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University of Washington
Abstract
Spatially Controlled Engineering of Myocardial Tissue
Todd C. McDevitt
Chair of the Supervisory Committee:
Professor Patrick S. Stayton
Bioengineering
Developmental biology and tissue regeneration processes utilize specific spatial
adhesive cues to direct the assembly of cells into complex, organized tissues.
Microfabrication methods provide analogous technologies to accurately control the
displacement of proteins and cells in vitro to mimic their natural spatial organization.
Thus, we have investigated how spatially controlled engineering of protein interfaces can
be used to direct cellular response and the organized assembly of tissues. Adhesive
extracellular matrix proteins were micropatterned directly by microcontact printing onto a
number of different substrates and shown to spatially control the attachment of various
anchorage dependent mammalian cell types. Specifically, micropatterned lanes of
laminin were used to guide the adhesion and organization of cardiomyocytes on
polymeric surfaces such that they exhibited a more mature and fully differentiated
phenotype. Morphological features of native myocardium, such as the dimensions of
individual cardiomyocytes, myofibril assembly and organization, intercalated disk
localization and synchronous contractile behavior, were reproduced by micropatterned

cultures of cardiomyocytes on polystyrene substrates. The true myocardium, however, is



an organized, heterogeneous tissue composed of various cell types, thus a spatially
defined co-culture system was developed, utilizing an engineered streptavidin mutant, to
facilitate secondary cell adhesion between patterned rows of cardiomyocytes.
Comparable cardiomyocyte patterns were also achieved on thin films of resorbable
polymers (i.e. PLGA and biodegradable polyurethane), in order to engineer organized
sheets of cardiomyocytes. Dense, highly aligned layers of cardiomyocytes could contract
thin elastomeric polyurethane films and were successfully grafted onto the surface of the
heart in nude mice. This method represents a novel therapeutic approach to potentially
repair infarcted myocardium by transplanting spatially organized layers of cardiac tissue.
In addition to tissue engineering applications, patterned cardiomyocyte cultures are also
applicable to in vitro cell biology and physiological studies or diagnostic applications,
such as pharmacological screening, that require more accurate reproduction of native

myocardial architecture.



TABLE OF CONTENTS

Page

LiSt Of FIGUIES ...cooouverirrennirnenrnneiiernnetessiesesssaossssssessseensssnesnnssstastaennsassessnsssnsansssesees vi
LSt OF TADLIES ...ceeeeeeeeeiereeeeriecceesereacessssccsesessossessseessssesannsnnsssssssssssssmonnscsssssossssersssnsssnsnsns xi
Chapter 1: IntroduCtion................. oottt ee oo 1
1.1 OVEIVIEW.......eeeeeeeenreereeennncersossnssssossossscssasssrssssssnssasensassssssossnssssesssstosessessnsssersssannasses 1
1.2 Myocardial infarction and left ventricular remodeling ...........ccoveeeeeceienrecneerineneen. 1
1.3 "Replacement” therapies for myocardial FEPAIr ...........ceevemeemmmieiiniiennrieiniieieeeenees 2
1.4 "Regenerative” therapies for myocardial repair...........cooeeemmriineiiiiiieericeeeee 5
1.4.1 Cellular cardiomyOPIaSty .......cocoeeumeeerermereemmmmeeenccnneeeecomeeniiiiseseenieiesmienneesessennees 5
1.4.2 Cardiac tiSSUE €NGINEETING ..........ouveeememerreeemmmemnmmnnnsrossccsetinnennsessteseserseessmesmessens 8
1.4.3 Regenerative potential of cardiac MUSCIE .......ccooeemmeemiriininiiniiiieeiiiieeieannnes 10
1.5 Stem cells for myocardial TEPAIL ...........coeveeeerrmemmeieereeereceiisitiietineiseeressiesteeessnanes 12
1.5.1 Embryonic Stem CellS........oummemeeiemrieeeeeeiiiiinecccence et 12
1.5.2 Adult Stem CelIS ......nneeeeceereeeieececcrereecnecnetirereeernenseerereecaeeeteteerensee e sescessssnensen 13
1.6 CONCIUSIONS......coveeeeeeeeeeeeeeeeeeneeeereccsscsnmmocssssssessessnssssssssnsasssssessssssssssssnnssssossssssemenes 14
Chapter 2: Materials and Methods ..................oorrmeriioinciiiiinicitiinneineneeennes 15
2.1 MALEIHALS ....coeeeeeeeereeeeeeeiieeeiaeeesceeessnnstessssesessssssssssssssessasansessssssasssssssssesanmesssssssssnses 15
2.1.1 PrOLEINS.....ceeeruneeneecrrerreeeneseeeeemeeeseeeresssosesssosssssossssssssstsssssrrsssssssnsssnssssssssssssssosss 15
2.1.2 ADNUDOGIES ...coenereeiereeereeneriiecsssseetieserireesessesssrenssseannsssssotenecsassossossssossessassenees 15
2.1.3 SUDSITALES ...oeeeneeerremnveeecceermereressoressesnressiecsssssssrssssrsasssssssasssssassssssacssssssssstseseses 16
2.2 MEUOAS ...oeeeveeenennnnenreceeeeeeeerecessesssssonssssssosssssssssssssssassssasassssssssssetosssssssenennnssssssssssas 16
2.2.1 Streptavidin expression and purifiCation ..........ccccooviiiiiiiiiiiiiininieeeees 16
2.2.2 MiCrOfabriCAtION ... cceveeeeeeeemeneceereicessenseeissoresesrernsseseretensserteneenssssssessnsasessssssones 18
2.2.3 Microcontact printing Of ProteinS..........eceeevmeemmememnemenermertiineceeertimssissoseneeenennes 19
2.2.4 Fluorescent labeling of Proteins ............eovveeememmmmmmmccmeeemiiiceeariiciciiisesinnneeens 21
2.2.5 Biotinylation Of PrOteins .........cccceeurremreeeieresssenereseeniinstrsinieissnnissnesessesnesenes 21
2.2.6 Cell CUITUTE ........cceeerreeeereereccccneererecsssosessseressssssasassarassessssstessasasassssssessansnssssssses 22
2.2.7 Immunostaining............... e 24
2.2.5 MICIOSCOPY -cocevuvecserrerssssnessunsssnessansssssessssssssnsssssssssssessssssstssnsssssnsisssssnnnsassasanes 24
2.2.6 IMAage PrOCESSINE .....cccvvvermererrrinieereetisssensserttesesstntessisnistesssssniassnnnsesasessssns 25
2.3 TADIES.....cuueeeeeeenenneenreneeeeeeseesersessenesssnsesssssscssssssssrsresssensasastesasssssssessassssnnsnsnnssssssssosss 27
2.4 FAGUIES ...coceeeeireriiiiiiiiiineeensttiteessnnessnessssesessssnsnossssssssssttosossissstsosssstssssssssnnnsensnnes 28



Chapter 3: Constrained Cell Recognition Peptides Engineered into

3.3 MEUHOAS ......ooeeeeineeeceisenoorenessecetissesansresssesssresssesesssssessressssssessssasessssssassasssssnesssanss
3.3.1 Construction and production of MULANLS...........cooueeeeeermierereeeeeeereeeerresnacceneeaes
3.3.2 Protein analysiS.......cccoeeevevrrnmevmeemmmmeemminiieniessereessssesseseesaserensecsessensencssssssssssnsns
3.3.3 Cell AdhESION ......cuveeeeereeriiicriiieientrteceiirseersessssssnssessresessasaesaneasssssssssassesasssns
3.3.4 APOPLOSIS ASSAY ....oeeverererrrrmereerrsrnnensrsnnssensssseesssssssssssssssnessesasssssssosssemsssssssosanes

3.4 RESUILS ......ceeeeeeeeeeeecccecccenreeietttrcerneenstnneereeernesereroreossseasesssssassnsssssmsessnssnenacnsnnnss
3.4.1 Characterization of streptavidin MUtants ..........ccccoeveeeeereeemmmmmmeeienieienneecceeecennn.
3.4.2 Cell adNESION ......ceeneeeeeerieiicnnenneneiceirsetetteeneeeeseeesessseseseesssssnssessrennenanssnssssssses
3.4.3 Modulation of cell adhesSiOn............ouuiiiivienirieeeieeenmiiieiieeneneeieneereeeeenneneeeaen.
3.4.4 APOPLOSIS @SSAYS.cceuvernrememmmnrnremtomemmeeeineireiieesessasssssssssassssosesassrssesssssssssossessssmens

3.5 DS CUSSION .. ccueeneenreeeeeresseasecesessssesersasessssssssorsssssssssnsssssssssssresssnssssnssssnssnsensessnssssssasass

Chapter 4: Spatially Organized Assembly of Extracellular Matrix
Proteins on Surfaces to Direct Cellular Response.................viiieemiiiininniieneenne.
4.1 ADSITACL.......coeeeeeeeerennieeenaeeneosesesssteresseressissssssssesssesesssssssssssessrnsrsressnssssnssssssnnsnssonsns

B.2 INETOAUCHION . ..c..cueneeeeereereneeeresescsssssssssesnrssorsssessesessssesssssssssssasessssessssssssssssnssssssassanns

4.3 MEhOAS ....c.ccueeeeeiereeeececcrnerennttreniriterteeeestiessseesesssssssssassrnsessasassesesessassssssssreesasses
4.3.1 Protein printing methods............eeeeiireiiiiiiiieciieiiereereeeeeceeeeeeee e eeeneee
4.3.2 Cell pAtterning .........eeeeereeeriririeirnetneeeriiisneeresseisnreennseatesesssasssesssesessessensssnsns
4.3.3 Surface analysis teChNIQUES.........ccooerimemiiiieeeieiererreneee et crreeee e

4.4 RESULLS .......cuciereeerereiitemtitictireiieeee et reteresssbe s e s esesse s asssssssasssnnassssnsnsessssasaaesees
4.4.1 Properties of matrix protein Printing ..........cccceeceeeeeeerermeeeeiererencenneneeneesseseseeess
4.4.2 Mechanism of protein Printing ..........ceeoeeeeeeiieriiiriirissereeereesieeeeeietcteeenseeeeeesenas
4.4.3 Protein and cell pattern Stability ..........cccccooeiriiiiiiiniiiiimieeeenenree e,
4.4.4 Bioactivity of printed protein patteIms..........ccececviiemeemereaeeeriiererereereseneeseeeessnnee
4.4.5 Printing onto protein layers........ueeeeeiiereeeieiiiiiieiiiierereereeee ettt ene e

4.5 DDISCUSSION ....eenrcneeeeercresesessessesssesssssssssssssssossssossssssssessssssssssssessrsansnrsssnsanssnessssassessnss
B.60 TaADIES.....oeeeeeeeeeeeeeeeeeeeeesecnssscesessnsesnssssassssssssonnsossnsasnsssanssssassrsssansssnssassssssssnsnssassnsnns
4.7 FAGUIES ....ouueeeeeeeeeenieerieeiiineirerirsrteserneeessesssssssesesssssessessesessessssssenserssesssssnassnsssnsssssnsses

Chapter 5: In vitro Generation of Differentiated Cardiac Myofibers
on Micropatterned Laminin Surfaces ..................einvmimiiiinnneeieeeneeeeeneeneen.

