubs and ports of such vascular catheters, leads to electronic
devices such as pacemakers, defibrillators, artificial hearts, and impianted biosensors.
Additional articies that can be fabricated from or have a surface that can be coated
or treated with the thermally responsive nanofibers of the present invention can include,
but are not limited to, the following: slides, mualti-well plates, Petri dishes, tissue culture
25 slides, tissue culture plates, tissue culture flasks, cell culture devices, or cotumn supports
and/or chromatography media.
in another embodiment, the thermally responsive nanofibers of the present
invention can be applied to a microscope slide or “chip” for biomolecule immobilization.
In yet another embodiment, the thermally responsive nanofibers of the present
30 invention can be applied to a surface of a cell culture device to provide a thermally

responsive surface



15hydrophobic, promoting protein adsorption and thereby cell adhesion. By lowering the temperature
to 20 - 32C, cells can be released from the underlying substrate. The change from hydrophobic to
hydrophilic character over this transition results in the release of proteins and adherent cells from the
culture substigte2abhieipegH this technique, cell-cell contacts, gap junctions apg susigessegeptors are
maintained as well as the 20underlying extracelkdar matrix (ECM). The intact ECM serves as glue to
layer cell sheets to form homogenous tissue grafts for example highly pulsatile cardiac tissue grafts or
heterogeneous tissue grafts by layering sheets from various different cell types, for example
endothelial cells andahepatoeytes nehemcélishebisathlisgeneratedohivvecheanrbighlygpaplicable to
animal transplanisuglies TeansRARh paUmpnisdAweeen dane lo 25compare (e fesponse of

dissociated cells versus cell sheet injections. Dissoci ar |omyocytes equiv & four cell sheets
were injectedliftd fBfieatipettaribotraorsancss weaAdddir el e 8t agidy sobtsingePfrom low

temperature liftaffmediated-iathermearesponsiveRol e, werstansplanied.into.the. fight
subcutaneous tissue. The isolated cells formed a lump und.er the skin while the sheet transplanted

site remained S0SAIOGH 2GHE WeskSfEItHe tranepidRt he Pastdative aitas e Spened and cross
sectional viewsepfdhegrighirsideningdicatettdyflat squarthdardiacigrafbwith ne:misible fonegnosis and
nce of - numerous gap junctions.

connexin 43 @-0an ReHONRAIKEL-HAING IS¥SRIRE NS A ESRnse ol IUMEIUR &

The left side showed cell dense graft'surface zones with central cefl-void dareas and-only a few
depositions WS EaH wWikarmstan G folheanprasinca sy T hel grafting lof PidaAm odiTissue culture

polystyrene apedksSHCE8sS Mim&%w%@@ﬁ%%%@%%@%& callfvResasedto the

deveIQ(?mengngcpmmerciall  available tissue culture polystyrene dishes by Cell Sééd Inc. (Tokyo,
Japan), The Usé 8t THESBERNECRSEUTH ME RN TISE RITHE th B GSBTBF ) 58 WAdhESidGing cells as
detachment iséchieved: bycloine iny b celllurerdemperatuiesd biseliminatrstheruseefilaborious
pipetting, saying;on both tabor, time and to celltissue damage. . The culture surfaces can also be
functionalized by c%%él@mgﬁzfgt&%(% @I%%Rr%%vlsi&nﬁts]ogg%glgil)ll(fa{%tcllaecr‘i@éiﬂ%&d z%gﬁ)g,
2-carboxyisopropyfadhyiasiides{CIPma ) & risalin veasiimniblilizedrontclturéisusfaces by standard

amide bond fesmatiel Witk 1S IRAAM carbaxylate greup: The surtagaswith. immebilized insulin

showed an i(%?rease 15in proliferation of bovine carotid artery endothelial (BAEC) cells even without
the addition BY E8RIAY SRHTIEAYEHE EeibROrBiew FRidheeaPraRrdbgih sl exrBe tised to
immobilize celhadhesive sefustessiichasROBSVRIth PromotasiBARG:eal adhesion and
proliferation without the addition of fetal bovine serum in the culture medium. Thus, the culture of cells
and their low terf‘?per%%%? %llﬁp gﬁb ci)%v(faEi1 e(i??ﬁﬁeﬂﬁce% B ishg 'serumi t%/?/ﬂi%ﬁ%éé”&%fh cost and safety
(prions and Bavhe Spveigitormmerteprlonatiyycbacelinscregatditg tswss. tikesérsgriaces would be

useful for sepumctipecatireaf ﬁﬂ!ﬁ&ﬂ%ﬁ@ﬂ&ﬂ%@%é@&k{&@ SRHINERASMSSELINYGHous tissue
e s intact ECM setves as glue to laye o
g cetlular matrix (ECM). The intact ECM serves as glue to layer cell sheets
to form homogenous tissue grafis for example highly pulsatile cardiac tissue grafts or
heterogeneous tissue grafts by layering sheets from various different cell types, for
example endothelial cells and hepatocytes. The cell sheets thus generated have been
highly applicable to animal transplant studies. Transplant experiments have been done to
25 compare the response of dissociated cells versus cell sheet injections. Dissociated

cardiomyocytes equivalent to four cell sheets were injected into ieft subcutaneous dorsa)
tissue and four cell sheet layers obtained from low temperature lift off mediated by
thermo-responsive polymer, were transplanted into the right subcutaneous tissue. The
isolated cells formed a lump under the skin while the sheet transplanted site remained

30 smooth. Une week after the transplant, the respective sites were opened and cross

sectional views of the right side indicated a flat square cardiac graft with no visibie



The spontaneous cell sheet generation from PIPAAmM- grafted TCPS is a relatively slow process,
occurring gradually from the sheet periphery toward the interior. Thus, 25significant incubation time is
required to lift up the intact, viable cell sheet completely. Rapid recovery of cell sheets is considered
important to maintaimbigtegical function and viability of recovered cell sheglsyas wgllas-fgr practical
assembly of tissue structures. The rate limiting step to cell recovery is the hydration of hydrophobized
PIPAAmM segments interacting with the cell sheet, incorporation of a highly water permeable 30
substrate to interface is desirable between cell sheets and the thenno-responsive surfaces. Several
approaches hefrestieasd tdeuciintiis(pegpar ot ivaketiee) detachyentabf el stmetsesnfaster process. It
has been shewn.that placing:hydrophilically-modified PYDF membranes on confluent Madin-Darby
canine kidney (MDCK%A cells incubated at 20C for one hour helps in the easy lift of cells. Another set of
experiments has utiisde o6 aaaRehfsiatasy Py Glaeaonitvil paa. oAk mhtisreadarlier, on

PIPAAM-grafigd 4 SR Iglisheswaierdequiied tahydaieBiRAMmM At dowgh tempenisiug can readily
penetrate the 5Sculture matrix from onlgng]e\peri her ?f each cell to the interface between the cell and

grafted P1PAAM ¢ @é:fhs?l'&%gla’ét R TR ARES S WatA Y HHG B PABANh RS Shikd through

pores undermgathhatilvdrerhedisslasmwel asfromethaiperiptiebjeofsackhiel: Readyarapid access of

bulk water ta,RiRedre gralts fieyeB peras-henasthaliaehed.celis, should acerieale,sinale cell and
e

cell sheet detachment. The pore size 0f a membrane is an t_0|mpprtantc actor | termining the cell
adhesion and'gFsWh UIPHRAGIA cednstas rolsgrolr erauraisas vintieh hidve eripebesizéyreater than

their pseudopediter.@nmentaranes withpere sizagreaiRithan ftim thefibreh/astadhgsion and
suppr%ssioncvgﬁ/%foun to be greatly reduced. Nanofibers produced via the process of electrospmning

may have unprecsé"&%n%&i%%porosity (>70%), a high surface to volume ratio, and a wide range of pore

diameter distributidrhandthigkhuritersaanebtivity fralt phwsical pyapestissiideatiter prernating cell
attachment aJ [more, oto lectrospun fibers closely resembles
Weh koM. Etbermale e 0ARolonearaply Al IREHASRY napalibel

the nanofibrillar and nanoporous 3D geometry of the ment e. The higher

surface aread AW S RRIGHECA St ettt o eestiua R0t d chmitarhand frethatefor iutiple focal

adhesion porusonifiesent fibersdueate naneesizedifibssdiamelers:Becansethediameters of
nanofibers arc or(’1$rs of ngggnitude smaller than the size of the cells, cells are able to organize, spread
[

R e B RS R BT B T ORE B 0 5 5P R R avaRiBalodr Peapable of

or attach to S080THE pro
supporting asdwddevafietynof Selitypesth2 sktumahgumbilieal Gbrhendothelial cellsaitached and
proliferated befter when. seaded onto 50:30 paly (Lslaglic acid-co-e-ca one) (PLCL) fibers with a
diameter of 300 nr%_ compared to 71km r%%brbo%B/éi%?.{%ﬁetﬁcswaft%cwéﬂ]%ef%%%%%%%% %v}é?él?lgund in shape
and non-profferBilEC B BAS TR Hanefibiersothee sy e rerniediytispralig otcdnehalithiored on

multiple fibetge Bliagasctap-werkess havergeeriad osieoblashadhesion: prolifgration.

20 which has both cost and safety (pricns and bovine spongiform encephalopathy) concerns
regarding its use. These surfaces would be useful for serum free culture of cells and cell
sheets which can then be used in various tissue engineering and transplant applications.