5.1 ADSITACE . cceuneneieeeeeeeererecnesesssssessssessssssssssessersssssssssssssnssessssssssssssassassassssssnssssssnsnsssasnns



5.3 MENOAS < cneneeeeeeceeeeeeeeeaocscsesseesosssssssssssssssssnsessssnssssssessessssnsesssessesosssssosssossssnnsasnssnnns 91
5.3.1 Preparation of micropatterned substrates..............coommeererincroccceeennecrininennene. 91
5.3.2 CU CUIMUIE .....ccoeeeeeeeeeeeceeseseesessressesssssssssrsssssssserssssssssssssssssasassansssssossssserssnssnnes 91
5.3.3 IMMUNOSLANING......cccereerereeresrmrrnerrsreessresstisesssneesssressseasssessssassesssssosesssssnsess 92
5.3.4 Morphometric analysis. ......cccccerererirnrmminimiiecieciecennetreeneeseeas s sccoressansnenns 92
5.3.5 MICTOSCOPY -.ccceuererrecrsssereomessrsarmssrsnesrssnsssssasssesssnsassssnssessnsesssnassssssssssssssssnssesns 93
5.3.6 Quantifying cONtraCtion TALES .........ceeeeerrreeerreeneeeneeiaenrseeeeessscesseessrsesssssnsereees 93

S RESUILS ..oeoeeeeeceeeeeeeecessssocsessessscsssenssessesssreasensrsssesesssasssssnssrnssssrassssessssossssssssnssnnsanss 94
5.4.1 CardiomyoCyte PAttemMUNG......c.coreeererrrrrmreemruinireereeeeeessneessessnsnnnasnsssessssscessosess 94
5.4.2 Geometric dependence of cardiomyocyte Organization.............ccceeeeeeeeerrceccnen. 95
5.4.3 Myofibril alignment...........ccccoeerverriirsetmeiniiinriceeeerersreereiessennnssrssesssssscsensaens 97
5.4.4 Formation of intercalated diSKS ......coeeuereeeieieieiieceieceereereerreressesessesassaseereosnoness 98
5.4.5 Contractile ACtIVILY .......ccoeiieemrrirerrrinmmmemenieietiecnneeertenrnreeteeersaeesensseessessssasesees 99
5.4.6 Organization on PLGA Surfaces..........ueueeieeririeenniieineeeecceceininceceeeneennnee 100

5.5 DISCUSSION ..c...coneeeeeneeeeececesonsssessesensesssssessssssssssssesesssssassssessassnsorsesessnssnssnsnnsssssassssas 101

5.6 FAGUIES ....coooeneeeeeeeiiiieeiiiinenetnteirieireeeissssssssnsnanessieesisresssssssnssssessssanasssanssssssesssnnsns 103

Chapter 6: Spatially and Temporally Controlled Generation of

Heterotypic Cell Co-CulUres ...............ccooooiiiiirmiiiiieceecteiretererenrascseresneessesssaeanes 120

6.1 ADSITACE ... oeeeeeeecieeerernessscoseessessassesssssossssesssssssssessssssserassssstessssssssanannsssnsssasnsnsanses 120

6.2 INUTOAUCHON ... .cc.eeeeereereeencesonssscosoesssenssssssssssssasnsessesssssssesnssssssssasssassnssssssensnassnsases 121

6.3 MELROMAS ..c.ceoeeeeeeeiieeeeieieeeeeeeeenssssssseessassssessssssemsssssssssssssssessssnsssssnsensessssnnnsssssns 124
6.3.1 Co-culture method I: adhesive biotinylated molecules......................ccuueuenne.. 124
6.3.2 Co-culture method II: RGD-streptavidin ........cccccceeereeerenieiiiierirceveeniniccnennn. 124
6.3.3 Co-culture of cardiomyocytes and endothelial cells..........cc.cccvvmrerrerennnnnnnnneoe. 125
6.3.4 Co-culture of smooth muscle and endothelial cells............coouueevemirenieenceennennns 126

6.4 RESULILS ..oeoeeeiieceeeeieeeiteiieeeirtoseessssrecesssnssesesssssesssnssssosssssssersenes reeeveceenesansnnanons 127
6.4.1 Co-culture with biotinylated adhesive molecules.............ccccoeevreemnnrnrnnnnnnnnnnn.. 127
6.4.2 Co-culture with RGD-Streptavidin ........c.cooueeecrieecrcvcnnecicennieeeiniinienneeeeneenn. 130

6.5 DDiSCUSSION ... ceuveeiereeenrereesrosessessesssassssossoseasssssssssrssasussessesessessessnsasssssssssnssessssnsansas 134

6.6 FUGUIES .....ccoocoreereeeireerenirsneienntteietiennissssssennrrettisstesesssesesesesssssessssssssssssssssesssnnsnses 137

Chapter 7: Spatially Organized Layers of Cardiomyocytes on

Biodegradable Polyurethane Films ................uiniieiniieceircecceneceennnenernennanaas 152

Tl ADSITACE ... eeeecieeieeeieeecreresonerssssssesssssersssssssssssassersssessesssessssanssssssssssssnsssnsnsssnnsssnn 152

T.2 INETOAUCHON. .. .c..ceeeeeieeereisiesecenesnseesessosacssssssssserssssnsnsesssssssssessossssssosennsssesssanssessense 153

T.3 MELROAS .....ooeeeeeeetiirnenieneesecesrsnssessessersosssssonsesesssssssesessessssssnsssesssossssssvesneesssrssnese 154



7.3.1 Polyurethane SYNthesis..........cooeemmniererrcmmmereenireeiecoreesssssinnceeieteseesensnnesenenns 154

7.3.2 Polyurethane sample preparation ............coeeeeverrveerneerscccescsecceecssesssnsssensneseces 154
7.3.3 Surface analysis of polyurethane films........cooooeieieiiriiiiicccnieninniiineinnneen. 156
7.3.4 Micropatterning and cell CUlture ........co.eeevieeemmmemeeieeieieceecccintnciecnneeeene 156
7.3.5 Time COUrSe EXPEIMENLS .......coocvrereeereerirrermmeesersnasasasessressssssnesssssssmsssaissnnass 157
7.3.6 Cell Tracker 1abeling ........cccceeooiremiecreeirrirrrrreeeseeeeeerrnietereseenenneecessseeeees 158
7.3.7 Serial addition of CardiOMYOCYLES ..........ueeererrerrrrierernrenaeeasrsccreenesssaneessosensns 158
T4 RESUILS ....ceeeeeeeeeeeeeneneeeeoeeeeereceseesssesssnsessssemenssreossssnsenssesssassssnsnessesssssssnasssssassess 159
7.4.1 Polymer film analysis .......ccccceemmirennneirinireieenreeercoreeeeescereiss e eeeeees 159
7.4.2 Protein pattern Stability ........ccoomirmeeieemmreeneireececieentee e 160
7.4.3 Cardiomyocyte adhesion to polyurethane films.........cccoeereeeeiiiininiinrinnnnnnnn. 161
7.4.4 Time course of cardiomyocyte patterns on polyurethane...............ccoueceneene. 162
7.4.5 Cardiomyocyte patterns on polyurethane versus polystyrene......................... 163
7.4.6 Cardiomyocyte patterns on polyurethane versus glass...........ccccccceeieiniinncnnn. 164
7.4.7 Serial addition of cardiomyOCYES .........ccceerereemrireereeneeenereiccciinesiseentantenenanee 165
7.4.8 Cardiomyocyte patterning on polyurethane solvent cast sheets...................... 166
7.5 DISCUSSION ...ueeeeeeiricrreeeeeneeeeerermmentsseiisiesisesscseotorsresmsmssesnsnsssssssresasssessssossonsessasssesss 167
7.6 TADIES.......ccceeeeccecececeeerereecereteeitsettesesisteesereseesats e s s e ren s e e s sesesesesasssosnnenssttssenss 171
T.T FAGUIES .....oeeeeeeeeeeeereneennenneneseeesteremsssssssumssssessssssesaressssssnsennsansesnsasessssssssssssesssssssssess 173
Chapter 8: Cardiac Grafting of Spatially Organized Sheets of
Cardiomyocytes on Biodegradable Polyurethane Films......................coooeeiinnie. 185
8.1 ADSITACL........ceeirerereneeenceecereeeecsssssssesesssientioseereseensreesensetesnssssnsssnsnnssnanessssacaasosessssns 185
8.2 INLIOAUCHON........eeeeeeeeeneereeeeeeeerensesesssitseerencesssesesssssisssssensssssssssnnsnssesasnssssansssesssnes 185
8.3 MELNOMS .....ocoeeeeeeeeeeeveeeeeeeeatererensssssttersnneesessssssesssssssesessesssrrnrasneessessssensasasssssensnss 187
8.3.1 Preparation of polyurethane films .............coeeeieriviiriiiieiiaiiiiiieeeeeneneees 187
8.3.2 Cardiomyocyte patterning and CUlture.........c.ooceoeeiermeeeneennncceeiieinecreeeeceneeenns 187
8.3.3 Fibrin coating of polyurethane implants.............cccocoeerreeeeniernenennnnmeneneeinnene. 187
8.3.4 Fibrin gel coating of cardiomyOCYLES ........cocceerriiirrrieriireereesrecenneneesnneeecisenanns 188
8.3.5 Cardiac grafting SUIEETY.........ccceurimirruirirrtreieenininrneereeseesesnere e essessnsneesennenss 188
8.3.6 HiStOlOZY ...oeverereeiiiiriiiiiiietteetireeiiincnentreesenter et ssss e s s s s ssss s s sssnnssssssessnsasssnnnne 189
8.4 RESULLS ......coeneeeeeeeeieeciriticererttriseseesesis s sssssenesssssnssasnesssnnnssnasanssssranes 189
8.4.1 Cardiomyocyte cultures on polyurethane films.........cccooveeievrmmnninnnnnnnnininnnnes 189
8.4.2 Fibrin gel COAUNE ......cccueeeeemmeieeiriininniieneecreteenrereeiereneeetietesteesseessenesesenseseneenns 190
8.4.3 Macroscopic assessment of cardiac grafting..........cceeveeeeemvenionnnniennennenenennnen. 191
8.4.4 Histological examination of implanted polyurethane films............................ 191
8.5 DIHSCUSSION......eveeereieeeeeeeneniiiictterttererertetiisisessssssesisssssssssessessssrsssseressasssnssssnnnsnanens 193
8.6 FAGUIES ......coeceeeeiiiieiiiieciiiiiireneeenrennnesessesssssetasessesssssssessssssssssssnsssnsnnsnssnnsasessanes 195

iv



Chapter 9: Conclusions and Future Directions................................. .201

9.1 CONCIISIONS.....coovememimerenriririrrrnrneiiiecrisisssestetostessssssassssnssssssesnnsnsssnssennsnsesnesssnsans 201
9.2 FUuture DITECHOMS ........ccouurrrrirriirieinrsrerserscsessscsesessesssssessssssessssesssssssssnnnsssssasacsnnsens 202
9.2.1 Functional analysis of micropatterned cardiomyocytes.............cceeeeeeerennnn.... 202
9.2.2 Cardiac tiSSUE ENGINECETING .......cuueeeererreiverircrrcnneenonaeesrrssseessenseessrennsresseesessnses 203
9.2.3 In vitro applications of micropatterned cardiomyocyte cultures..................... 204
REFEICIICES .....ooooneeeeieeiiiecciireieticrccrerertiittieassesensensessssessssssssssssssrssssssnenansesssnsssnnsens 206



LIST OF FIGURES

Figure NUMDEE .........oiceeieeeeeecieomcmecaeceeecresereeieessereeeessesacnssosssssosessssssessersossenssnnssmrasnne Page
2.1: Schematic representation of microcontact printing of proteins

for patterned cell attachment. ..............oc.eunnmnreeeeeeeeecrcrrerreecseeeraesaeaessseanes 28
3.1: Schematic model of the streptavidin tetramer structure and its

relative orientation immobilized on a biotinylated surface...................cc..cc.c....... 43
3.2: Poly-acrlyamide gel electrophoresis of RGD streptavidin mutants. ...................... 44
3.3: Mass spectrometry results of RGD streptavidin mutants. ...................cooennnnnnee. 45
3.4: Concentration dependence of FN-SA and OPN-SA mediated

endothelial cell adheSiON. .............ccmiicirieieirceeeeecteeeeee e cceeecesenesesenenns 46
3.5: Phase contrast images of rat aortic endothelial cell adhesion....................cc..c....... 47
3.6: RGD peptide inhibition of FN-SA and OPN-SA mediated endothelial

CEll AANESION. ...t cneeeee e eereceecereeese s e s sann et e ne e s e e s enesserneennas 48
3.7: Melanoma cell adhesion to polystyrene dishes coated with FN-SA,

OPN-SA and wild-type streptavidin. .........c.ccccovoereeeeeeeerernreneirenccierencecreeeneeennee 49
3.8: Melanoma cell adhesion to mixed self-assembled monolayers (SAMs)

containing biotin and poly(ethylene glycol) thiols..........ccccooeeveeiiiiinnnnnniiienees 50
3.9: Rat aortic endothelial cell adhesion to RGD-SA/WT SA mixtures

immobilized on biotinylated-BSA coated substrates. .........cccccceereerccirecerennennnn. 51
3.10: Rat aortic endothelial cell adhesion to RGD-SA/WT SA mixtures

immobilized on biotinylated-BSA coated substrates at lower

concentrations of RGD-SA (< 10%). ........cceeeeeeerreeeeneneeeseereeesenrsseensensnsesessssssseseens 52
3.11: Nuclear staining of serum-starved endothelial cells on adhesive proteins. ............ 53
3.12: Quantitative analysis of apoptotic endothelial cells on adhesive protein

COAtEd SUIFACES. .....coovvrinriintitiiittieireeeeseeeeecseneeeeeessssnaasessnsnenessasanesasssesansanses 54
4.1: Printed patterns of extracellular matrix proteins. .........ccccceeeeeeerceerceceeccereveesennne. 76
4.2: Comparison of printed protein patterns with a new and re-used stamp. ................ 77

vi



4.3:

4.4:

4.5:

4.6:

4.7:

4.8:

4.9:

4.10:

4.11:

4.12:

5.1:

5.2:

5.3:

5.4

5.5:

5.6:

5.7:

5.8:

5.9:

Protein printing onto PDMS SubStrates. .........cooeeeeieomreeecieeneeecneceinnenceneneennens 78

"Criss-cross" patterning of different protein spécies ............................................. 79
Stability of protein patterns exposed to serum-containing media. ............cccocccnuee. 80
Patterning of mouse myoblasts and myotubes. ...........coueereeeeercrecnreerecescriciennne. 81
Skeletal myoblast differentiation along micropatterned lanes. .........ccccceeeeeeeeeenee. 82
Printed patterns of streptavidin retain biotin binding capability..........ccccccceuueneen. 83
ECM protein printing onto adsorbed ECM layers. ...........cooomciiiniiccncnnncnnne 84
Square patterns of osteopontin printed onto fibronectin............cceeeeereeeicerenuennnen. 85
Endothelial cells patterned on osteopontin SQUATES...........c.eveveererreeeeseacssscenceesenees 86
Endothelial cell response to printed patterns of thrombospondin-2

(TSP-2) 0N fIBIONECHN. ....cooicenneeeeeeirrririniciireeterensenereessssssssrsessssnsasasssassssessssssess 86
Rat neonatal cardiomyocytes cultured on laminin lane patterns...............ccc.cc..... 103

Time course of cardiomyocyte morphology on micropatterned

1amUiNIn JANES. ..coocoeeveeieeeneecceiereeeeeereernteereseeeeeeransnsensnssnsasonssmennensssessassennraanaee 104
Effect of ara-C treatment on cardiomyocyte patterning. .............ccceeeeeeeececenenencs 105
Individual cardiomyocytes cultured on micropatterned laminin lanes................. 106

Measurement of projected cardiomyocyte area on micropatterned
JaMUININ JANES. ....vveneiiieeiceereeceeeececeteereeitrre s re e e e s eeeeeeeesannee s srsas s eannessssasteerrrrrrans 107

Measurements of cell length and cell width along the major and minor
axis, respectively, of spread cardiomyocytes........cccoccccererererervrrirnneennerenicneecnnnen. 108

Calculated measurements of the aspect ratio of cardiomyocytes on
micropatterned laminin 1aNes. ........cocooviiiiciiicniiiiiiciieeecernteeer e 109

Calculated measurements of cardiomyocyte alignment with respect

to the direction of the micropatterned laminin lanes. ..............ccoeeerviecrecinennnneen. 110
Hoffman contrast images of cultured cardiomyocytes. ........cceeeeeieeeecernnireecrcenanns 111

vii



5.10:

5S.11:

5.12:

5.13:

5.14:

5.15:

5.16:

5.17:

6.1:

6.2:

6.3:

6.4:

6.5:

6.6:

6.7:

6.8:

6.9:

Immunofluorescent staining of myosin heavy chain in patterned

CATAHOMYOCYLES. ....ooeeveercnneecreererssenesssmessnnessssssssessnssssnsnsssssessnsessossssnmssssensesesnssss 112
Transmission electron microscopy characterization of myofibril

structure and organization of cardiomyoCytes. ...........oorererriciieceocrnercccceccneneneen 113
Immunofluorescent staining for electrical and mechanical components

of intercalated diSKS. .......ccoeeeeeeeeemmmeenmenreesiereceemeeiiisesiaseessstesmmmsessersenersenseesssnsssce 114
Transmission electron microscopy characterization of intercalated

disk FOIMALION. .......uueerrerneeceeeeeeeneeeceeesetcecaeattisessesssareerresmsesssrsmnsssnnnssessasanes 115
Effects of adhesive matrix proteins and lane width on contraction

rates of CardiOMYOCYEES. ..........cuvverremrrrereieereierrerineeteeeesersesrereassesesasssssssnsesssnnns 116
Effects of ara-C treatment on contraction rates of cardiomyocytes. ...........cccceee. 117
Synchrony of cardiomyocyte contractions in patterned cultures. ........................ 118
Cardiomyocyte patterning on PLGA. .........oooiereeeceeeeceiieeeees 119
Schematic of co-culture method I: adhesive biotinylated molecules. .................. 137
Immobilization of biotinylated proteins between laminin lanes. ...........coooeeeeeeeee. 138
Immobilization of biotinylated proteins after exposure to serum-free

[OT1 101 (01 1= £ - SR UUUPRPPLURPN 139
Immobilization of biotinylated proteins after exposure to

serum-containing culture media. .........ccooooeemrirmmiiiniiiieiiiiiiiiiiiinieeee e 140
Cardiomyocyte patterning on BSA and streptavidin (SA) coated surfaces.......... 141
Spatially directed endothelial cell adhesion to immobilized

biotinylated-fibronectin between cardiomyocyte patterns............cceceeeeeeeeerennnne 142
Immunostaining of cardiomyocyte/endothelial cell co-culture

utilizing biotinylated-fibronectin..........cooooeveeiiirinciiiinnniiiniiiieineeee e 143
Schematic of co-culture method II: RGD-streptavidin.........c.cccccoeeeiivvninnrnnnnennnee. 144

Immobilization of RGD-streptavidin to biotinylated-BSA between
micropatterned cardiOmyOCYLES. .......c..eeeeeeerrreenemrinrissnrerereenrereereemerersrensssesnasaens 145

ess



6.10:

6.11:

6.12:

6.13:

6.14:

6.15:

7.1:

7.2:

7.3:

7.4:

7.5:

7.6:

7.7

7.8:

7.9:

7.10:

7.11:

Spatially directed endothelial cell adhesion to immobilized

RGD-streptavidin between cardiomyocyte patterns. ...........coeeeereeeeceeaeeceeccocennne 146
Stability of cardiomyocyte patterns 24 hours after the addition

Of RGD-SrEPaAVIAIN. .....eeneeeeeiicirecceeeeecnecneeeessseceensante s sssesscasesssssosaenns 147
Immunostaining of cardiomyocyte/endothelial cell co-culture

utilizing RGD-streptavidin............cccooureeeinirinrcionsirseeceeierencrrecsesssesssssssssseseses 148
Immunostaining for connexin 43 in patterned co-cultures of

cardiomyocytes and endothelial cells. ..........coomeerriivinreicinnriiceirccnnnnnee. 149
Acetylated-LDL labeling of endothelial cells in co-culture with

patterned cardiOmMYOCYLES. ........eeeviieiiricirirrrececosieeiesssessesessesseesceccessessensesesessresess 150
Micropatterned co-culture of smooth muscle cells and endothelial cells............. 151
ESEM analysis of polyurethane films. ............ccooeivineencrinninneiiiiiiiciiiecenene. 173
Stability of laminin patterns exposed to serum-containing media. ...................... 174
Cardiomyocyte adhesion to polyurethane spin-cast films. ...........cccccecoviiinicinenees 175
Immunostaining of patterned cardiomyocytes on polyurethane films. ................ 176
Immunostaining for N-cadherin in patterned cardiomyocytes on

spin-cast polyurethane films. ..........cccccceeiiiiiiiinnriiiiiiiiiiiiiiinicicertees 177
Time course of cardiomyocyte patterns on polyurethane spin-coated

COVETSHIPS. ettt tteereeteettetere e e e ssenenannaseaneemneessasesemsseesensseneanaens 178
Comparison of cardiomyocyte patterns on polystyrene dishes and

polyurethane spin-cast glass COVErslips. -......ccoeevomeeemmmerremmeemiieiiieercciieenereneeneens 179
Comparison of cardiomyocyte patterns on native glass and polyurethane

SPIN-CASt COVETSIIPS. .ccvvereiiriiiiiiiiiieiitieictiiitietneereesteeseesesesttesessnesescsonsssnsesesssnens 180
Schematic representation of seeding additional cardiomyocytes onto

patterned cardiomyoCyte laYers........ . irierirrinirirrireerccreeeereneriereeeeeee e eeeeeeecannanes 181
Seeding additional cells onto patterned cardiomyocyte cultures on

spin-cast polyurethane films. .........ccccccviiiriiriinnriiriirerercrree e e 182

Successive seeding of cells onto patterned cardiomyocyte cultures. ................... 183
ix



7.12: Still frames of patterned cardiomyocytes contracting polyurethane

8.1:

8.2:

8.3:

8.4:

8.5:

8.6:

SOIVENE CASE FIIIN. ... ceeeeeeeeieeeeeeeiettececeeeeceeeerenseerrersssnsonsmeesessssssssssasessssssssssnrnnsrones 184

Spatially organized sheets of cardiomyocytes on thin biodegradable

polyurethane films. ........ccoomerimiiiniiiireercrnetreeeeere e resee et cnneees 195
Stereoscope images of grafted polyurethane films with patterned

CAFdIOMYOCYLES. ....cceoeeevrieeirirnrerreirieresssssesressssssesnreressssnnnnssssseassssesesssnasssesassssnnons 196
Histology of polyurethane implants without patterned cells at 1 week................ 197
Histology of polyurethane implants + patternied cells at 1 week. ........................ 198
Histology of polyurethane implants without patterned cells at 4 weeks. ............. 199
Histology of polyurethane implants + patterned cells at 4 weeks........................ 200



LIST OF TABLES

Table NUINDET ...........cuvveeereercreneresnacssccssseserssssssssasensssssssesssesssssessasnossosscsessrnsssnnssassans Page
2.1: Solution concentrations of proteins used to "ink" PDMS stamps...........cccccceeneeneene 27
4.1: Proteins patterned via microcontact Printing. .......c.cc.ceeveeereeercescescressnseeesssneasanns 74
42: Advancing contact angle values for various substrates used for

MICTOCONIACE PIANLINE. ......cuveeeeeeeerenrreerrrrnerrsteesseeraeessesssesassasesssssscosesssssnnansesnneeses 75
7.1: ESCA analysis of polyurethane films...........eeeememeiiiieeciiennes 171
7.2: Contact angle MeaSUTEMENLS.............ccererrerrecrrrrorreriisrneereentesnsessssssessssssesessssssens 172



ACKNOWLEDGEMENTS

I would like to thank my advisor, Professor Patrick S. Stayton, as well as my co-advisors,
Dr. Charles E. Murry and Dr. Stephen D. Hauschka, for their constant support,
encouragement and guidance. I would also like to acknowledge several faculty members
from the Department of Bioengineering, including Dr. Buddy D. Ratner, Dr. Allan S.
Hoffman and Dr. Cecilia M. Giachelli, for the invaluable mentoring they provided during
my graduate school experience. I am also grateful to Dr. Kimberly A. Woodhouse, from
the University of Toronto, for our fruitful collaborations and discussions. I also thank all
of my friends and colleagues in Bioengineering, and various other departments at the

University of Washington, whom I've had the opportunity and privilege to work with.

xii



DEDICATION

To my wife, Megan, for her infinite love and patience

xiii



1
Chapter 1: Therapeutic Strategies for Myocardial Tissue

Repair

1.1 Overview

Ischemic myocardial tissue lacks the inherent capacity for regeneration since
cardiomyocytes are terminally differentiated cells incapable of proliferating in response
to injury. Organ transplantation or mechanical assist interventions have traditionally
served as the primary means to replace or augment impaired cardiac function in heart
failure patients, but such therapies can’t actually restore myocardial tissue. Advances in
regenerative biology have led to innovative therapeutic strategies to potentially repair
injured myocardium. Cell-based therapeutics, such as cellular cardiomyoplasty and
cardiac tissue engineering, attempt to introduce new contractile cells to infarcted
myocardial tissue in order to restore cardiac function. The clinical success of
regenerative approaches to heal cardiac muscle is ultimately dependent on the ability to
generate new myocytes for tissue repair. Stem cells can differentiate into cardiomyocytes

and thus could serve as a unique source of cells to regenerate ventricular myocardium.

1.2 Myocardial Infarction and Left Ventricular Remodeling

Shortly after an episode of acute myocardial infarction, due to occlusion of the
coronary artery, the heart muscle cells (cardiomyocytes) within the ischemic ventricular
tissue die. Adult cardiomyocytes are terminally differentiated cells thought to be

incapable of proliferating in response to injury, therefore the wounded myocardium lacks
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the inherent capacity for regeneration. During the course of wound repair, a series of

remodeling events occur leading to structural and functional changes in the left ventricle.'
These include progressive death of cardiomyocytes leading to a thinning of the ventricle
wall, as well as re-organization of cell-cell junctions at the border between the infarct and
normal myocardium.”* Surviving cardiomyocytes undergo hypertrophy as a response to
functionally compensate for the massive loss of working cardiomyocytes due to the
ischemic injury.® As a result, the wall of the remaining myocardium dilates and the
volume of the ventricular cavity increases.>’ Concomitant with the cellular remodeling
events in the heart are changes in the extracellular matrix composition of the
myocardium, such as increases in collagen deposition and matrix metalloproteinase
activity.*'' The lack of new cardiomyocytes combined with the alterations in
extracellular matrix structure results in significant fibrous tissue deposition that
constitutes the formation of a permanent scar. The scar tissue disrupts the normal
propagation of mechanical and electrical signals controlling the rhythmic contractions of

2

the heart, leading to complications such as arrythmias.'> The progression of these

structural changes to the ventricle results in an overall depression in cardiac function,
13,14

evidenced by a reduced ejection fraction and an increase in the diastolic wall stress,

and ultimately leads to heart failure and sudden death.

1.3 "Replacement" Therapies for Myocardial Repair

Current treatments for cardiac failure have focused on limiting the extent of
myocardial damage after infarction and restoring cardiac output by augmenting or

replacing impaired ventricular function. In general, most of these techniques can be
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classified as “replacement” therapies since they attempt to substitute some type of

mechanical assistance for the normal function of the heart. However, most replacement
therapies suffer from a number of limitations that prevent them from becoming a reliable
means of permanently treating heart failure patients.

Several drugs are commonly used to treat infarcted myocardial tissue by limiting
ventricular remodeling events and preventing infarct expansion. Compounds such as
ACE (angiotensin converting enzyme) inhibitors or beta-blockers can attenuate some of
the detrimental remodeling events during the course of myocardial tissue repair and thus

15, 16

prevent further deterioration in cardiac function. While these therapies may be
beneficial to preserve or protect surviving myocardium, they are not capable of
stimulating myocardial repair or directly enhancing cardiac function.

One of the primary means of restoring cardiac function has been to perform whole
heart transplantation, yet the paucity of available organs precludes thousands of potential
candidates annually from receiving heart transplants. Estimates are that only 2500 hearts
are available annually for transplant surgery, while as many as 40,000-100,000 people
could benefit from some type of mechanical assistance.'”'* The disparity between the
supply and demand for heart transplantation continues to grow annually as the number of
available organs remains relatively constant, but the number of eligible recipients steadily
increases as heart disease becomes more prevalent. Even the fortunate individuals who
receive a new heart require immunosuppressive drug therapy for the remainder of their
lives to prevent rejection of the organ. Xenotransplantation has been suggested as a

means to fulfill the demand for organ transplantation,'® but various ethical and safety

concerns are associated with the transplantation of tissues from non-human species.
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Thus, while allograft or xenograft heart transplantation strategies theoretically remain a

viable option, the inadequate supply of organs precludes these approaches from being
generally applicable to all patients.

Extracorporeal devices, such as ventricular assist devices and total artificial
hearts, have been developed to provide mechanical support for failing hearts. While
these devices are mechanically capable of augmenting or replacing cardiac output, they
suffer from several problems that limit their use primarily to bridge-to-transplant
therapies rather than permanent assist devices. Most do not allow the patients to be
ambulatory, and infections and thromboembolism are frequently associated with their
use, largely due to their lack of biocompatibility.”* ' Despite these concerns and early
clinical failures, recently a newly designed totally implantable artificial heart has
gamered FDA approval and clinical trials have been initiated.??* Nevertheless, artificial
mechanical assist devices do not appear to provide an adequate long-term solution for
most individuals suffering from cardiac failure.

As an alternative to synthetic cardiac assist devices, a more biological mechanical
substitute has also been derived by wrapping the latisummus dorsi muscle around the
failing heart. This procedure, referred to as “cardiomyoplasty” is thought to benefit
cardiac function because skeletal muscle is mechanically similar to cardiac tissue and
thus can contribute to ventricular contraction.” This technique has been used clinically
for over 15 years and has been demonstrated to delay or prevent heart failure after
myocardial infarction.”? However, the skeletal muscle tissue requires pacing since it
has significantly different electrophysiological properties than cardiac tissue and does not

functionally integrate with the heart.
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Replacement therapies for heart failure provide mechanical assistance necessary

to restore cardiac function and can significantly extend the lives of critically ill heart
patients. While such remedies can functionally compensate for depressed cardiac output,
they fail to treat the infarcted myocardial tissue responsible for the ventricular
dysfunction. Novel interventions designed to actively repair ischemic myocardium could
prevent the progressive deterioration in cardiac function normally evidenced after

myocardial infarction and eliminate the need for replacement therapies.

1.4 "Regenerative'’ Therapies for Myocardial Repair

Modern medicine is rapidly entering a new age of “regenerative” therapies based
upon discoveries in molecular, cell and developmental biology. Cell transplantation,
tissue engineering and in vivo stimulation of regenerative processes are related strategies
to repair wounded or diseased tissues.” These cellular-based approaches signify a shift
in medical ideology towards the implementation of more biological therapies for tissue
repair and regeneration.”® Thus, regenerative medicine has the potential to significantly
reduce the demand for organ transplantations by restoring tissues that normally do not
heal properly, such as the heart. Regenerative approaches for myocardial repair are
focused on increasing the number of viable cells capable of functionally integrating with

the myocardium in order to improve cardiac performance.

1.4.1 Cellular Cardiomyoplasty. Cellular cardiomyoplasty refers to the injection of
viable cells into the wounded heart to repair injured myocardium. Most efforts have

focused on the grafting of contractile cell types, such as cardiac and skeletal myocytes,
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but various other cells have also been attempted, including fibroblasts, smooth muscle

cells and stem cells. Recent reviews of cell transplantation into the heart have detailed
the current progress in the field and highlighted some of the remaining challenges.”*
Since cardiomyocytes are the native working cells of the normal myocardium, this cell
type is generally considered the ideal choice to replace ischemic myocardial tissue.
Transplanted cardiomyocytes of various origins survive, form stable grafts and can
integrate with normal hearts, based upon the appearance of intercalated disks at the
border between host and graft cells.’**® In models of myocardial infarction, injected
cardiomyocytes have been reported to form neo-myocardium at the site of injury, limit
scar formation, and form cell junctions between graft and host,”**' but the boundaries of
the scar tissue may physically inhibit efficient electromechanical coupling between the
graft and host tissue.>® Successful cardiomyocyte engraftment in wounded myocardial
tissue appears to contribute to regional and global improvements in left ventricular
cardiac function.’® *>** Unfortunately, the clinical potential of cardiomyocyte grafting is
presently limited by the current lack of an appropriate cell source.

Skeletal myocytes are physically similar to cardiomyocytes in a number of ways,
but in contrast to the myocardium, skeletal muscle possesses regenerative capacity due to
resident satellite cells, which can be easily expanded in culture. Thus skeletal myoblasts
are a potential autologous cell source for myocardial repair. Grafted skeletal myoblasts
differentiate into mature myotubes in normal and injured cardiac tissue, forming new
muscle capable of contractile activity.**“ Although skeletal muscle grafts can convert to
a slow twitch fiber phenotype, characteristic of cardiac muscle, the grafts fail to make

7

electromechanical connections with the host tissue.*** Skeletal myotubes can
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electrically couple with cardiomyocytes in vitro, but generally this is not observed in

vivo, presumably due to a marked decrease in connexin expression after differentiation.*®
Skeletal muscle grafts are thought to improve cardiac performance because they are
mechanically suited for contraction and therefore, myoblast grafts may improve the
compliance and diastolic properties of wounded myocardium, as well as attenuate left
ventricular remodeling.*** These encouraging results in several animal models have
prompted clinical trials of injecting autologous skeletal myoblasts into infarcted
myocardium in combination with coronary bypass surgery.™ >

One general conclusion from the myocyte transplantation studies reported to date
is that regardless of the particular cell source, cell transplantation into the injured heart
may serve to enhance cardiac function. However, it remains largely unclear if the cells
grafted into the heart actively contribute to cardiac performance or passively populate the
_ infarcted tissue and inhibit the normal progression of myocardial scar formation
following cardiac injury. While contractile and non-contractile cells appear to improve
diastolic parameters, contractility and systolic function have reportedly only been
improved with contractile cell types, such as cardiac and skeletal myocytes.’> *¢
Morphological characterization studies have demonstrated the functional integration of
grafted cells with the host tissue, but there has been no direct evidence that grafted cells
contract in vivo, either independently or in synchrony with the heart.

Although no grafted cell type has appeared to have a deleterious affect on the host
cardiac function or physiology, it remains unclear how different cell types specifically

alter ventricular remodeling. One difficulty in interpreting the success of cardiac cell

grafting is that the cells may secrete factors or promote secondary events (i.e.
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angiogenesis) that can result in observed improvements in cardiac performance,

although the cells are not directly contributing to contractile function.

In addition, more recent reports have attempted to address the need for more
quantitative studies of engraftment efficiency and graft cell survival®’’ Cellular
cardiomyoplasty is performed by injecting suspensions of cells directly into the wall of
the heart. Although millions of cells may be initially injected, only a few thousand cells
may stably comprise a graft. The role of grafted cells in myocardial repair could be more
clearly elucidated by more quantitative studies to correlate morphological attributes with

functional assays of grafted cell performance.

1.4.2 Cardiac Tissue Engineering. Cardiac tissue engineering attempts to assemble
heart cells into viable and functional tissue constructs for myocardial tissue repair. Thus,
organized cardiac tissue constructs could serve as a more efficient and stable means of
grafting cells than cell injection methods to form tissue in vivo. Engineered tissue
constructs can also serve a secondary purpose as in vitro models of myocardial tissue.
Cardiomyocytes have been cultured on synthetic biodegradable scaffolds as one
approach to cardiac tissue engineering. Cardiomyocytes cultivated on poly-glycolic acid
meshes exhibited spontaneous contractile activity in three-dimensional culture and
similar structural and functional properties to that of native tissue.’®* These constructs
could support macroscopic impulse propagation when electrically stimulated and have
been used as in vitro models for electrophysiological experiments.* Optimization of

culture conditions improved the cellularity of the scaffolds, with cardiomyocytes
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populating the periphery of the scaffold (120-160 um thick), but these constructs

remained less cellular than normal tissue.®'

Cardiac tissue engineering constructs have also been developed by incorporating
cardiomyocytes into natural gels. Cardiomyocytes have been cultured on or in three-
dimensional collagen gels as in vitro models of heart tissue.®>% Alignment of
cardiomyocytes and hypertrophy were induced by stretching collagen gels containing
cardiomyocytes.®® Similarly, fetal cardiomyocytes have been seeded into a biodegradable
gelatin mesh and successfully implanted in either myocardial scar tissue or the right
ventricular outflow tract of rats.”-% Although the cells within the graft were reported to
survive, the cellularized matrices did not appear to morphologically resemble the
structure of native myocardial tissue or improve ventricular function.®”-
Cardiomyocytes have also been seeded onto a porous alginate scaffold and transplanted
into the infarcted myocardium of rats.” Despite a relatively low number of cells seeded
into the alginate scaffolds, the grafts integrated with the scar tissue and appeared to
attenuate post-infarct remodeling events and a deterioration in ventricular function.

One alternative approach to using a scaffold is to create individual layers of
myocardial cells, which could be assembled to form a three-dimensional cardiac tissue
construct. Cultured sheets of cardiomyocytes were detached intact from thermally
sensitive polymer-coated petri dishes by temporarily lowering the temperature of the
substrate.” The detached cardiomyocyte sheets exhibited an increase in the amplitude of

contraction, but the cellular films had to be supported by a membrane since they lacked

structural integrity.
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Cardiac tissue engineering shares several of the same challenges facing

cardiomyoplasty, but also poses some unique problems that need to be resolved.
Although most of these constructs incorporate heart cells, it’s not clear that the
engineered tissues resemble or function similarly to the native myocardium. Most of
these engineered tissues containing cardiomyocytes are contractile and electrically
coupled to one another, but morphological and histological analysis indicate that such
constructs do not appear to be organized similarly to native myocardial tissue. The native
myocardium is a complex, heterogeneous tissue composed of different cell types
arranged in a spatially distinct fashion. Since the structural organization of cardiac tissue
is inherently related to its function, improved methods are required to integrate spatial
control into the assembly of the engineered tissue construct.