The spontancous cell sheet generation from PIPAAm- grafied TCPS is a relatively
slow process, occwrring gradually from the sheet periphery toward the interior, Thus,

25 significant incubation time is required to 1ift up the intact, viable cell sheet completely.
Rapid recovery of cell sheets is considered important to maintain biological function and
viability of recovered cell sheets, as well as for practical assembly of tissue structures.
The ratc imiting step to ccll recovery is the hydration of hydrophobized PIPAAM
segments interacting with the cell sheet, incorporation of a highly water permeable

30 substrate to interface is desirable between cell sheets and the thermo-responsive surfaces.
Several approaches have been tried in this regard to make the detachment of cell sheets a

faster process. It has been shown that placing hydrophilically-modified PVDF membranes

30



30 alkaline phosphatase activity and ECM secretion on carbon nanofibers increased with decreasing
fiber diameter in the range of 60-200 nm. Nanogrooved surfaces can induce contact guidance of
human corneal epithelial cells, causing them to elongate and align their cytoskeleton along the
topological featvirgse/biighly porous PLLA scaffolds with nanoscale pores cigagd 1sging & 4iquid-liquid
phase separation have been used for the culture of neural stem cells and were shown to have a
positive effect on neuritc outgrowth. Recent studies show that the growth of NIH 313 fibroblasts and
normal rat 5 kidney cells on polyamide nanofibrillar surfaces resulted in changes in morphology, actin
organization Sfoeciithghesled askeblynifiblotetifvEeCietionlamdutated of T8I fooliferation that are
more represepialiye;ef fiRroiast msnﬂﬁb%%%&'Mpeﬁ%?ﬁ%ﬁggfgﬁﬁ@h%%?@?8 %hz%e%ﬁb%% gurface

[

#S
underwent mog)hogeness to form multicellular spheroids un e same cells cultured on glass. It

has also beet Sho@ATFAT e Berdiameaiambler ielamiiies A0 rambfbers bréside a better

substrate forwel-atipahmentiaranaakly agherenieeldines:fae ¥AMRIE Plehdranguronal cell line.
Polyangide clgﬁarl%s%unmyofibe s§§)ve algo been shown to su,pg)ort the attachment and proliferation of

o calls (ESY5%)P THISE SBiié dlifelentatda ity nathsme Bhigstantirocytes and

mouse embryonic stem cells (ES*
astrocytes basdtbdpbivithe chiture Pngdicrselectédaietaldovine-ahandtotytesseededipn nanofibers

poly (C- 15 aagralestonal(Riblaceilolds were AN IQIIAINIAN the dhongragylic phenotype during

three weeks of culture, specifically upregulating collagen type xpression, indicative of mature
chondrocyte 'HREHORRIE 2rHiesel dtulise Geindnstram sftnimmboseativldynrtacbedeis

eytocompatiblenbut:cancalsosheiusen iastimulate ansencaurage,sellproliferation,and phenotypic
beha\éi&r. 20To induc?as ecific biological responses from the attached cells, the nanofibers may also

be functionaliz8d GSing BioAtHve Mole& " FUl CE AR Ty Bi8aNS Haffbtisdtby either
conjugating thevnuoleutlessteritive: suvfacewnt the: nanofibiers oebyinetiparating e bioagtive molecules

in the spinningsolutian,.Rolyactylie acid (PAA) grafte to poly (r-caprolactong-coethyl ethylene
phosphate) (PCI?EEP) gl ows for thﬁSéo%ﬁjgggd% o} g%?ggt%%eségglncg?l\cfv%%ﬁ r]%lel |§?e§0hepatocytes

attachment. ﬁ%éﬁé‘?f%@%ﬁlcultured on these PCLEEP functionalized nanofiber scaffolds formed 20-100

um spheroid aggregaiesihaiengutiedithananefiRens: d&-4aRarscora ihe importange, ofculture

substggte, othe_rs.hae?ée@g)?wqﬂtrﬁ%{argninated nanofiber meshes supported a higher degree of cell
adhesion anthYSfdratioh ot HEmEORSI&tic LM /BEy ARt Ertdnd Bempares Hemedminated films.
Similarly corjugétivinfiibmie narphogendticyprdtein2-(BMipad)ian chitasan nanafibens resulted in
better prolifefatign, alkalin &D&SPG% ST activity and calcium deposition of osteablastic cells. WO
20001002858 e T S o B S ot |n%s_,b?%f8fﬁ\{égyn”§ﬁ§§’é’§r€ arPE%fﬁepegf“f%%’gilé’c’%%é’gg%“polymeric
nanofibers rilfifds frenttie e Eopfitideproparnescsttheihanofibersoéare & Wseuito stimulate and

encourage cglipretiferationand diffaceatiationcMareaner Be.calsars.Ablede mainiain their in vivo like

morpgology and function.,TP‘us the combination of fiber composition, 5Smorphology, alignment and the
capadily to inLSTBrAtE LA BRI BIBHIRTARIBIReli e B4ee M famefiens of native
ECM. Thesdventiciewiidre Rether destribedtwith teferepseate she-folowinginen-limiting examples.

Lo e SRR e e LR S LA e A0 s D grpodmen
proteins at multiple focal points.
Electrospun nanofibers are capable of supporting a wide variety of cell types.

25 Human umbilical cord endothelial cells attached and proiiferated better when seeded onto
50:50 poly (L-lactic acid-co-g-caprolactone} (PLCL) fibers with a diameter of 300 nm
compared to 7um microfibers. Cells attached to microfibers were round in shape and non-
proliferative, whereas on nanofibers, the cells were nicely spread out and anchored on
multiple fibers. Elias and co-workers have reported osteoblast adhesion, proliferation,

30 afkaline phosphatase activity and ECM secretion on carbon nanofibers increased with

decreasing fiber diameter in the range of 60-200 nm. Nanogrooved surfaces can induce

contact guidance of human corneal epithelial cells, causing them to clongate and align
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10invention. Thus the scope of the present invention should not be limited to the embodiments
described in this application, but only by embodiments described by the language of the claims and
the equivalents of those embodiments. Unless otherwise indicated, all percentages are by weight.

1SEXAMPLEG &xamplesds Electrospinning of PCL and PS Nanalibers  Bely{em@aRkelactone)
(PCL), with an average molecular weight of 80 kDa and Polystyrene (350,000 Da) were purchased
from Aldrich chemicals (Milwaukee, WI). 0.14g/ml solutions were prepared by dissolving 14g of PCL or
PS in 100 ml of organic 20solvent mixture ( 1:1) composed of tetrahydrofuran (Fisher Scientific) and
N,N- dimeth{fermaenidegalfacis Sar afveed ikl fded: adtighixipg dewiell by shaking shen mixture for 24 h

at room tempgratuLe. gg}@sQ@M&%_éﬁggyngv&@&c#aka%%qswseg%% R fiied wih,g 270 blunt

needle (Strategic Applications, Inc., Libertyville, 1L). A syringe pump (KB Scientific, gA) was used to
feed the polyerEsutigahtsthes Hegtleosupavanefiber iisshis wre fareated by electrospinning
using a high veltegeipawessupaiyGamma HighMoltageResearsh, Wed) -Lhehanefibers were

collected ontp. grounded aluminum foil located at a fixed distance from the needle tip. The meshes
B re T B B SR 45 B Ao HSSee 860t rosriue

é" & Ol 80
were then removed, place a vacuu

and then storémamzatdmsﬁmdt@dhﬁdmnﬁmﬁlﬂersTiWeneoeivatha&e'dIMH ammicfastgpe!3Balympus BX
60 _Paramelgrsihat-signiicant dnfluense e dlameter, consisiency; and uniformity o the

clectrospun PCL and PS fibers were polymer concentration, applied voltage, solution” feeding rate and
needle-colle St TSIEHESFHESE FarERLERS P SPtimIFa T urtseciftsdralie: aiiferns fibers were

spun continuauisiywvithauingedle: degaing Thes POIYMel-CORGaREAIONS {0:5Q 9042 9/ml, and
0.14 %nl), two v. Itages 17 k\{), 20 kv) and three needle-collector distances (8 cm, 12 cm, 15 cm)

{OH S FECF AR b ETS HrHEBRTInL S toh atlsha are! skitstriah Table 1.

: . papobibers provide 2
were investigated t6 obtain 5
Table 1. ElectraspinififitzParametersel! line. Figuwmilic showssthe typided SEMvinmageef:PCL nanofibers.

The average.fjbef, g(;as ter of %%8398(? l{§ -] Highly porous. structure, wag observed in the
10formulation tested. The pc_)r%sity.mea‘s&redcﬁ E(glgg‘i%%%@éig]p%(%crﬁ%ﬁor%gtﬁgi \?V%é’ b@go Example 2.
Coating of NeRofigsrMEShaLTRRRAtEID My v aro e suat Apapproat hesowete wredloyed to obtain a

thin coating efdbsiiienmaedeapansiveRolymet onaifferant culiuie,suastiates e substrates included

TCPS, 15Thermanox coverslips (#unc), commercially available nanofiber meshes (Surmodics Inc..
15 caprolactone) (PCL) scaifolds Were able to maintain the chondrocytic phenotype during

three weeks of culture, specifically upregulating cotlagen type IIB expression, indicative
of mature chondrocyte phenotype. These studies demonstrate that nanofiber scaffolds are
not only cytocompatibie but can also be used to stimulate and encourage ceil proliferation
and phenotypic behavior.

20 To mduce specific biological responses from the attached celis, the nanofibers
may also be functionalized using bicactive molecules. Functionalization is typically
carried out by either conjugating the molecules to the surface of the nanofibers or by
incorporating the bioactive molecules in the spinning solution. Polyacrylic acid (PAA)
grafted onte poly (g-caprolactone-coethyl ethylene phosphate) {(PCLEEP) allows for the

25 conjugation of galactose ligand, which mediates hepatocytes attachment. Hepatocytes
cuftured on these PCLEEP functionalized nanofiber scaffolds formed 20-100 um spheroid
aggregates that engulfed the nanofibers. To underscore the importance of culture
substrate, others have shown that aminated nanofiber meshes supported a higher degree
of cell adhesion and proliferation of hematopoietic stem/progenitor cells compared to

30 aminated films. Similarly conjugation of bone morphogenetic protein-2 (BMP-2) on
chitosan nanofibers resulted in better proliferation, alkaline phosphatase activity and

calcium deposition of osteoblastic cells.



Coming Inc.) and in-house PCL nanofibers. The Thermanox coverslips and nanofiber inserts were dip
coated in an IPA (isopropyl alcohol) solution of 20mg/m1 PIPAAm (polyisopropylacrylamide Aldrich
chemicals, Mw+ 20-25KDa, WI) and 0.8 mg/m1 TriLite

(tris[2-hydroxy»8-tdedremnzsylphenoxy)propllisocyanurate. The pieces were dipZ5oal6e-Ry immersing
in the coating solution for 10 seconds and then extracted at a speed of 0.5cm/sec. The meshes were

air dried and then UV illuminated (300-400 nm, Harland Medical UVM400, MN) for 5 minutes. Various
dipping speeds, concentrations, number of dips and immerse times were tried. The efficacy of the
coated surfaces wd$ tastett byathecaltactiment tindldetaghmentybehaviendftie BAEE tells (Lonza

Biosciences, g ASLSAERl 73,208, 205 3RR Rl ANaHID fheyabav menlioned conditons

worked well for cell attachment and detachment, this dipping method could not coat the tissue culture
formatted suff¥ESgoF ekampbie e tmbeifGrenaaisn 1BomaTdidhe s31T Aeralfré; mugter approach

was tried whetarthevwmnuiikwelbaishiosy nanefikeninsers, somuneisialy @@3@@&1&%@9@?&@ 96 well and
100 mm dishes vgleorO first,coated with 0.8mu/m1 solution of TriLite. The TriLite solution was

immediately withdrawn X Ul T e e JARSRAS PISRAT SRS #1971 in IPA) was
then added t&ehEvbells, irnrredibtelywithdrafvatardEOM. illuminated for 2.0 minutes. The treated
surfaces were rinseﬁlé"ﬂ’ibeﬁ%ﬁ‘@B%H%Hﬁe?‘d@%ﬁbgWﬁh%&@"@u‘é’%‘;‘ttgﬁgﬁ%efﬁchi‘? > plating the cells. Example

3. Smart Polymer Nanofibers Four formulations containing 1.0 wt riLite were prepared to
synthesize sHaHHoRFATEN photorehEfvanismbiibareseTibine farktstionsarePSdes BIVIE/THF), PCL
in 10(DMF/THik)e RIBAAmLNHHBA/LMELRIRAAT-6esREG: (96)dn waler »The pangfibers were
fabric%ed byi %t\)gnelloenctric}? qig}nir]g Erocf?ss of Example 2. The arameters such as, polymer
concentration. Solvent rato. spehad VoRage o REadRe cHRLSP LSS IRl optimized until
unbeaded arthbedormtfidersinithiathaverdgetdiarmeten yrigdesbR0inmncan-heispusy,caatinuously

without needie, lagoiiand e pRUMIZRC candians.pif.showp i A3 abls 2. AL grno, al the

nanofibers except PS and PCL were illuminated for 5 minutes under a ampcma‘ﬁand Medical
UVM400, Ed8fiPisiriall maprTHacharonberiaiere evaluated under a microscope. PEG-PIPAAM was
synthesized by free radical copolymerization of N-isopropylacrylamicle (Aldrich) with poly
(ethyleneglycol) methyl ether methacrylate (Mw 2,000, Aldrich) in water using ammonium persulfate
20(Sigma) as initiator and N,N,N',N'- tetrametﬁ%ét%@ﬁédiamine (Aldrich) as a catalyst. Table 2
Polymer Sol¥eatipdlymeREomognttatignof PCL and PS Nanofibers

Poly (e~ caprolactone) (PCL), with an average molecutar weight of 80 kDa and
Polystyrene (350,000 Da) were purchased from Aldrich chemicals (Milwaukee, W D).
0.14g/ml solutions were prepared by dissolving 14g of PCL or PS in 100 ml of organic
20 solvent mixture {1:1} composed of tetrahvdrofuran (Fisher Scientific) and N A-
dimethylformamide (Alfa Aesar, Ward Hill, MA} and mixing it well by shaking the
mixture for 24 h at room temperature. The polymer solution was placed in a plastic
syringe fitted with a 27G blunt necdle (Strategic Applications, Inc., Liberryville, IL). A
syringe pump (KD Scientific, USA) was used to feed the polymer solution into the needle
25 tip. Nanofiber meshes were fabricated by electrospinning using a high voltage power
supply (Gamma High Voitage Research, USA). The nanofibers were collected onto
grounded aluminum foil located at a fixed distance from the needle tip. The meshes were
then removed, piaced in a vacuum chamber for at Jeast 48 h to remove organic solvent
restdue and then stored in a dessicator. The nanofibers were evaluated with a microscope
30 (Olymypus BX 60).
Parameters that significantly influence the diameter, consistency and uniformity of

the electrospun PCL and PS fibers were potymer concentration, applied voltage, solution
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Applied Voltage Feedina Rate nil/min Needle- Collector Distance PS THF/DMF 14% 20Icv 12cm _
PCL. PIPAAmM TFIF/DMF 14% 25% 201cv _ _

WO 2009/002858 PCT/USZ008/067708

feeding ratc and needie-collector distance. These parameters were optimized until
unbeaded and uniform fibers were spun continuousty without needle clogging, Three
polymer concentrations (0.10 g/mi, 0.12 g/mi, and 0.14 g/ml}, two voltages (17 kv, 20 kv
and three needle-collector distances (8 cm, 12 cm, 15 cm) were investigated to obtain

5 non-defect nanofibers. The optimized conditions are shown in Tabie 1.

Table 1. Electrospinning Parameters

Polymer concentration 0.14 g/ml
Applied voltage 20 kv

Flow rate 0.062 mi/min
Needle-colleceor distance 12 em

Figure 1. shows the typical SEM image of PCL nanofibers. The average fiber
diameter of nanofibers is, 453 + 146 nm. Highly porous structure was observed in the

10 formulation tested. The porosity measured by a liquid displacement method was 0.90

Example 2. Coating of Napofiber Meshes with (PIPAAmM)
Various coating approaches were emploved to obtain a thin coating of the thermo-
responsive polymer on different culture substrates. The substrates included TCPS,

15 Thermanox coverslips (Nunc), commercially available nanofiber meshes {Surmodics Inc..
Corning In¢.) and in-house PCL nanofibers. The Thermanox coverslips and nanofiber
inserts were dip coated in an IPA. (isopropyl alcehol) solution of 20mg/ml PIPAAm
{polyisopropylacrylamide Aldrich chemicals, Mw+ 20-25KDg, W1) and 0.8 mg/ml
TriLite (uris{2-hydroxy-3-(4-benzoylphenoxy)propllisocyanurate. The pieces were dip

20 coated by immersing in the coating solution for 10 seconds and then extracted at a speed
of 6.5cm/sec. The meshes were air dried and then UV illuminated (300-400 nm, Harland
Medical UVM400, MN) for 5 minutes. Various dipping speeds, concentrations, number
of dips and immerse times were tried. The efficacy of the coated surfaces was tested by
the attachment and detachment behavior of the BAEC cells (Lonza Biosciences, NJ,

25 USA) at 37°C and 20°C respectively. Although the above mentioned conditions worked
well for cell attachment and detachment, this dipping method could not coat the tissue
cuiture formatted surfaces (for example, mult well dishes or 100mm dishes). Therefore,

another approach was tried where the multi well dishes, nanofiber inserts, commercially
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161cv.0'0.1 12cm 6cm IPA/DMF  PEG- PIPAArn water 5% 16 kv 0.2 6cm Example 4. Surface
Characterization and Screening of PIPAArn Coated Nanotibers As the coated nanofiber meshes were
completed they were examined for surface

WO 2009/002858 PCT/US2008/06 7708

availabie nanofiber 96 well and 100 mm dishes were first coated with 0.8mg/mi solution
of Triliite. The Trilite solution was immediately withdrawn and UV illuminated for 30
seconds. PIPAAm solution (20 mg/ml in IPA)Y was then added to the wells, immediately
withdrawn and UV illuminated for 2.0 minutes. The treated surfaces were rinsed with

5 IPA and tissue culture grade sterile water before plating the cells.

Exampie 3. Smart Polvmer Nanofibers
Four formulations containing 1.0 wt% TriLite were prepared to synthesize smart
polymer photoreactive nanofibers. These formulations were PS in (DMF/THF), PCL in
10 (DMF/THF}, PIPAAM in (IPA/DMF)}, PIPAAmM-co-PEG (1% in water. The nanofibers
were fabricated by the electrospinning process of Example 2. The parameters such as,
polymer concentration, solvent ratio, applied voltage and needle-coliector distance, were
optimized until unbeaded and uniform fibers with an average diameter under 500 am can
be spun continuously without needle clogging. The optimized conditions are shown in
15 Table 2. After drying, all the nanofibers except PS and PCL were iliuminated for 5
minutes under a UV Jamp (Harland Medical UVM400, Eden Prairie, MN). The
nanofibers were evaluated under a microscope. PEG-PIPAAm was synthesized by free
radical copolymerization of N-isopropylacrylemide (Aldrich) with poly (ethvieneglyeol)

methyl ether methacrylate (Mw 2,000, Aldrich) in water using ammonium persulfate

20 (Sigma) as initiator and N,N,N',N'- tetramethylethylenediamine ( Aldrich) as a catalyst.
Table 2
‘ Polymer Applied Feeding Necdlg-
Polymer | Solvent : i Rate Coliector
Concentration | Voltage o -

ml/min Distance
PS THE/DMF 14% 20kv 02 12cm
PCL. THE/DMF 14% 20k G2 12cm
PIPAAM | IPA/DMF 25% 16kv 0.1 bem
PEG- watcr 5% 16 kv 0.2 6cm