Another problem common to the engineering of most three-dimensional tissues is
supplying sufficient vascularization to keep cells alive within the tissue. Due to the limits
of diffusion, only cells within about 100 um of the surface can survive in avascular
tissues. The native myocardium is very metabolically active and thus highly vascularized
in order to provide adequate delivery of oxygen and nutrients, as well as removal of
waste by-products. Until new methods can be developed to vascularize engineered
tissues either in vitro or in vivo, the size and thickness of functional constructs will be

severely limited.

1.4.3 Regenerative Potential of Cardiac Muscle. New insights from cell biology and
cardiac wound healing have also led to a re-examination of the potential for cardiac

muscle to be regenerated in vivo. Recent controversial reports suggest that mammalian
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heart muscle may possess a limited number of cardiomyocytes that actively proliferate

and that this percentage of cardiomyocytes increases following a myocardial infarct.”™
This data seemingly refutes the wealth of evidence supporting the dogma that mature
cardiomyocytes are post-mitotic cells incapable of cell division.”’® Even if a small
percentage or some sub-population of adult cardiomyocytes rcthain mitotically active, it
still remains to be determined if a clinically significant mass of cardiomyocyte growth
could be stimulated to repair a myocardial infarct. Perhaps even more perplexing and
critical, though, is identifying what inhibitory cues are present in the injured or normal
cardiac environment that would then preclude such cells from normally repairing injured
myocardial tissue.

Certain animal models of wound healing indicate that myocardial tissue may have
some capacity for regeneration. In contrast to most mammals, amphibians possess an
amazing potential to regenerate wounded tissues, including ventricular myocardium.”
The MRL strain of mice exhibit a similar capacity for tissue regeneration following
injury without forming scar tissue.”® In a recent study, MRL mice were reported to
regenerate normal cardiac muscle after being subjected to a cryoablative injury of the
right ventricle.” Genetic analysis of these species may lead to the identification of
molecular factors and pathways that actively participate in ventricular healing and
stimulate the growth of new cardiomyocytes. Such information could lead to the

development of novel molecular therapeutic interventions to promote myocardial repair.
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1.5 Stem Cells for Myocardial Repair

The current limitation impeding most regenerative therapies for myocardial repair
is the inability to generate new cardiomyocytes. Stem cells are uniquely poised to serve
as a viable source for cardiomyocytes because they are undifferentiated cells capable of
self-renewal and have the potential to differentiate into various cell types, including
cardiac myocytes. Several lines of investigation have demonstrated that cardiomyocytes
can be derived from both embryonic and adult stem cells, thus stem cell technologies

may one day provide a reproducible source of cardiomyocytes for myocardial repair.

1.5.1 Embryonic Stem Cells. Embryonic stem (ES) cells are pluripotent progenitors
capable of differentiating into cell types from all three germ layers. Murine ES cell lines
have been cultured for a number of years and methods have been developed to generate
cardiomyocytes in vitro from mouse ES cells.**** Purified populations of cardiomyocytes
genetically selected from mouse ES cell cultures have been injected into the hearts of
mice and form stable grafts.*> Human ES cell lines have recently been established™ **
and cardiomyocytes derived from human ES cell lines exhibit normal structural and
functional characteristics.*® Although human embryonic stem cells have a tremendous
therapeutic potential to generate cardiomyocytes and other cell types, the derivation of
cells from embryos raises several ethical concerns. The ability to direct cell
differentiation along specific lineages and obtain purified cell populations from ES cells

also poses a significant technical challenge.
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1.5.2 Adult Stem Cells. Adult stem cells, such as those residing in the bone marrow,

are also pluripotent cells, but are thought to have a more restricted potential than
embryonic cells. Based on a series of recent reports, though, it appears that bone marrow
cells can differentiate into cardiomyocytes. In general, in vitro methods to induce
cardiomyocyte differentiation from bone marrow stem cells have been limited. However
in one report, marrow stromal cells cultured in the presence of 5-azacytidine contracted

7 Other recent

spontaneously and expressed molecular markers of cardiomyocytes.®
reports also suggest that stem cells from the bone marrow can engraft the heart and
differentiate into cardiomyocytes in vivo. In one case, human bone marrow cells were
injected into sheep fetuses in utero and later identified in cardiac muscle tissue following
the development of the organism.*®* Bone marrow cells were also injected into infarcted
myocardium and reported to varying extents to differentiate into cardiomyocytes.**
Bone marrow stem cells were also found to be recruited and differentiate into
cardiomyocytes in the heart following myocardial injury in mice.”** Although in one
instance the normal level of engraftment by bone-marrow derived cardiomyocytes was
very low,** another report suggests that mobilization of bone marrow cells with cytokine
treatment resulted in a significant number of new cardiomyocytes at the site of injury.”
While these encouraging results suggest a potentially non-invasive method for self-
renewal of myocardial tissue, it remains unclear whether a sufficient quantity of bone
marrow-derived cardiomyocytes can be recruited to regenerate a functional mass of

cardiac tissue. It is also not apparent what molecular signals recruit bone marrow cells to

the heart specifically at the site of injury.



14
Collectively, these studies suggest two periods of tissue plasticity, development

and wound healing, which might allow bone-marrow cells to integrate and differentiate
into cardiac muscle. While it appears that some cells from the bone marrow can
differentiate into cardiomyocytes, it has not been established if all bone marrow cells
possess this potential or if it is restricted to some sub-population of cells. These studies
also suggest that the molecular cues present in the microenvironment of the heart can
direct tissue-specific differentiation of less differentiated cell types into cardiac muscle

cells.

1.6 Conclusions

Traditionally, replacement therapies for myocardial infarction have failed to
actively treat the ischemic ventricular myocardium. Now with the advent of regenerative
medicine, new cellular-based approaches have the potential to restore and repair injured
myocardial tissue. An improved comprehension of cardiac wound healing biology and
advances in stem cell technologies are integral to the success of regenerative methods to
introduce new cardiomyocytes into wounded myocardium. Regenerative therapies thus
have the potential to revolutionize cardiovascular medicine by actually healing damaged

heart muscle.
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Chapter 2: Materials and Methods

2.1 Materials

2.1.1 Proteins. Bovine plasma fibronectin was purchased from Gibco BRL and Sigma,
human plasma fibronectin was obtained from Gibco BRL, mouse laminin (derived from
basement membrane of Engelbreth-Holm-Swarm mouse sarcoma) and rat tail type I
collagen were obtained from Becton Dickinson. Bovine dermal collagen (>95% type L,
remainder type III, Vitrogen) was purchased from Collagen Corporation and endothelin-1
(ET-1) and bovine serum albumin (BSA) were obtained from Sigma. Recombinant rat
osteopontin was expressed in a bacterial system and purified by nickel chromatography,
as previously described.” Thrombospondin-2 was kindly provided by Kurt Hankenson

from Dr. Paul Bornstein’s laboratory.

2.1.2 Antibodies. Primary antibodies were used to detect the following extracellular
matrix proteins: collagen I (rabbit anti-rat, 1:100, Biodesign International), fibronectin
(rabbit anti-human, 1;400, Sigma), laminin (rabbit anti-mouse, 1:500, Sigma),
osteopontin (OP199, goat anti-rat, 1:1000 Giachelli lab); endothelin-1 (monoclonal,
1:200, Sigma). In addition, primary antibodies were used to identify several cellular
proteins including, connexin43 (monoclonal, 1:200, Chemicon), pan-cadherin
(monoclonal, 1:200, Sigma), and sarcomeric myosin heavy chain (MF20, 1:20, Hauschka
lab). A number of secondary fluorescently labeled antibodies were used including: anti-

mouse IgG-FITC and -TRITC (rabbit, 1:20, DAKO), anti-goat IgG-FITC (mouse, 1:100,
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Pierce), anti-mouse IgG-FITC (sheep, 1:50, Sigma), and anti-rabbit IgG-TRITC (goat,

1:50-1:80, Sigma).

2.1.3 Substrates. Non-tissue culture polystyrene dishes (35 and 60 mm) were purchased
from Falcon and glass slides and glass coverslips were obtained from VWR. Multi-well

chamber slides (glass and plastic) were purchased from Nunc.

2.2 Methods

2.2.1 Streptavidin Expression and Purification. Wild type streptavidin and engineered
streptavidin mutants were expressed and purified as previously described.”*® BL21
(DE3) cells were transfected with the pET-21a plasmid containing the streptavidin gene
and cultured in LB media overnight at 37°C on a shaker at 225 rpm. The cell cultures
were used to inoculate flasks of 2x YT medium containing ampicillin (100ug/ml);
typically 10 ml of cells per liter of medium was used for inoculation. The cultures were
incubated at 37°C on a shaker at 225 rpm until the ODy,, was between 0.6 and 1.0, and
then 0.2 mM isopropyl B-D-thiogalactoside was added to induce protein expression. The
cells were cultured an additional 3-4 hours after induction and then centrifuged at 9000
rpm for 20 minutes to harvest the cells. Cell pellets were lysed with lysis buffer (50 mM
Tris, 200 mM NaCl, 5 mM EDTA, 8% sucrose, 1 mM PMSF, 1% Triton X-100, pH 8.0)
and subjected to at least 3 cycles of sonication/centrifugation to extract the insoluble
inclusion bodies containing the expressed protein. The cells were sonicated on ice for 2-
3 minutes at full power with a 40% duty cycle and centrifuged at 15,000 rpm for 15

minutes at each cycle. The inclusion bodies were resuspended in the wash buffer (50
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mM Tris, 200 mM NaCl, S mM EDTA, 8% sucrose, pH 8.0) and subjected to a

minimum of 3 cycles of sonication/centrifugation, as described above for cell lysis. Prior
to refolding, the isolated inclusion bodies were redissolved in 6 M guanidine
hydrochloride and 50 mM Tris, pH 7.5.

The resolubilized protein solution (10 ml, ~ 10 mg/ml) was added dropwise into a
2 L flask of chilled, circulating refolding buffer (50 mM Tris, 100mM NaCl, SmM
EDTA, 0.1mM PMSF) and stirred continuously overnight at 4°C. The diluted protein
solution was centrifuged at 9000 rpm for 30 minutes and concentrated to less than 50 ml
with an ultrafiltration cell (Amicon). In some cases, the protein solution was filtered with
a YM-30 membrane to remove insoluble particulates prior to purification.

The concentrated protein was purified by affinity chromatography with an
iminobiotin column (Pierce). The protein solution was centrifuged at 15,000 rpm for 15
minutes prior to loading onto the column to remove insoluble aggregates or particulate
matter. The column was equilibrated with binding buffer (S0 mM Na,CO,;, 500 mM
NaCl, pH 11.0) and a 5x solution of the binding buffer was added to the concentrated
protein solution to equilibrate the pH. The protein was loaded onto the column under
gravitational force and washed repeatedly with the binding buffer while immobilized to
the column. The protein was eluted from the column with 0.1 M acetic acid and
spectrophotometric readings (OD,g,) were used to determine the collected fractions that
contained protein. The protein solution was exchanged into either Tris or phosphate
buffered saline and concentrated to > 2 mg/ml with an ultrafiltration cell. Protein

aliquots were stored at —80°C for long term storage and —20°C for shorter term storage.
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2.2.2 Microfabrication. Micropatterned photoresist features were defined on 3 or 4

inch silicon wafers (Silicon Sense) by standard photolithographic processes in a class
1000 clean room. Hexamethyldisilizane (HMDS) was applied to clean silicon wafers in a
vapor priming oven (YES-5) at 10 Torr and 125°C to promote photoresist adhesion. A
thin layer of positive photoresist (AZ1512, Clariant Corporation) was spin-coated onto
the silicon surfaces at 3000 rpm for 30 seconds, resulting in a photoresist thickness of
approximately 1.5 ym. After spin-coating, the wafers were heated at 90°C for 5 minutes
before being exposed to UV light through a chromium-plated photomask for 15 seconds
with a contact aligner (Kaspar-Quintel 2001). A photomask with linear patterns 5-45 um
wide and spacing distances 10-80 um apart was purchased from Photosciences. Chrome-
plated photomasks with micropatterns of lines and squares were also borrowed from Reto
Luginbuhl, Andreas Goessl and Sho Fuji. The wafers were developed in AZ351
developing solution (diluted 1:4 in deionized water) for 60 seconds, gently rinsed with
diH,0 and blown dry with an air gun. Patterned wafers were post-baked at 120°C for one
hour and silanized ((Tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane, United
Chemical Technologies, Bristol, PA) by vapor treatment under vacuum for 30 minutes at
room temperature. Alternatively, thicker photoresist layers were produced with AZ4620
photoresist (~10um, Clariant Corporation) and required comparable photolithographic
processing steps. Patterned silicon wafers, prepared in this manner, were reliably
produced with lateral surface features ranging in size from 2-80 pm.

Elastomeric stamps of polydimethylsiloxane (PDMS) were created by casting the
polymer against the micropatterned silicon wafers. A 10:1 (W:W) ratio of PDMS and

curing agent (Sylgard 184, 1.1 Ib kit, Dow), per the manufacturer's recommendation,
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were thoroughly mixed together and poured onto the patterned surface of the silicon

wafer lying face up in an appropriate size polystyrene petri dish (either 100 or 150 mm)
or large polypropylene weigh boat. A sufficient volume of PDMS was added to produce
stamps that were about 0.5-1.0 cm thick, allowing them to be easily manipulated by hand.
To remove entrapped air bubbles from the viscous polymer solution, the PDMS was
degassed under house vacuum within a desiccator prior to curing. The chamber was
evacuated multiple times until no bubbles remained at the interface between the silicon
wafer and the PDMS. The stamps were cured overnight at 65°C in an oven and the
hardened PDMS was then peeled away from the silicon wafer. The polymer was
sectioned with a scalpel into smaller blocks containing the different pattern dimensions
(based on the original design of the chrome mask) and stored in a petri dish under
ambient conditions. Stamps could be stored for several months and individual stamps for
protein printing were cut from the larger blocks immediately prior to use (usually 1-2
cm?). Scotch tape was briefly applied to the patterned surface of PDMS stamps to
remove lint and other debris. In some instances, PDMS stamps were treated with an
oxygen plasma treatment by a reactive ion etcher (Trion PHANTOM). The "oxidized"
PDMS stamps were subjected to 100 watts of RF power for 30-60 seconds in the

presence of O,.

2.2.3 Microcontact Printing of Proteins. Protein micropatterning via microcontact
printing was performed similarly to methods previously described.”'® A schematic of

the microcontact printing of proteins is depicted in Figure 2.1.
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For cell culture experiments, the PDMS stamps were sterilized by exposure to

UV light for a minimum of 15 minutes. Subsequently, only sterile buffer solutions and
reagents were used to prepare the micropatterned surfaces.

In some instances, the substrates to be patterned were pre-coated with a protein
solution, most often with 1% bovine serum albumin (BSA, Sigma) in PBS. The protein
solution was prepared and incubated on the surface either overnight at 4°C or at room
temperature for 1-4 hours before printing. Protein-coated substrates were rinsed with
PBS and diH,O and dried with nitrogen gas immediately prior to printing with the PDMS
stamp.

“Inking” solutions of protein were freshly diluted from concentrated stock
solutions before adsorbing onto the PDMS stamp. The protein concentrations for
adsorption usually ranged between 5-100 pg/ml, corresponding to values reported to
provide a monolayer of adsorbed protein (Table 2.1). Protein solutions (with the
exception of collagen I) were diluted in phosphate buffered saline (PBS, pH 7.4) and
incubated on the patterned surface of the stamp for 30-45 minutes at room temperature.
Collagen I solutions (monomeric) were diluted in 0.02 N acetic acid before adsorbing to
the stamp. The protein-coated stamp was then rinsed with PBS and diH,O and dried
under a light nitrogen stream before being brought into conformal contact with a clean,
dry surface for 2-10 minutes under its own gravitational weight. Additional force was
not applied except briefly to the back of the stamp in order to promote rapid sealing of
the stamp to the surface. Proper sealing between the PDMS and the substrate appeared
necessary for efficient transfer of the protein patterns. After removal of the stamp, the

patterned samples were re-solvated with PBS until further use.
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2.2.4 Fluorescent Labeling of Proteins. All of the fluorescent labeling reagents were
purchased from Molecular Probes. A number of different proteins, including fibronectin,
laminin, BSA, and streptavidin were conjugated to fluorescent probes for various studies.
Lyophilized proteins (i.e. fibronectin and BSA) were solubilized in 0.1 M sodium
bicarbonate, pH 8.3 at a concentration of between 1-10 mg/ml. Solubilized proteins (i.e.
laminin and streptavidin) were labeled in the PBS buffer in which they were already
dissolved at a concentration of 1-5 mg/ml. The succinimidyl ester amine-reactive probe,
either tetramethylrhodamine or Oregon Green 488 (Molecular Probes), was dissolved in
50-100 pl of DMF at a concentration of 10 mg/ml. The fluorescent probe and protein
solutions were combined, covered with foil and incubated at room temperature for 1-2
hours on a rotator. The conjugated protein was separated from the unreacted dye by size-
exclusion chromatography over a PD-10 column (Pharmacia Biotech) equilibrated with
PBS, pH 7.4. Eluted fractions containing labeled protein were detected by
spectrophotometric readings (ODyg,.,) and pooled together. The labeled protein was

aliquoted and stored at -20°C until further use.

2.2.5 Biotinylation of Proteins. The protein to be biotinylated (either BSA or
fibronectin) was reconstituted in PBS, pH 7.4 at a concentration of 10mg/ml or 2mg/mi,
respectively. Sulfo-NHS-LC-biotin was added either directly to the protein solution or
first solubilized in distilled, deionized water at a concentration of 2 mg/ml and then
added. The amount of the biotinylation reagent added to the protein solution varied

depending on the desired labeling ratio (~10-15 molar excess for BSA, ~35 molar excess
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for fibronectin). The reaction was allowed to proceed for 60 minutes at room

temperature on a rotator. The unconjugated biotin was separated from the biotinylated
protein by size exclusion chromatography by passing the protein/biotin reaction solution
over a PD-10 column equilibrated with either sterile PBS, pH 7.4 or 0.1 M sodium
bicarbonate, pH 8.3 (for subsequent fluorescent labeling). Protein-containing fractions
were pooled (OD,,,,) and the final protein concentration was determined based upon the
extinction coefficient for BSA or the BCA assay (Pierce). The average degree of
biotinylation was estimated by performing the HABA assay in order to calculate the
approximate labeling ratio (mole biotin:mole protein). Protein aliquots were stored at -

20°C until use.

2.2.6 Cell Culture. Various primary cell types and cell lines were used for
micropatterning experiments. Unless otherwise noted, all cell culture reagents were
purchased from Gibco BRL and the cells were maintained in a humidified incubator at
37°C, 5% CO,. Cultured cells were routinely passaged by rinsing with either PBS or
Versene and enzymatically dissociated with trypsin-EDTA (0.25% trypsin, ImM EDTA).

Cardiomyocytes were freshly isolated from the ventricles of 1-2 day old Fischer
rat pups and cultured as previously described.® '® Briefly, the ventricles were trimmed
from the heart, digested with collagenase type II and the resulting single cell suspension
was subjected to a series of pre-plating steps to enrich for the population of myocytes
(typically 90-95% of the cells). After isolation, the cells were plated onto the culture
substrates and allowed to attach overnight (15-17 hours). Culture media consisted of a

3:1 mixture of DMEM and M 199 (Sigma) supplemented with 10% horse serum, 5% fetal
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bovine serum, L-glutamine, HEPES (17mM) and penicillin-streptomycin. The cultures

were rinsed with phosphate buffered saline (PBS, pH 7.4) to remove non-adherent cells,
and re-fed with fresh culture media every 2-3 days thereafter. The culture media was
often supplemented with 1 pM cytosine arabinofuranoside (ara-C, Sigma) to inhibit the
proliferation of non-myocytes (i.e. cardiac fibroblasts) contaminating the culture.

Rat aortic endothelial cells (RAECs) were kindly provided by Dr. Cecilia
Giachelli and cultured between passages 16-25 in MCDB131 media supplemented with
10% fetal bovine serum (Hyclone Laboratories), 2 mM L-glutamine, and 10 U/ml
penicillin-streptomycin. RAEC cultures were trypsinized and passaged prior to reaching
confluence (~90%) in an attempt to maintain the cells in logarithmic growth phase.

Rat smooth muscle cells (WKY3M) were obtained from Dr. Cecilia Giachelli and
cultured between passages 12-18 in Waymouth's media supplemented with 10% calf
serum and 10 U/ml penicillin-streptomycin.

Mouse NIH 3T3 fibroblasts were obtained from Chuck Cheung and cultured in
DMEM media supplemented with 10% fetal bovine serum and 10 U/ml penicillin-
streptomycin.

MM4s, a mouse myoblast cell line, were cultured by Steve Hauschka and John
Angello. The myoblast growth media consisted of Ham’s F10C culture media
supplemented with 15% horse serum, 1% antibiotic solution (penicillin & streptomycin)
and 2ng/ml basic fibroblast growth factor. The myoblast differentiation media consisted

of F10C media with 1.5% horse serum, antibiotics and 1uM insulin.
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2.2.7 Immunostaining. Cell cultures were typically fixed with a 2-4% solution of

paraformaldehyde in PBS at room temperature for a minimum of 20-30 minutes.
Cardiomyocyte cultures were fixed for 2-3 minutes beforehand with 3%
paraformaldehyde (PFA) in PBS, pH 7.4, S mM EGTA, 0.2% Triton X-100 at room
temperature. Fixed samples were stored in PBS at 4°C until staining was performed.
The fixed cells (besides cardiomyocytes) were normally permeabilized with a solution of
0.05% Triton X-100 in PBS. The samples were blocked with either a 0.1% solution of
BSA or a 2% solution of the appropriate serum of the secondary antibody host species
(i.e. rabbit) in PBS for at least 1 hour at room temperature or overnight at 4°C. All
subsequent antibody solutions were diluted in the same blocking buffer. Primary
antibodies were incubated for 60-120 minutes at room temperature, followed by a
secondary antibody at room temperature for 60-90 minutes or overnight at 4°C.
Counterstaining of the cells was performed either after antibody staining or immediately
after fixation if no antibody staining was used. The cells were counterstained with
BODIPY phalloidin 558/568 (1:20 or 1:100, Molecular Probes) to detect actin filaments
and DAPI (1:500, Sigma) to visualize cell nuclei. Finally, immunofluorescent samples
were mounted with Vectashield media (Vector), coverslipped and stored in the dark at

4°C prior to microscopy.

2.2.8 Microscopy. Fluorescent images were captured with a Nikon Eclipse E800 upright
microscope equipped with either a Photometrix SenSys or Coolsnap digital camera
(Roper Industries). Phase contrast imaging of live cultures was performed using a Nikon

Eclipse TE200 inverted microscope within a plexiglass enclosure heated to 37°C; still
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images were captured by a Hamamatsu ORCA II (model C4742-98) digital camera and

real-time video microscopy was recorded using a Hamamatsu C2400 CCD camera.
Phase and fluorescent images were also acquired by a Spot RT color digital camera
(Diagnostic Instruments) mounted to a Nikon Eclipse TE300 inverted microscope.
Stereoscope images were captured with a Nikon Coolpix 990 digital camera using a
Nikon SMZ 1500 microscope. Time-lapse microscopy was performed with a Nikon
Diaphot microscope equipped with a video camera (Series 65, Dage-MTI, Inc.) and a
time-lapse recorder (Model TLC 2015R, GYYR Products). Time-lapse cultures on 35
mm plates were enclosed in a T25 flask and gassed with 5% CO, to equilibrate the

atmosphere.

2.2.9 Image Processing. Digital images were rendered in Adobe Photoshop for aesthetic
purposes. Images were typically “sharpened” using a software algorithm, the intensity of
the levels was optimized, and fluorescent grayscale images were typically pseudo-colored
to reflect their appearance under the appropriate filter settings (i.e. DAPI = blue).
Multiple images of the same field acquired under either different light (phase or
fluorescence) or filter settings (DAPI, FITC, or rhodamine) were overlaid to form
composite images and determine co-localization events.

NIH Image analysis software was used to quantify relative fluorescent intensity
levels and acquire two-dimensional measurements. Imported grayscale images were
calibrated to the appropriate size scale. Plot profiles were used to determine the signal-

to-noise ratio of fluorescent protein patterns. Various spatial parameters including
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perimeter, area, length of the major and minor elliptical axis, and angle of the major

axis were acquired by tracing objects of interest (i.e. cells).
Real time and time-lapse video data were recorded onto VHS tape and transferred
to digital format and edited with Adobe Premiere software. Individual frames were

captured from the digitized video.



2.3 Tables

27

Table 2.1. Solution concentrations of proteins used to "ink" PDMS stamps. The stamps

were incubated with the listed concentrations of protein solutions to adsorb at least a
monolayer of protein onto the PDMS surface.

Protein Solution Concentration (ug/ml)
Collagen I 50, 100
Fibronectin 25
Laminin 30, 45
Osteopontin 5,10
Gelatin 67
Endothelin-1 0.1,1,10
Streptavidin 50, 100
Bovine serum albumin

50, 100
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2.4 Figures

A) Protein inking

C&s) —

B) Protein printing

PDMS POMS

C) Cell patterning

0' ¢.