PIPAAmM




5topography, protein adsorption, and contact angle. Initially they were screened in house for uniformity
by microscopic examination (looking for changes in pore size, and obvious delamination or uncoated
areas) and for contact angles. Comparison between bulk PIPAAmM, the coated and uncoated nanofiber
mesh, and thevbyduephmbic polystyrene core will provide evidence for surfage;ghaggesMicroscopic
examination of the coated 10nanofibers showed no obvious delamination or changes in the
morphology compared to the uncoated nanofibers. Coatings which passed initial screening were
assessed for protein adsorption. PIPAAmM surfaces at 37C should adsorb considerably more protein
than at 25C because of the phase transition. Coated and uncoated TCPS coverslips, incubated in IX

PBS 15bufferaigfe andsACaier pvo.howrs, then QHJ%&%&EEL?%’EP&%B%Q'&QS%{Q@ solution of 1 mg/m1
u

BSA for 6 hours at 37C and 4C. This time period should be eno I protein adsorption to occur.
Following thé ‘BARGEUbation, the pieces were rinsed three times with IX PBS and placed in

HRP-labeled anti-B&Ananrtibedy{Sigma)iens0 minuias, falawed by.a standrrdisinggrand HRP
colorin%etric sta;{_aPieces were considereg éc;oated 20 with the thermo-responsive polymer if the

difference in protein }Q’dé’é‘?é@tﬁ‘éﬁ%ﬁéﬁ%’é}naﬁ CRRG 2B inUB A KB ST pIEEHE SHEBHS one standard
deviation andcdifferersignificandypfromcthatmohenoodtedipicteshAliemativelys e alsomadsarbed a cell
adhesive progi, FRIONEEIR(EN). PO PismA £ Blomedaal Technoloay nc, MA) was adsorbed

onto the nanoafibrillar 25 surfaces by incubation of 10ng/m solution at 37C and 25C for 6

hours. The coRtedPidte&aRErer e vigtbial asmethwitd BB 8yidrfivebimel sTheyewere blocked

with 0.1% bowvine:setum-atumin(BaAkinPBS:fononedken: antreagiedwith 2,0mg/m1 rabbit
polyclgnal anti bayine EN a tibo%@ogﬂnesis Inc, _Umgl:zoo dilution (final concentration,
IOug/m1) for 3 Raurs af 3¢ 4R VESHEURGERR ¥ SRS VB RERRY SOURRTBES Bontaining 0.1%
BSA, they wiretingulraiteenfditars additional one hour with anti rabbit IgG-HRP antibody (Chemicon

International, CA) wj Aok ] | COJ tratio Sél_%gl Il) and,;nc ‘bate]d with HRP
substrate for 10 mﬁ%&%&%ﬁ%&&%k&%@n@%ﬁ@ﬂ0995};%‘? q’%& S i hpf8Rl H ?62 4hd absorbance

lor development was quenched wit
measuremenhts (vare ket et 45 0nith il sl caoyfrstbinensry Sreutr drmaxt MY becasten fold

difference inqoratein-selsenption WasiseenamRIRAAMLPaled syiacesinckhried@i37C and 25C
respeq%tivelybs rfa(%e 0@{;& Qp 1gad a d'ffere‘nﬁc@% in protein 5adsorption at 37C, and 25C were further
y ﬁ attﬂé“c?shmegn?fa%f RHECArREALISFORRS By Srham et ot selrtipesf |

evaluated for their'ca
mg/mi BSA for 6 hours at 37°C and 4°C. This time period shouid be enough for protein

adsorption to occur, Following the BSA incubation, the picces were rinsed three times
with 1X PBS and placed in FIRP-iabeled anti-BSA antibody (Sigma) for 30 minutes,
followed by a standard rinse and HRP colorimetric assay. . Pieces were considered coated

20 with the thermo-responsive polymer if the difference in protein adsorption between 37°C
and 25°C incubated coated pieces exceeds one standard deviation and differs significantly
from that of uncoated pieces.

Alternatively, we also adsorbed a cell adhesive protein, Fibronectin (EN). Bovine

plasma FN (Biomedical Technology Inc, MA) was adsorbed onto the nanofibrillar

25 surfaces by incubation of 10ug/mi FN in PBS solution at 37°C and 25°C for 6 hours. The
coated pieces were then vigorously washed with PBS for five times. They were blocked
with 0.1% bovine serum albumin (BSA) in PBS for one hout and reacted with 2.0mg/ml
rabbit polyclonal anti bovine FN antibody (Biogenesis, Inc, UK) at a 1:200 dilution (final
concentration, 10pg/ml} for 2 hours at 37°C and 25°C respectively. Following five washes

30 with PBS, containing 0.1% BSA, they were incubated for an additional one hour with anti
rabbit IgG-HRP antibody (Chemicon International, CA) with a 1:1000 dilution (final

concentration 1 Sug/ml) and incubated with HRP subsirate for 10 minutes. The color
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Example 5, Cultured Bovine and Human Cells Bovine Aortic Endothelial Cells (BAEC) and T47-D cells
were pre-cultured in 1075cm2 flasks in DMEM-F12 +10% EBS. The cells were trypsinized and plated
on PIPAAmM coated nanofibrillar and TCPS surfaces. The cells were also plated on commercially

available PIP#amenatedsT CPS surfaces (Cell Seed Inc). Both cell lines wefg plaigd af-a.gensity of
100,000 cells /well in a 6-well PLPAAmM coated dishes. Bare TCPS and Cell Seed surfaces were used
as control surfaces and similar numbers of cells 15were plated on them. The cells were cultured for a
period of 48 hours in a humidified atmosphere with 5% CO2 at 37C. Both the cell lines attached well to
the coated sUffadermehicreirticateethaittheltbBiRG s thirbenbagh focthecoslisstoattadienForty eight

hours later, theseglls, Waie.meved iereemdemperatute Wihe BAEC cells plated on PIPAAm coated
nanofibers, TCPS and Cell seed surfaces started to lift up in about 15- 20 minutes. 20Approximately,

after about 35 minuteSTCEISIEEEXIF Sh BTSRRI TR ERigiire ) ThEFRS(RsWERE Rk ramatic with
T47-D cells. Aftgs:2al miptesdacubation akreomdemparaisl hdhecellsbeagun itoshest off from the
PIPAAM/TriLite coated nanafibrillar,and TCPS surfaces while the cells plated on Cell Seed surfaces
failed tgllift uf')(%(\)}r@ﬁoé]ffie&af ar%‘%n%é%?ﬁ%ﬁ%ﬁ i6h af }%%V#{r t%ﬁ%?gﬁ}éqhﬁ}ﬁ?é&%served that on Cell
Seed 25surfageshtharepwéiderity osilidethithrmanteihiles50-70% of the cells lifted up from
PIPAAmM/TriLite coated surfaces in about half the time (Figure 5). Example 6. Cultured Human
Epithelial Cells It has been shown that cells growing on nanofibrillar surfaces form more in vivo 30 like
morphologieEXHdde Ssurfatiéerafdiands pwrmideratéredpithelial cells to undergo morphogenesis. We

have shown that omceoating-en:smarpelyres susecesdoes notinierere with,the.napofibriliar
properties of.the matrix and cel Il under rphqgenesis or form more in vivo like structures in
e 1?? SN R g%%m%&%%o‘ﬂ?m YR ARG BHOYRRR SR studies, T47-D

addition to being detached by mere tempera
breast epithélidl/ciiisonsre vultiredlonandidiitfilartand flatesuifacescoatethwithPIPAAM/TriLite. The

trol Ihers; ] g ' + 10% fetal bovi
controls were e enaallbaImiess RaB ., 16 pebs Wi cLIRA 0 OME Bkt L%, [gtal bovine

serum (FBS) in an atmosphere of 5% CO., 95% air at 37C. This particu iné has been selected

as it has shoWfit'8emstea U 8PfticsBhersibia stroli e dride e eseditions. Ratepromote three

dimensional itergtipgsivitacallagen wemalkionl After domaysin sultuessalsware fixed with 4%

araformaldehyde, and incubated with Phalloidin Alexa
P % we¥e plated on t]eﬂl.t$h3 c:etl s were culture ?01‘ a period of 48 hours in a humidified

atmosphere with 5% C02 at 37°C. Both the cell lines attached well to the coated surfaces
which indicate that the coating is thin enough for the cells to atiach. Forty eight hours
tater, the cells were moved to room temperature. The BAEC celis plated on PIPAAm
coated nanofibers, TCPS and Cell seed surfaces started to Liff up in about 13- 20 minutes.

20 Approximately, after about 35 minutes complete cell sheets lifted up (Figure 4). The
results were more dramatic with T47-D celis. After 28 minutes incubation at room
temperature, the cells begun to sheet off from the PIPAAny/TriLite coated nanofibrillar
and TCPS surfaces while the cells plated on Cell Seed surfaces failed to lift up cven after
120 minutes of incubation at room temperaiure. It was observed that on Cell Seed

25 surfaces, there was no cell detachment while 50-70% of the cells lifted up from

PIPAAm/TriLite coated surfaces in about half the time (Figure 5).

Example 6. Cultured Human Epithelial Cells
It has been shown that cells growing on nanofibrillar surfaces form more i vive
30 like morphologies. These surfaces are also permissive for epithelial cells to undergo
morphogenesis. We have shown that our coating on smart polymer surfaces does not

mterfere with the nanofibriliar properties of the matrix and cells stifl undergo
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10Fluor 594 (1:500, Molecular Probes, OR) for 30 minutes at room temperature. The cells were rinsed
three times with PBS and observed under an inverted fluorescent microscope (Zeiss Axiovert 200M).
Phalloidin binds to filamentous actin (F-actin) and provides visualization of cytoskeletal organization of
the cells. Afterd gimysdrsssilture, a mixed population of spheroids and tubulargelsswas-phserved on
nanofibers. By day 8, 15multicellular spheroids were dominant although some tubules still persisted. In
contrast, the growth of T47-D cells on flat surfaces showed a monolayer with a group of stress fibers.
We have shown that our coating on the nanofiber surface with the thermoresponsive polymer does not
affect the nanufibkiizantspologyranebieinoeymokp hogenesis:afifiiz:Docelis odandedihwivadike cells can
be obtained gn.thess,syfacesby mere 20reduction of temperature. To show that detached cells
recover quickly on fresh surfaces and still retain their morphology after temperature reduction, the
second set of cells WASGFRRARS COATIET ey Forabisat so1 Gy s A 37 THREeIRs were then moved to
room temperattisafanabautikbAminutesdRigdetachedrealishest was gentlyremmoved with the help

of a 10,0 ml pipette to a f issue cylture surface ﬂ}ﬁ ells were, allowed to 25settle down and were
then fixed Wi&ﬁfﬁgﬁgr%égﬁgé‘:ﬁ@%gg er 30° lf"lrg%rﬁfielg [ ion‘at %e‘fa.bﬁ‘éﬁfaﬁﬂiﬁéﬁ?%ere stained
with phalloidin FrattipstbehonsSthdt the sthvantade of Grovwing cediscon hehrokkespelasive nanofibrillar

surfaces as Q _ iat.t = ' I ilit hieve and retain in vivo like
morphology (g?q%%%h}gﬁﬁ%s%%%%%%rﬁﬂgi%% gﬁ‘ﬁﬁ f%§ (E)tr}l%l%?%%g\ﬁr% ﬁ%?rﬁfl}?g 1883 e%dﬁan ofibers 30for

a period of 107efa)% Aac<taisas WrthPrHANBMIM T caHa B thapresdries. dfwrttidellular spheroids
and the peripherat argrnizatior:afaatinoflpmapisAmagnifiedimags:(@00 pmiiafithe spheroid of
Figurq 7Bs ws‘t,’h)edrl m g{tfendlifr[ th og%ﬁ;)rge _s%ﬁheroid.‘T47-D cells cultured on PIPAAr/TriLite
coated TCPS TOF period ot 10 a5y8 erd s e arld LR &' 1S pHaNBIEH I ESachin “Niste the spread
out morphologycantal ganizatienvofistréSsfib evscrvdt eckelsofrivigure (M Cread dabhizelistifted up through

temperature seduciionvirssplated e diesnanciiters: Sigure P shows it replated ST47-D cells

maintain their tubular and spheroidal morphology and peripheral organization of actin (200um).
Replateci celllsHaEtiWerecaisek sty sud srcoheisin WlseidiassittywhicHtis sensigeted to be a major

component ghgapjunciepaichannekBAEC RIS WeEeRates akadensity {20000 cells,’ 22min well.

The cells were {:ultﬂr?d until confluency and then 10lifted up by moving the dish to 20C for 15 minutes.
URHITCIE Sé:fé}l%fa%ﬂs[ grere ddominant although some tubtles still persisted. In contrast,

The sheets Weré ta
the growth of T47-D> cells on flat surfaces showed a monolayer with a group of stress
fibers. We have shown that our coating on the nanofiber surface with the thermo-
responsive polymer does not affect the nanofibrillar topology and hence morphogenesis
of T47-D cells or more i vivo like cells can be obtained on these surfaces by mere

20 reduction of temperature. To show that detached cells recover quickly on fresh surfaces
and still retain their morphology after temperature reduction, the second set of celis was
grown to confluency for about 5-10 days at 37°C. The cells were then moved to room
temperature for about 15-40 minutes. The detached cell sheet was gently removed with
the help of a 10.0 mi pipette to a fresh tissue culture surface. The celis were allowed 1o

25 settle down and were then fixed with 4% paraformaldehyde after 3¢ minutes incubation at
37°C. Replated celis were stained with phalloidin F-actin to show that the advantage of
growing cells on thermo-responsive nanofibrillar surfaces as opposed to flat thermo-
responsive surfaces is the ability to achieve and retain in vivo like morphelogy (D).

Figure 7A shows the T47-D cells cultured on PIPAAnyTriLite coated nanofibers

30 for a period of 10 days and stained with Phalloidin F-actin. Note the presence of

multicellular spheroids and the peripheral organization of actin filaments. A magnificd

image (400 um) of the spheroid of Figure 7B shows the lumen extending through the
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fresh nanofibrillar surfaces with the help of a 10 ml pipette and the curled up edges were uncurled by
adding a drop of medium onto the sheet. The sheet was then transferred to the 5% CO2 humidified
incubator at 37C and were allowed to attach. Thirty minutes later the cells were fixed with 4%
parafortnaldedryclesamnckgtained with 1:1000 dilution of 15anti connexin 43 &igmaadaiaining for
Connexin 43 showed diffused expression of connexin 43 through out the entire sheet suggesting the
presence of intact gap junctions (Figure 8). Claims 1. A cell culture article having a surface and a
thermally responsive polymer that is capable of changing from a primarily hydrophilic state to a
primarily hydioptiobicldfate wheprtansderafiifeé it ibdly mercdrlitdSuropmdingé Hsém above a lower
critical solutiqn temperaturs, JNereiniPBHNRIMA'Y &8P ANSIVE POIMIELS ASSACIAIRM.With the surface

via a crosslinking agent having at least two latent reactive groups. 2. The article according to claim |
wherein the [SWEF R SEittdPEEhbatatites of eBolymérisihcals Hisgeantpoio 32C. 3. The
article accoraing tecigimdishereioratdpasidoneratthedateniyeastive anoups ComMPUsasa

photochetni eactive group. 4. The article according to claim 3 wherein the photochemical reactive
group g an ?%/f%gt%ené}gﬁl. I%%?HC@%EB%%%%%O& é%r%}%%%ﬁé)@fnd?ﬁé’ 4t 1f<réfone is selected from
acetophenoregiemiophenone (Hiftliraquinone, anthrone, acridone, xanthone, and thioxanthone

groups. 6. The artigle acearding a.claif Awherein.alot the lajent teactive arayps;of the crosslinking

agent are photochemical reactive groups. 7. The article according to claim 6 wherein all of the

photochemicI e &ogio Baitr e tHE SHen T B2THE HATIECABESTdMG 6 erliniElRIdHsihaat least one

of the latent seretive gresipsisan /anthazidg BeThe article-accoming to.skim dwhargimat least one of
10.The article according to claim 6

the latent reactive groups comprises a t lly-reactive group.

whereﬁﬁm the ?f%rﬁuglb-rﬁlggﬁ}\% gergh% Fﬂgﬁé%@ %Xﬁené]t %Bﬁieg[r B%Fﬁbﬂ%fé|‘§8{88‘“?P8Fﬁ1‘5>?yﬁ‘éﬁ-oxygen bonds,
nitrogen-oxytyest: emaShrai nitfagervitittbgénlibofidd O il haartietel accardinigto-diginwSrwvherein all of
the latent reagiyarUASAINR oSSk ARNLCErSE LAl teaeive aiupR; 12 The article

according to claim 11 wherein all of the thermally-reactive groups are the same.
the 5% CO2 humidified incubator at 37°C and were allowed to attach. Thirty minutes

later the cells were fixed with 4% paraformaldehyde and stained with 1:1000 dilution of
15 anti connexin 43 (Sigma). Staining for Connexin 43 showed diffused expression of
comnexin 43 through out the entire sheet suggesting the presence of intact gap junctions

(Figure §).
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13. The article according to claimherein the crosslinking agent is a monomeric material. 14. The
article according to claim | wherein the crosslinking agent is a compound having a formulae selected
from (a)-(g): (a)L-(D-T-C(121)(XP)CHR2GR3C(=0)124)"1 wherein L is a linking group; D is CR6R2;

T is (-CH2-)x, (-CH2C112-0-)x,(-C1-12CH2CH2-0-)x, (-CH2CH2CH2CH2-0-)" or forms a bond; Rl is a
hydrogen atom an alkyl, alkyloxyalkyl, aryl, aryloxyalkyl or aryloxyaryl group; Xis 0, S, or NR8RY;

P is a hydrogen atom or a protecting group, with the proviso that P is absent when X is NR8R9; R2 is
a hydrogen atom, an alkyl, alkyloxyalkyl, aryl, aryloxyalkyl or aryloxyaryl group; G is 0, S, SO, SO2,
NR'(), (CP@W—W or C=0; R3 and R4 are each independently an alkyl, aryl, arylalkyl, heteroaryl, or
an heteroarylalkyl group or optionally, R3 and R4 can be tethered together via (-CH2-)q,

E-gE;-g,ﬁgo('cg%&igﬁﬂ%%lﬁﬁg 2 é‘%@%&%ﬁ%&@i&i@ﬁl@r rl(xﬁ?&?@v)s SO)2=Chie-)s, .