Figure 2.1. Schematic representation of microcontact printing of proteins for patterned
cell attachment. A) The microfabricated PDMS stamps were “inked” by adsorbing a
layer of protein from solution onto the surface and the stamps were then rinsed and
briefly dried. B) The dried stamps were brought into contact with the substrates to be
patterned and removed after several minutes, thus depositing protein only in the regions
of contact between the stamp and the substrate. In many cases, the substrates were
initially pre-coated with a layer of protein prior to printing. C) Cell suspensions were
seeded onto the micropatterned surfaces and the cells specifically attached and organized
along the adhesive patterned regions.



29
Chapter 3: Constrained Cell Recognition Peptides

Engineered Into Streptavidin
3.1 Abstract

Streptavidin is widely used as an adapter molecule in diagnostics, separations, and
laboratory assay applications. We have engineered cell adhesive peptides into the three-
dimensional scaffolding of streptavidin that convert streptavidin into a biofunctional
protein, while maintaining the biotin binding properties of the protein. The mutations did
not alter refolding or tetramer assembly and the native binding affinity of wild-type
streptavidin was retained as determined by off-rate measurements. The peptide targets
were hexapeptide sequences derived from osteopontin and fibronectin that contain the
RGD cell adhesion sequence. Adhesion assays directly demonstrated that rat aortic
endothelial cells and human melanoma cells overexpressing the o, integrin adhered to
surfaces coated with either of the two RGD streptavidin mutants in a dose dependent
fashion, although wild-type streptavidin displayed no significant cell binding activity.
Inhibition studies with soluble RGD peptides confirmed that the cell adhesion was RGD
mediated. Further inhibition studies with antibodies directed against o.,3; demonstrated
that the RGD streptavidin interaction appeared to be integrin specific. These resuits
demonstrate that peptide recognition sequences can be engineered into accessible surface
regions of streptavidin without disrupting its biotin binding properties. This approach to
introducing secondary functional activities into streptavidin may improve streptavidin’s

utility in existing applications or provide new technology opportunities.
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3.2 Introduction

Streptavidin is a commonly used molecular adaptor in many diagnostic, affinity
separations, and drug targeting applications. Its utility arises from the unique biotin
binding properties of the four binding sites (K, =10"'* M™") and their dyad symmetry that
creates oppositely aligned surfaces for binding biotinylated molecules or coatings. The
engineering of streptavidin has provided new opportunities to tailor the protein for new or
improved technologies. Streptavidin fusion proteins with a variety of proteins such as
protein A, metallothionein, single chain antibodies, luciferase, and green fluorescent
protein have been created in E. coli and baculovirus expression systems.'*''® These
fusion proteins are intended to improve diagnostic and therapeutic biotechnologies which
require simultaneous, specific conjugation of multiple proteins or moieties through dual
ligand affinities.

We have investigated a complementary approach toward re-engineering
streptavidin to contain second functional domains. Specifically we were interested in
engineering functional peptide sequences into the streptavidin three-dimensional
scaffolding at defined surface locations. We have utilized the Arg-Gly-Asp (RGD) cell
adhesive sequence as an initial target, but the peptide sequences could represent a large
number of functional activities. This particular motif is a well-characterized peptide
sequence responsible for integrin-mediated cell adhesion that is found in fibronectin and
many other extracellular matrix and matricellular proteins. Proteins without a native
RGD domain have previously been genetically engineered to incorporate an RGD site

that confers cell adhesive properties.''"''* Here we report the design of two streptavidin
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mutants that incorporate the RGD sequence and flanking residues from fibronectin

(FN-SA) and osteopontin (OPN-SA) (Figure 3.1). These RGD streptavidin mutants are
bi-functional proteins that retain wild-type biotin affinity, yet also mediate cell adhesion
in an RGD dependent manner. Streptavidin itself may thus be used as both an adaptor
and a biological effector, which may provide opportunities for improving diagnostics,

separations, and drug targeting applications.

3.3 Methods

3.3.1 Construction and Production of Mutants. 60mer oligonucleotides were initially
purchased from Integrated DNA Technologies (IDT) and 5° phosphorylated with T4
kinase (Gibco BRL). The FN-SA cassette was obtained by annealing the following
complementary strands: 5° CTAGGTACGTTCTGACCGGTCGTTACGACTCCGCTC-
CGGGTCGTGGTGACTCCCCGGGTT 3’ and 5 CCGGAACCCGGGGAGTCACCA-
CGACCCGGAGCGGAGTCGTAACGACCGGTCAGAACGTAC 3’. The OPN-SA
cassette was constructed with the following strands: 5° CTAGGTACGTTCTGACCGG-
TCGTTACGACTCCGCTCCGGGTCGTGGTGACTCCGTTGGTT 3’ and 5° CCGGA-
ACCAACGGAGTCACCACGACCCGGAGCGGAGTCGTAACGACCGGTCAGAAC
GTAC 3’. The previously described streptavidin construct in pUC18 was digested with
restriction enzymes Xbal and BspEI (New England Biolabs) to create complementary
ends for the annealed cassettes, which were subsequently ligated into the plasmid DNA.”
The ligation products were transformed into NovaBlue competent cells (Novagen). The
60mer oligos contained a single nucleotide mutation that abolished the Xbal site from the

streptavidin gene in order to screen for the mutants. Successful production of the mutant
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sequences was confirmed by fluorescent dye terminator cycle PCR sequencing. The

FN-SA and OPN-SA gene constructs were subsequently subcloned into the pET21a
expression plasmid and transformed into BL21(DE3) (Novagen) competent cells in
preparation for large scale streptavidin expression. The FN-SA and OPN-SA constructs

in pET21a were expressed and purified as previously described.”

3.3.2 Protein Analysis. 10-20% Tris-Gly SDS-PAGE gels (Novex) were run with boiled
and unboiled samples of the mutants, wild-type streptavidin, and a Kaleidoscope
molecular weight marker to characterize the oligomeric state of the proteins. In addition,
a native PAGE gel analysis was performed by omitting SDS from the running buffer.
Mass spectrometry was performed on samples of the two streptavidin mutants by electron
spray ionization mass spectrometry (Micromass Quattro II Tandem Quadrupole Mass
Spectrometer). The protein samples were prepared by dialyzing overnight versus
distilled water and then boiled for 30 minutes in 25% methanol and 1% formic acid
immediately prior to being run on the mass spectrometer. Off-rate measurements were

performed at 25°C as previously described to quantitatively compare the biotin binding

properties of the mutants to wild-type streptavidin.”®

3.3.3 Cell Adhesion. Cell adhesion assays were performed as previously described.'"®
Briefly, rat aortic endothelial cells were cultured in MDCB131 media with 10% fetal
bovine serum and used between passages 20-25. Wild-type and RGD streptavidin mutant
proteins were incubated in 96 well polystyrene plates overnight at 4°C at various

concentrations and then blocked with 1% BSA in PBS for 1 hour at 37°C prior to the



33
plating of cells (n=3). Alternatively, biotinylated BSA was incubated in the 96 wells

overnight at 4°C, blocked with 1% BSA in PBS for 1 hour at 37°C, and then streptavidin
(wild-type or RGD) was incubated in the wells for 1 hour at 37°C. The protein solution
was aspirated and the wells were rinsed with sterile PBS. 50,000 cells in serum free
media containing 0.1% BSA were plated onto each well and placed in a humidified
incubator for 1 hour at 37°C with 5% CO,. The media was then removed and the wells
were rinsed gently twice with warm PBS (37°C) containing Ca+ and Mg+. The adherent
cells were fixed with 4% paraformaldehyde (PFA) for 5 minutes and stained with 0.5%
toluidine blue in 4% PFA for another S minutes at room temperature before the wells
were rinsed by immersing the plate into a large bowl of tap water. The plate was dried by
blotting the inverted plate onto paper towels and adherent cells were lysed with 1% SDS
to release the dye prior to reading the absorbance of the wells with a plate reader at 595
nm. Synthetic hexapeptides GRGDSP, GRGESP, and GRADSP were purchased from
Gibco BRL. The inhibition assay was performed with the same protocol as for the cell
adhesion assay except that the cells were incubated with the peptides for 15 minutes at
room temperature prior to being plated onto the protein-coated wells.

Melanoma cell adhesion assays on streptavidin coated polystyrene dishes were
performed as described above for endothelial cell adhesion assays, except that DMEM
with 0.1% BSA and 10mM HEPES was used as culture medium and 2 x 10° cells were
added to each well. Moa, cells that express high levels of o, B, integrin were derived
from M21 melanoma cells. These cells were generously provided by Dr. Cecilia
Giachelli (University of Washington). Adhesion assays were also performed on self-

assembled monolayers constructed on 24 well tissue-culture polystyrene dishes. The
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dishes were evaporated with ~400A gold, then incubated with a 0.1 mM ethanolic thiol

solution of 20% biotinylated alkylthiol (BAT) and 80% polyethylene glycol (PEG)
overnight. The wells were rinsed three times with 100% ethanol, blown dry with
nitrogen, then incubated with 0.05 mg/ml of streptavidin in PBS (wild-type or mutant) at
37°C for one hour with side-side rocking. The protein solution was then removed, and
the wells were rinsed three times with PBS before the addition of cells. Antibody
inhibition assays were performed essentially identically as for the peptide inhibition
assays. LM609 and control IgG antibodies were obtained from Chemicon International,

Inc. (CA) and were used at 1:1000 dilution (10 ug/ml).

3.3.4 Apoptosis Assay. Adhesive proteins were adsorbed from solution onto 4 well
plastic chamber slides (Nunc) overnight at 4°C. The proteins included: poly-D-lysine
(100ug/ml), bovine collagen I (Sug/ml), bovine fibronectin (12.5 pg/ml), recombinant rat
osteopontin (5 pg/ml), FN-SA (50 pg/ml), and OPN-SA (50ug/ml). Endothelial cells
were seeded onto the protein coated chamber slides in serum-free media at a density of
50,000 cells/ml (1 ml volume) and allowed to attach overnight. The cells were
maintained under serum-free conditions for 48 hours at which time they were fixed and
then stained with DAPI. Cultures in the presence of serum containing media (10%) were
used as positive controls. Microscopic images of at least S fields per well were acquired
and nuclear morphology was assessed for a minimum of 100 cells on each protein-coated
surface. Cells with small, bright and in some cases, fragmented nuclei were scored as
apoptotic cells. The relative percent of apoptotic cells are reported as the mean *

standard deviation.
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3.4 Results

3.4.1 Characterization of Streptavidin Mutants. After purification, the RGD
streptavidin mutants were physically characterized to determine if the mutations
disrupted the structure or function of native wild-type streptavidin. Wild-type
streptavidin runs as a tetramer on denaturing SDS-PAGE gels if the samples are not
boiled prior to electrophoresis. Both RGD mutants exhibited faint bands at the tetramer
molecular weight under these conditions, with the primary band running at the monomer
mass (Figure 3.2). Native PAGE analysis indicated that the mutants proteins did run as
tetramers, demonstrating that the proteins existed as tetramers in the absence of high SDS
concentrations (Figure 3.2). Mass spectrometry provided accurate mass measurements
for both of the streptavidin mutants with calculated molecular weights of 13,554 for FN-
SA and 13,556 for OPN-SA. The measured molecular weights of 13,554 for FN-SA and
13,554 for OPN-SA are within experimental error of the predicted masses (Figure 3.3).
In order to determine whether the altered sequences affect the biotin binding site, we
measured the biotin off-rates, which are very sensitive to structural perturbations. At
25°C, the kg for wild-type is 3.3 x 10"/sec compared to 3.28 x 10"%/sec for FN-SA and
3.13x10°/sec for OPN-SA. These off-rate determinations thus demonstrate that the

mutants retained biotin affinity equivalent to wild-type streptavidin.