- -), - -)S; 'lsaq rogen at or. an.alky ryl or aryla [U' T ang K are
each inde%‘éﬁ%%ﬁ&/cgaﬁ%}%ggﬁna r{ﬁingﬁﬁ?gbﬁlgﬂ}ﬂfhé’rsyﬁ fﬁ ai%f}eé]r%%%_f%?ﬁ?@%&%ar%éﬁ&ggﬁgg%; R8
and R9 ateezthtHEehERTRHIR & Ky drogEFPRIHe 28R skgP i f 'oraraiH SRV R IEECHEIDgen
atom, an alkylcof e drylgEdupesponsive polymer is associated with the surface via a crosslinking agent

having at least two latent reactive groups.

2. The article according to claim 1 wherein the Jower critieal solution temperature of the

polymer is in the range of 20°C to 32°C.

3. The article according to claim 1 wherein at least one of the latent reactive groups

comprises a photochemical reactive group.

4. The article according to claim 3 wherein the photochemical reactive group is an aryl
ketone.
5. The article according to claim 4 wherein the aryl ketone is selected from acetophenone,

benzophenone, anthraquinone, anthrone, acridone, xanthone, and thioxanthone groups.

6. The article according to claim 3 wherein all of the latent reactive groups of the

crosslinking agent are photochemical reactive groups.

7. The article according to claim 6 wherein all of the photochemical reactive groups are the
same.

8. The article according to claim 1 wherein at least one of the latent reactive groups is an
aryl azide.

9. The article according to claim I wherein at least one of the latent reactive groups

comprises a thermally-reactive group.
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g is an integer from 1 to about 7; r is an integer from 0O to about 3; s is an integer from 0 to about 3; in
is an integer from 2 to about 10; t is an integer from 1 to about 10; and x is an integer from | to about
500; (b) L-(T-C(R1)(XP)CHR2GR3C(=0)124),, wherein L is a linking group; Tis (-CH2-)",
(-CH2CH2-0-),,,(-C1-12CH2CH2-0-), (-CH2CH2CH2CH2-0-),, or forms a bond; R1 is a hydrogen
atom, an alkyl, alkyloxyalkyl, aryl, aryloxyalkyl or aryloxyaryl group; X is 0, S, or NR8RY; Pisa
hydrogen atom or a protecting group, with the proviso that P is absent when X is NR8R9; R2 is a
hydrogen atom, an alkyl, alkyloxyalkyl, aryl, aryloxyalkyl or aryloxyaryl group; G is O, S, SO, 502,
NR10, (CH2),-0- dheaticle aceoudiHyiRAlHbR fég(éﬁrﬁ%ag&eﬂt?@ﬁﬂy}é%w? SFOPPLRALIRGE TietEroaryl, or
an heteroaiylalkyhdreip;ialr DptionallsnR3amna Rbdambe tethereddogetiier and CHR2Agyirogen
(-CH2-)1G0:CH2-)" (-GH2-),S(-CH2-)s, (-0-12-)1S=0(-C1-12-), or (-CH2-),5(0)2(-CH2-)s,
(-CH2-),NR(-CH2-)s; Rl is a hydrogen atom or an alkyl, aryl or arylalkyl group; R8 and R9 are each
independently a hydrogen atom, an alkyl, aryl, or arylalkyl group; R is a hydrogen atom, an alkyl or aryl
group; L The article according to claim 9 wherein all of the Iatent reactive groups of the

crosslinking agent comprise thermaily-reactive groups.

12. The article according to claim 11 wherein all of the thermally-reactive groups are the
same.

3. The article according to claim 1 wherein the crosslinking agent is a monomeric materzal.
4. The article according to claim 1 wherein the crosslinking agent is a compound having a

formulae selected from {a)-(g}:
(8)  L-(D-T-CRH(XP)CHR’GR’C(=0)R"),

wherein L is a linking group;

D is CR®R:

T is (—CHj- )y, (-CHCH-O-), ((CHCHRCH-O- )y, (-CHCHCHCH-O-) or
forms a bond,; j

R! is a hydrogen atom, an alkyl, alkyloxyalkyl, aryl, aryloxyalkyl or aryloxyaryl
group;

Xis O, S, or NR*R”;

P is a hydrogen atom or a protecting group, with the proviso that P is absent when
X is NR*R”;

R* is a hydrogen atom, an alkyl, alkyloxyalkyl, aryl, aryloxyalkyl or aryloxyaryl
group; |

Gis 0, S, SO, SO, NR', (CHy)- O or C=0;

R* and R* are each independently an alkyl, aryl, arylalkyl, heteroaryl, or an
heteroarylalkyt group or optionally, R® and R* can be tethered together via (-CHz-)q,
(—~CHy-) C=0(-CH,- ), (-CHz-}S(—CHz")s, (-CH3-),S=0(-CH;-); or
(~CHa-}S(0)o(-CHg-)s, (=CHp- ) NR(~CHa-)s;
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is an integer from 1 to about 7; r is an integer from 0 to about 3; s is an integer from 0 to about 3; in is
an integer from 2 to about 10; t is an integer from | to about 10; and x is an integer from 1 to about
500; (c) L-(GTZR3C(=0)12.4)," wherein L is a linking group; Tis (-Cl-12-),,
(-CH2CH2-0-)x,(-CH2CH2CH2-0-)", (-CH2C1-12C1-12CH2-0-)x or forms a bond; is 0, S, SO, SO2,
NR19, (CH2),-0- or C=0; Z is C=0, COO, or CONH when T is (-C1-12-)iii R3 and R4 are each
independently an alkyl, aryl, arylalkyl, heteroaryl, or an heteroarylalkyl group, or optionally, R3 and R4
can be tethered together,yia (-CH241, (--CH2-)1C=0(--CF12-)s, (-0-12)rS(-CE12-)s,
(CE12-),S=0(-CH2-), oF(-CH2Ly St ot-tiere 2 8 &L 157 RREEIAEYSERIF a hydrogen atom or an
alkyl, aryl or arylalkyl gRoupidRRiszee lepdicigeepatdamdy amalkytor aeyh.groalkylisar. im@géniiom 1 to
about 7; r is an integekfrom Q-10-ahouliByis:ie@h integer from O to about 3; m is an integer from 2 to

oo 10 s ieae oy L Aot 0,000 o ager om0 SO0t 00

L-(TGQR3C(-0)R4)1171 wherein T s aTin group; is
(-CH2C112CH2&Pr2:0-),, or
R is a hydrogen atom, an alkyl or an aryl group;

g is an infeger from | to about 7;

1 is an infeger from 0 to about 3;

5 is an integer from 0 to about 3;

m is an integer from 2 to about 10;
tis an integer from 1 to about 10; and

x is an integer from 1 to about 500;

() LAT-CRYWXPYCHRGR’C=0O)R Yy

wherein L is a linking group;

T is (+CHj-)x, (-CHyCH3-O-)5 (-<CHCHLCH,-0-)y, (-CHyCHCH,CH,-O-), or
forms a bond;

R' is a hydrogen atom, an alkyl, alkyloxyaikyl, aryl, aryloxyalkyl or aryloxyaryl
group;

X is O, S, or NR*R®;

P is a hydrogen atom or a protecting group, with the proviso that P is absent when
X is NR*R’;

R?is a hydrogen atom, an alkyl, alkyloxyalkyl, aryl, aryloxyalkyl or aryloxyaryl
group;

Gis 0, §, SO, SOy, NR', (CHy)y O~ or C=0;

R* and R* are each independently an alkyl, aryl, arylalkyl, heteroaryl, or an
heteroarylalkyl group, or optionally, R’ and R* can be tethered together via (—CHz-)s,
(=CH;- ) C=0O(-CHa-)s, (—CHa)S(—CHj-)s, (-CH3-)S=0(-CHz-); or
{(~CH1-):8(0)2(=CHz-)s, (~CHa-)NR{~CHa-)s;

R is a hydrogen atom or an alkyl, aryl or arylalkyl group;
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forms a bond; Gis 0, S, SO, S02. NR10, (CH2)n0-or C=0; Q is (-CH2-)p, (-CH2CH2-0-)p
(-CH2C1-12CH2-0-)p or (-CH2CH2CH2C1 12-0-)p; R3 and R4 are each independently an alkyl,
aryl, arylalkyl, heteroaryl, or an heteroarylalkyl group, or optionally, re and R4 can be tethered together
via (-CH2-)q, (-C142-)1C-0(-C1-12-)s, (-CI12-)rS(-CH2-)s, (-C112-),S=0(-CH2-), or
(-CH2-0(0)2(-CH2-)s, (-CH2-)NR(-CH2-)5; Rl is a hydrogen atom or an alkyl, aryl, or an arylalky!l
group: R is a hydrogen atom or an alkyl or aryl group; g is an integer from | to about 7; r is an integer
from O to about 3; s is anginteg%r from O to about 3; m is an integer from 2 to about 10; p is an integer
from 1 to about 10; t is Bndntdiger frGas toigpeisterdy arey iatan #iteyer rbm!-12tst atiotiv 5dioy!
(e)L-(-CH2-)KxC£RAH{GR3C(=0)R4)2)i1 wherein L is a linking group; RI is a hydrogen atom, an alkyl,

alkyloxyalkyl, aryl, aryl%ymslfd%g%rlyl(%xg% gg@ggggq%%dgp is 0, S, SO, 502,(CH2)t-0-- or C=0;
each R3 and R4 is independently an alkyg;f ar Jalkyl, eteroaryl, or an heteroarylalkyl group, or

K |, ary
optionally. R3 and R4 ¢ali BR {Hissri s eiﬁwé?({}‘i% (-C112-)g, (-CH2-)rC=0(-CH2-)s,
(-CH2-)rS(-CH2-)s, (-CEB21) 18@eCion)) topfotiH2-)1S(0)2(-CH2-)s, (-CH2-)INR(-CH2-)s; each R' is
a hydrogen atom or ansaikyh aryh@ramarytadisyhgmup; each R is a hydrogen atom or an alkyl or aryl
group; each g is an integer l{aoi%éé%aaﬁ&‘ﬂtféoem{f&an integer from O to about 3;

11s an integer from [ to about 10; and

x is an integer from 1 to about 500;

(c) L-(GTZR*CEORY,,

wherein L is a linking group;

T is (—CHy-)x, (-=CHCH2-O-) (-+CHyCHCHy-O-)y, (+CHRCHCHLCH-O-) or
forms a bond;

Gis O, S, SO, 80,, NR', (CH,)-0- or C=0;

Z.is C=0, COQO, or CONH when T is (—CHaz-)y;

R* and R* are each independently an alkyl, aryl, arylalkyl, heteroaryl, or an
hetéroaryialkyl group, or optionally, R? and R* can be tethered together via (—CHz-)q.
{(~CHy-),C=0(-CH>-)s, (-CH2-),S(-CHy)s, (—CHy-),S=0(--CH;-); or
(~CH2):S(O)(~CHa-)s, (-CHz-) NR(=CHa)s;

R'%is a hydrogen atom or an alkyl, aryl or arylalkyl group;

R is a hydrogen atom or an alky! or aryl group;

q is an integer from [ to about 7;

r is an mteger from O fo about 3;

§ is an integer from 0 to about 3;

m is an integer from 2 to about 10;

t is an integer from 1 ﬁo about 10; and

x is an integer from 1 to about 500;

(d) L(TGOR’C(=0)RY

wherein L is a Iinking group;
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each s is an integer from 0 to about 3; m is an integer from 2 to about 10; each t is an integer from 1 to
about 10; and xx is an integer from | to about 10; (f) L-t-C(R )(XP)CHR2GR3C(=0)124)", wherein L is
a linking group; Rl is a hydrogen atom, an alkyl, alkyloxyalkyl, aryl, group; X is 0, S, or NR8R9; Pis
a hydrogen atom or a protecting group, with the X is NR8R9, R2 is a hydrogen atom, an alkyl,
alkyloxyalkyl, aryl, group; GisGis 0, S, SO, SO2,(CH2)1-0- or C=0; R3 and R4 are each
independently an alkyl, aryl, arylalkyl, heteroaryl, or an heteroarylalkyl group, or optionally, R3 and R4
can be tethered together via (-CH2-)q, (-CH2-),C=0(-CH2-)s, (-C1-12-)iS(-C112-)5,

(-Ck12-)1S=0(-C112-); pri(CHiZ), SORCEHE:)S (@B NR11 24818 apdiR9 18 sagh
independently @Dn}{g%%r& atom,an alkyl, aryl, or arylalkyl group; Ru) is a hydrogen Ator‘or an alkyl,

aryl, or an arylalkyl rou ,R |sah drogen. atom, an alkyl or an aryl grou is an integer from 1 to
ab%nut? ylakyl g p § %ﬂ @ Hq)i—0~0¥ C=0; YL grotp. g g

Qis {*CHZ ~Ips (~-CH2CH,- O “Jp. (=CHCH, CH2-0-), or (-CHCH,CHLCH,-O- Yo

R® and R” are each independently an alkyl, aryl, arylalkyl, heteroaryl, or an
heteroarylalky!l group, or optionally, R* and R? can be tethered together via (-CHz-),,
(-CHp- ) C=0(-CHa-)s, (-CHp-)S(=CHa~)s, (-CH-)S=0(-CH,-), or
(=CHy-)S(0)(=CHa-)s, (~CH-)NR(~CHy-)s;

R" is a hydrogen atom or an alkyl, aryl, or an arylalkyl group;

R is a hydrogen atom or an alkyl or aryl group;

q is an integer from 1 to about 7;

r is an integer from 0 o about 3;

s is an integer from 0 to about 3;

m I8 an integer from 2 to about 10;

p is an integer from 1 to about 10;

tis an integer from 1 to about 10; and

X is an integer from 1 to about 500;

(@) L-(-CHr)uCRN(GRCEOR )y,

wherein L is a linking group;

Rlisa hydrogen atom, an alkyl, alkyloxyalkyl, aryl, arvloxyalkyl, or aryioxyaryl
group;

each Gis G is O, §, SO, 80, NR', (CH,)—0O- or C=0;

each R* and R* is independently an alkyl, aryl, arylalkyl, heteroaryl, or an
heteroarylalkyl group, or optionally, R and R can be tethered together via (—CHa-)q,
(~CHa ) C=O(-CHz-)s, (=CH2-)S(~CHy-)s, (~CH3-),S=0O(~CH,-); or
(-CHz-)5(0)2(-CHz-)g, (~CH2-)NR(=CHz-)s;

cach R isa hydrogen atom or an alkyl, aryl, or an arylalkyl group;

each R is a hydrogen atom or an alkyf or aryl group:

each q is an integer from 1 to about 7;

each r is an integer from 0 to about 3:
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ris an integer from 0 to about 3; s is an integer from 0 to about 3; m is an integer from 2 to about 10;
and t is an integer from 1 to about 10; and (g) L-(GR3C(=0)R4),"; wherein L is a linking group; G is 0O,
S, SO, 502, Ne, (CH2)1-0- or C=0; R3 and R4 are each independently an alkyl, aryl, arylalkyl,
heteroaryl, or an heteroarylalkyl group, or optionally, R3 and R4 can be tethered together via (-CH2-)q,
(-CH2-)1C=0(-CH2-)s, (-CH2-),S(-CH2-)s, (-CH2-),S=0(-CH2-), or (-CH2-)1S(0)2(-042-),
(-CH2)rNR(-CH2-)s;" Rffi is a hydrogen atom or an aIkyI aryl or arylalkyl group; R is a hydrogen atom,
an alkyl or an aryl group; q is an inte erf bou 7, ris an integer from 0 to about 3; s is an
integer from 0 to about $*th%i$° 4R fﬂfgé r B4t 10; and t is an integer from 1 to about 10.
15.The article accordingts éiaim@ﬂﬂf\ﬁﬁér&rhothbo@ﬁdé}shnklng agent is a compound of formula:

each t is an integer from 1 to about 10; and

XX is an integer from 1 1o about 10;

() L-(-CRMNXP)CHRGR*C(=0)RY),

wherein L 1 a linking group;

R'is a hydrogen atom, an alkyl, alkyloxyalkyl, aryl, aryloxyalkyl or aryloxyaryl
group;

Xis(, 5, or NRSRQ;

P is a hydrogen atom or a protecting group, with the proviso that P is absent when
X is NR*R;

R is a hydrogen atom, an alkyl, alkyloxyalkyl, aryl, aryloxyalkyl or aryloxyaryl
group;

GisGis 0,8, SO, SOy, NR', (CHy)—O- or C=0;

R? and R*are cach independently an alkyl, aryl, arylalkyl, heteroaryl, or an
heteroarylalkyl grbup, or optionally, R’ and R? can be tethered together via (<CHz-),,
{(—CH3-),C=0(-CHz-)s, (~CHz-}:S(-CHy-)s, (-CH>-),5=0O(~CH,-}; or
(—CH2):8(0)o(—CHa)s, (—-CHo- ) NR(—CHa-)g;

R® and R’ are each independently a hydrogen atom, an alkyl, aryl, or arylaikyl
group;

R' is a hydrogen atom or an alkyl, aryl, or an arylalkyl group;

R is a hydrogen atom, an alkyl or an aryl group;

q is an integer from 1 to about 7;

ris an integer from 0 to about 3;

S 1§ an intéger from O to abeut 3;

m is an integer from 2 to about 10; and

tis an inteéer from 1 to about 10; and

(g) LAGR’C(=O)R),;

wherein L is a linking group;
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16. The article according to claim 1 wherein the cell culture article comprises a nanofiber or nanofiber
mesh. 17. The article according to claim | wherein the cell culture article is selected from slides,
multi-well plates, Petri dishes, tissue culture plates, tissue culture flasks, and coverslips. 18. The
article according to claim 16 wherein the nanofiber or nanofiber mesh is provided on a surface of a
slide, multi-well plate, Petri dish, tissue culture plate, tissue culture flask or coverslip. 19.The article
according to claim | wherein the surface comprises a polyolefin, polystyrene,
poly(methyl)methacrylate, polyacrylonitrile, pply(vinylacetate), poly(vinyl alcohol), chlorine-containing
polymer, poiyoxymethy%ﬁe(,}p ’I)g’éé’rﬁg)ﬁa \ po¥§ di ,“pcgli%ﬁ(%e, polyurethane, phenolic,
amino-epoxy resin, polyestet Kiliconesiculiisossitubedpidsticatitoroppigmée srettbertlike plastics.
20.The article aqgesding taiglaimkwhersindhe surfaeaicomirisespyealyticcarboniagayleng, coated
surface, or a silyla face of glass, ceramie or,metal. 2%, The ajticle;according to claim | wherein
jatsq syHace 8&9—0?8 ri i%‘ré g}%@lﬂf ISZO%,% it j;y&%%ﬁ Qea0cor

the thermally responsive polymer pyIa%: mid€), copolymers of polyethylene
glycol and poly(i ”%MEQMQHT@@)): ahlend 6%}?‘%’3?% of 2-(2-methoxyethoxy)ethyl methacrylate
and oligo(ethylene glyclf methabndate;tommixtor@sthersbér 20valetodifor preparing a cell culture
article, the method comprising &tepstfom, an(@k¢optagting asupface of the cell culture article with a
coating composition, thei%%%%@t% %Q%,B%sﬁti%naﬁgmpi[ising a thermally responsive polymer that is
capable of changing fro% a prlmﬁrf] hydrophilic state to a primarily hydrophobic state when the
temperature of the polyriet'ofegs Hr%ﬁﬁ?%%ez’é above a lower critical solution temperature, and a
crosslinking agent having at iesastawoolatént rbactiie groups: and (b) treating the coating
composition to activatelatent {ﬁ@ggyg(g{pyg,s@fomq grasslinking agent, thereby coupling the thermally
responsive polymer to %Qseasurf Ice tpnelcg)ll %ullgyrg)article in a manner in which at least some of the
latent reactive groups remain inan inactive $ta e'21 .The method according to claim 22 further
comprising a step of coupling a biologically active material to the surface of the cell culture device by

activatingifemainirig: latetit reactiie groujasnof step{iz)n the crosslinking agent is a compound of

formula:
et
O
Cor
OO0
16. The article according to claim 1 wherein the cell culture article comprises a nanofiber or

nanofiber mesh.

17. The article according to claim 1 wherein the cell culture article is selected from slides,

multi-well plates, Petri dishes, tissue culture plates, tissue culture {lasks, and‘coversiips.
18. The article according to claim 16 wherein the nanofiber or nanofiber mesh is provided

on a surface of a slide, multi-well plate, Petri dish, tissue culture plate, tissue culture flask or

covershp.
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24.A method for preparing a cell culture article, the method comprising steps of: (a) contacting a
surface of the cell culture article with a coating composition comprising a thermally responsive polymer
that is capable of changing from a primarily hydrophilic state to a primarily hydrophobic state when the
temperature of the polymer or its surroundings rises above a lower critical solution temperature, a
crosslinking agent having at least two latent reactive groups, and a biologically active material; and

(b) treating the coating composition to activate latent reactive groups of the crosslinking agent to form
a coating on the cell culture device surface. A method for preparing a cell culture article, the method
comprisirsy stepsiefarticle 4&)caniaatiogie sufaseiafithe veleultmeradiclewibiams! osslinking agent
having ahieaskine IS IhIARATIMERIONRSE, po)AD)SRING gm&%gﬁ@k@&gh gentinartiaipipes than

all of thel tent reactive S of the crossmklng agent, th uplin slinking agént to the
surfaceg %‘%&ir&ﬁ'ﬁd?g Li? %HB%ﬂWﬁﬁlﬁﬁfé‘%&%‘b‘?ﬁ@%q‘ﬁeﬂ%@W‘i%%é“i‘l\]/@‘@l‘%ps to remain in

an inactivéystatbane, ph¢oy cortastingithe sesfaceotifasier celiouiture larticle withia teemally responsive
polymerthabisscapahie abshanging-fem a primarily hydrophilic state to a primarily hydrophobic state
when the temperature of the polymer or its surroundings rises above a lower critical solution

temper (d) treatlng the surface of the cell culture article to activate latent reactive groups
which %élpreseirﬁqﬁfﬁﬁ frigetivl gt iipsbalisritito &y By trreresy s dupnhg e dmally
responshieypolyneetetbthéxcelbealtiindataticle Burfatgla@6raranathadrferapreparing a cell culture article,
the method comprising steps of: (a) preparing a composition comprising a thermally responsive

polymer. tpat |Sﬁ?é)ﬁkglcq %pna ﬁlnl% frgm a pril r&%{%ﬁ@@%m&h ihic stat()eng;(?vg rr;grlly %drophoblc state
when the temperature of the g er or its surroundings rises above a'1o erf’f:rl ical S8Iutitn

temper 10 SRREPRYGAESSHMIIGY SLRHY ARG RRINSARY NG SAret %@ﬁ@@(l@?@w acrylaidRirming a cell
culture axtidterfroporihecemiibstiontbbsteth¢a);ahd! methchttaating thie«ethetdturelactiple formed in

step (b)dR@stiNate: |aientieastiveampups of the crosslinking agent. 27.The method according to claim
26, wherein the step of forming a cell culture article comprises forming a nanofiber. 28.A method for

preparing a cell culture article, the method comprising steps of: (a) preparing a composition
comprising a polymer and a crosslinking agent having at least two latent reactive groups;
22. A method for preparing a cell culture article, the method comprising steps of*

(a) contacting a surface of the cell culture article with a coating composition, the coating
composition comprising a thermally responsive polymer that is capable of changing from a
primarily hydrophilic state to a primarily hydrophobic state when the temperature of the polymer
or its surroundings rises above a lower critical solution temperature, and a crosslinking agent
having at least two latent reactive groups; and

(b) treating the coating composition to activate latent reactive groups of the crosslinking
agent, thereby coupling the thermally responsive polymer to the surface of the cell culture article

in a manner in which at least some of the latent reactive groups remain in an inactive state.
23. The method according to claim 22 further comprising a step of coupling a biologically

active material to the surface of the cell culture device by activating remaining latent reactive
groups of step (b).
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(b) forming a cell culture article from the composition of step (a); (c) contacting a surfa_ce of the
cell culture article with a thermally responsive polymer that is capable of changing from a _pnmanly
hydrophilic state to a primarily hydrophobic state when the temperature of the polymer or its
surroundings rises above a lower critical solution temperature; a_nd_ (d) treating the su_rface of the
cell culture article to activate latent reactive groups of the crosslinking agent, thereby cpupllng th_e
then-nally responsive polymer to the cell culture article surface. 29.The method according to claim 28
wherein the polymer of step (a) comprises a polyolefin, polystyrene, poly(methyl)methacrylate,

polyacrytanitie, poiyiMiayiaceiaalpaleriad aicodchiorng:enisining elymer, polyoxymethylene,
polycarbonate, P'X&ﬁm&% QQ{JLFA&?@P&@Q tQ&F%%hiergollc,gmlno-_,ep‘oxy esin, polyester, silicone,
cellulose-baseé8 lastic, flugjropo ymer or rubber-ike plastic.3 .‘?‘ﬁgaﬁf&r‘?&a’%ﬂi%@f{@%ﬁ% 28
wherein & FBRMETBPLEES ) WBRisHEds Biilie! chmsei o fansitytatedrsurfaderph jlassiteeramic or
metal. a primarily hydrophobic state when the temperature of the polymer or its surroundings rises

above a lower critical solution temperature, a crosslinking agent having at least two latent

reactive groups, and a biologically active material; and

(b} treating the coating composition to activate latent reactive groups of the crosslinking
agent to form a coating on the cell culture device surface.

25. A method for preparing a cell culture article, the method comprising steps of:

(a) contacting a surface of the cell culture article with a crosslinking agent having at least
two latent reactive groups;

(b) treating the crosslinking agent to activate less than all of the latent reactive groups of
the crosslinking agent, thereby coupling the crosslinking agent to the surface of the cell culture
article and allowing at least some of the latent reactive groups to remain in an inactive state;

(c) contacting the surface of the cell culture article with a thermally responsive polymer
that is capable of changing from a primarily hydrophilic state to a primarily hydrophobic state
when the temperature of the polymer or its surroundings rises above a lower critical solution
temperature;

(d) treating the surface of the cell culture article to activate latent reactive groups which
are present in an inactive state subsequent to step (b), thereby coupling the thermally responsive
polymer to the cell culture article surface.
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26. A method for preparing a cell culture article, the method comprising steps of:

{a) preparing a composition comprising a thermally responsive polymer that is capabile
of changing from a primarily hvdrophilic state to a primarily hydrophobic state when the
temperature of the polymer or its surroundings rises above a lower critical solution temperature,
and a crosslinking agent having at least two latent reactive groups;

(b} forming a cell culture article from the composition of step (a); and

(c) treating the cell culture article formed in step (b) to activate latent reactive groups of

the crosslinking agent.

27. The method according to claim 26, wherein the step of forming a cell culture article

comprises forming a nanofiber.

28. A method for preparing a cell culture article, the method comprising steps of:

(a) preparing a composition comprising a polymer and a crosslinking agent having at
least two latent reactive groups;

(b) forming a cell culture article from the composition of step (a);

{c) contacting a surface of the cell culture article with a thermally responsive polymer
that is capable of changing from a primarily hydrophilic state to a primarily hydrophobic state
when the temperature of the polymer or its surroundings rises above a lower critical solution
temperature; and

(d) treating the surface of the cell culture article to activate latent reactive groups of the
crosslinking agent, thereby coupling the thermally responsive polymer to the cell culture article

surface.

29. The method according to claim 28 wherein the polymer of step (a) comprises a
polyolefin, polystyrene, poly(methyl)methacrylate, polyacrylonitrile, poly{vinylacetate),
poly(vinyl alcohol), chlorine-containing polymer, polyoxymethylene, polycarbonate, polyamide,
polyimide, polyurethane, phenolic, amino-epoxy resin, polyester, silicone, cellulose-based

plastic, fluoropolymer or rubber-like plasiic.

30. The method according to claim 28 wherein the polymer of step (a) comprises pyrolytic

carbon, or a silylated surface of glass, ceramic or metal.
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