3.4.2 Cell Adhesion. Cell attachment assays were conducted in order to assess whether
the insertion of RGD sequences into native streptavidin conferred cell adhesive activity

on the mutant streptavidin proteins. Adhesion assays with rat aortic endothelial cells and
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human melanoma cells were performed with both of the RGD mutants and wild-type

streptavidin adsorbed to 96 well polystyrene wells. Wild-type streptavidin did not
support cell adhesion, whereas both of the RGD streptavidin mutants displayed high cell
binding activities. Endothelial cell adhesion was also supported when the RGD mutants
were immobilized via biotinylated BSA that had been preadsorbed onto the polystyrene
wells. To assess cell adhesion, the concentration dependence was determined in titration
assays where the RGD streptavidin concentration was varied (Figure 3.4). For both the
FN-SA and OPN-SA mutants, maximum endothelial cell adhesion was observed at a
solution protein concentration of ~100 nM (5 pg/ml). Statistically significant (p < 0.05)
cell adhesion between the RGD mutants and wild-type streptavidin was achieved at a
solution concentration of ~10 uM, but any differences in cell adhesion between the two
mutants did not appear statistically significant. Wild-type streptavidin did not support
significant cell adhesion above control levels (BSA-coated wells). This was also
confirmed by visually inspecting the wells with a phase-contrast microscope prior to
introducing the fixative and cell stain. A high number of cells remained adherent to the
wells with the RGD streptavidin mutants, whereas very few cells remained in the wells
coated with wild-type streptavidin. The morphology of adherent endothelial cells on the
RGD streptavidin mutants closely resembled that of cells on a native adhesive matrix
protein. For example, sub-confluent endothelial cell morphology on FN-SA was similar
to that of cells attached on fibronectin-coated substrates, whereas little cell attachment
and spreading were observed on wild-type streptavidin, similar to adhesion on BSA
(Figure 3.5). To confirm that the observed cell adhesion was directly RGD dependent,

inhibition studies were conducted with GRGDSP, GRGESP, and GRADSP peptides.



37
The RGE and RAD control peptides had no noticeable inhibitory effect on cell

adhesion, but the RGD peptide inhibited cell adhesion in a dose-dependent manner
(Figure 3.6).

Comparable cell adhesion and inhibition results were obtained using human
melanoma cells. The RGD streptavidin mutants again showed strong cell adhesive
activity either physisorbed onto polystyrene wells or immobilized via biotinylated self-
assembled monolayer on gold (Figures 3.7 & 3.8). The melanoma cell adhesion was
inhibited in a dose-dependent fashion with either a soluble RGD peptide or by an anti-
«,B; integrin monoclonal antibody, but not by a control non-specific antibody (Figures
3.7 & 3.8). These results thus demonstrate that the RGD sequence mediates cell
adhesion, and that these sequences interact specifically with the o, p; integrin present on

the melanoma cells.

3.4.3 Modulation of Cell Adhesion. In a separate set of cell adhesion experiments,
RGD-SA (FN-SA) was mixed in solution with WT SA and immobilized onto wells pre-
coated with biotinylated BSA in order to vary the density of RGD ligands on the surface.
Since there was not a significant difference in the off-rates of the streptavidin mutants, it
was assumed that the two streptavidin species (RGD-SA & WT SA) had similar affinities
for biotinylated BSA and therefore the relative surface concentration of the two
molecules should approximately correspond to their ratio in the heterogeneous solution.
The total concentration of streptavidin was fixed at 1 pM, since this appeared sufficient
to completely saturate the surface binding sites (see Figure 3.4). Similar to the previous

results, minimal endothelial cell adhesion was observed on surfaces of WT SA alone (0%
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RGD-SA) and maximal adhesion was achieved on the purely RGD-SA surface (100%

RGD-SA) (Figure 3.9). At intermediate concentrations of RGD-SA, cell adhesion varied
between these two levels, however a significant drop in cell adhesion was not noted until
less than 10% RGD-SA was used (Figures 3.9 & 3.10). This value correlates to the same
concentration (~100 nM) of the pure RGD-SA solution at which endothelial cell adhesion
appeared to decrease in previous experiments (see Figure 3.4). These results indicate that
the density of RGD ligands presented on the surface can be rationally controlled by
simply varying the molar ratio of RGD streptavidin in solution with wild-type
streptavidin. In this fashion, the spatial density of exposed RGD moieties can be varied
within a relatively homogeneous monolayer of streptavidin, capable of subsequent biotin

binding.

3.4.4 Apoptosis Assays. To determine whether the engineered RGD streptavidin
mutants functioned similarly to natural matrix proteins, preliminary experiments
examining endothelial cell survival on various protein-coated surfaces were performed.
Fibronectin, osteopontin and collagen I were used as positive controls to prevent
apoptosis and compared to the two RGD streptavidin mutants. Poly-D-lysine served as a
negative control since it promotes non-integrin mediated cell adhesion to surfaces via
electrostatic attraction (positive charge of polymer and net negative charge of cell
membrane). After 48 hours in serum-free media, endothelial cells remained adherent,
spread and exhibited normal nuclear morphology (based on DAPI staining) on matrix
proteins such as FN and OPN (Figure 3.11). On the other hand, cells on the PDL-coated

surfaces were fewer in number, rounded up and the majority of cells possessed picnotic



39
nuclei (Figure 3.11). These results are comparable to those reported previously by

Scatena et al. using similar methods.'® Interestingly, the nuclei of serum-starved cells on
the RGD streptavidin coated wells appeared similar to those on the native matrix proteins
(Figure 3.11). Quantitative analysis (based on the morphology of nuclear condensation)
suggested that the RGD streptavidin mutants were able to inhibit endothelial cell
apoptosis almost equally as well as normal matrix protein coatings such as fibronectin,

osteopontin or collagen (Figure 3.12).

3.5 Discussion

We have here demonstrated that cell adhesive peptides can be incorporated
directly into the streptavidin structural scaffolding and that such streptavidin mutants can
function similar to native adhesive matrix proteins. RGD sequences are commonly found
at the apex of a B—turn loop, such as the type III B-turn for fibronectin.'” The anti-
parallel B strands provide a constrained framework for the RGD loop. Cyclical peptides,
which are comparable to loop structures, can demonstrate an enhanced activity over
linear peptides of the same amino acid sequence.'? An exposed loop of the streptavidin
molecule between opposing P strands was thus chosen for the site of the RGD mutations
(Figure 3.1). This loop lies near the biotin binding site but does not involve any direct
contact residues, and is on the symmetry related surface that is maximally exposed to
solution when streptavidin is bound to biotinylated surfaces. Our initial design for
introducing the RGD sequence into streptavidin substituted an Arg and Gly for residues
Ala and Thr (65 and 66) before a naturally occurring Asp residue (67), but this mutant

did not promote cell adhesion. Two subsequent mutants based on the original construct
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included additional flanking residues mimicking those found in fibronectin and

osteopontin. A Gly was inserted between residues 64 and 65 of streptavidin, and a Ser
and either Val or Pro (corresponding to fibronectin and osteopontin, respectively) were
placed between amino acids 67 and 68.

The additional flanking residues may increase the exposure of the loop and/or
sterically optimize the adhesive sequences in a more favorable orientation. The flanking
residues surrounding the RGD sequence also play a role in determining the adhesive
activity of the peptide, as well as the specificity for individual integrins.'” Nearly half of
the known integrins display an RGD ligand binding dependence, and certain integrins
require specific flanking sequences that differ amongst the various extracellular and
matricellular proteins.'® The different flanking residues are believed to alter the
conformation of the RGD domain, thus providing a structural basis for integrin
specificity. Previous reports have suggested that an RYD site in streptavidin can direct
association with Chinese hamster ovary cells, M4 murine melanoma cells, ADP-activated
platelets, and CD4+ T lymphocytes cells, and that soluble RGD peptides will compete
with the native protein for integrin engagement.'>'*® We did not observe this activity
with the endothelial and melanoma cells used in this study, or in other studies with a
variety of other cell types. The RYD sequence has limited solvent accessibility in the
crystal structure of streptavidin, and is unlikely to be a strong mediator of specific
integrin interactions with streptavidin.

In almost all cases, the FN-SA mutant appeared slightly more adhesive than the
OPN-SA mutant on an equimolar basis. This may be an interesting observation since in

general these two mutants displayed similar adhesive behavior, yet differ in only a single
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amino acid in their primary structure. Potentially this phenomenon could have been an

artifact of a minor miscalculation in the molar concentration of the two species, but it
appeared fairly consistent over the course of all experiments in which the RGD
streptavidin mutants were compared. If the difference in adhesivity between the two
mutants is indeed real, then this pair of proteins (FN-SA & OPN-SA) serves as an
example of the subtle complexity of molecular recognition utilized by cells as they
decipher the adhesive cues present within their local environment.

Specifically immobilizing the RGD streptavidin mutants on biotinylated
substrates also permits novel methods to control the adhesive ligand density on a surface.
The surface density of RGD can be varied within a homogeneous streptavidin monolayer
by exposing the substrate to mixed solutions of the RGD and wild-type streptavidin
species. Since biotin affinity appears to be equivalent, the two species in solution should
compete equally for biotin binding sites on the surface. In addition, the density of RGD
could be further controlled by producing chimeras of RGD and wild-type streptavidin by
combining the 2 species during protein refolding; methods for producing streptavidin
chimeras have been described previously.'” This approach could be used to reduce the
number of RGD motifs per assembled tetramer, but it would be impossible to achieve a
homogeneous population since it can be difficult to control the precise stoichiometry of
the refolded chimeras.

Streptavidin is used as an adapter in a wide variety of diagnostic, separations, and
drug targeting applications. It is thus interesting that streptavidin itself could be used in
some applications as both an adapter and as an effector, which could provide

opportunities to simplify and improve many of these applications. The cell adhesive
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streptavidin derivatives described here are directly useful as tissue culture coatings to

immobilize cells. Integrin mediated cell adhesion is closely tied to impoftant signaling
pathways that control cell behavior, and these streptavidin derivatives might also be used
to stabilize cell phenotype through the incorporation of RGD or related sequences that
mediate specific receptor-mediated engagement and biological responses. It is likely that
a number of different peptide sequences with a variety of receptor specificities can be
incorporated into this loop or other surface locations, which could provide additional
opportunities for cell separations and diagnostics applications. The incorporation of
receptor specific peptide sequences into streptavidin could also provide opportunities to
evaluate streptavidin as both the targeting and capture agent in drug delivery applications

utilizing biotinylated biomolecular therapeutics.
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3.6 Figures

Figure 3.1. Schematic model of the streptavidin tetramer structure and its relative
orientation immobilized on a biotinylated surface. The black balls indicate the location
of the RGD residues and biotin moieties situated in the binding site are represented as the
multi-colored ball-and-stick atoms. Each of the individual streptavidin monomers is
identified by the four different colored ribbon structures. The model does not attempt to
predict the precise conformation of the mutated loop, but simply to depict the spatial
relationships of biotin binding sites and the RGD mutations. The RGD mutation was
inserted into a solvent exposed loop on the opposite side from the biotin binding pocket
of each individual monomer.



Figure 3.2. Poly-acrlyamide gel electrophoresis of RGD streptavidin mutants. SDS
(left) and native gels (right) were run with samples of WT SA, FN-SA and OPN-SA.
Left) 1 - OPN-SA unboiled; 2 - OPN-SA boiled; 3 - WT SA unboiled; 4 - WT SA boiled;
5 - MW ladder; 6 - FN-SA unboiled; 7 - FN-SA boiled. Right) 1 - MW ladder; 2 - OPN-
SA unboiled; 3 - OPN-SA boiled; 4 - WT SA unboiled; 5 - WT SA boiled; 6 - FN-SA
unboiled; 7 - FN-SA boiled. Unboiled samples should run at the tetrameric molecular
weight (~52,000 kDa) and boiled samples should run at the monomeric molecular weight
(~13,000 kDa). The RGD streptavidin mutants appeared unstable in the presence of SDS
(left), indicated by the smeared lanes (1 & 6). However the native gel indicated the RGD
streptavidin mutants could stably assemble into tetramers (right, lanes 2 & 6).
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Figure 3.3. Mass spectrometry results of RGD streptavidin mutants. The FN-SA sample

was spiked with WT SA as an internal reference.
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Figure 3.4. Concentration dependence of FN-SA and OPN-SA mediated endothelial cell
adhesion. FN-SA (diamonds), OPN-SA (circles) or WT SA (black squares) were coated
on either polystyrene wells or immobilized via biotin-BSA adsorbed onto polystyrene
wells. Rat aortic endothelial cells were plated onto the wells at a density of 50,000 cells
per well and allowed to attach for about one hour at 37°C, 5% CO,. Non-adherent cells
were rinsed from the wells, the cells were fixed and then stained with toluidine blue. Cell
membranes were lysed to release the dye and absorbance readings at 595 nm were
acquired with a 96-well plate reader. The data are reported as the mean + standard
deviation values (n=3); some standard deviation bars are too small to be depicted.
Endothelial cell adhesion increased as the solution concentration of the RGD streptavidin
mutants used to coat the wells was increased. Cells did not significantly adhere to WT
SA over the same range of concentrations.



Figure 3.5. Phase contrast images of rat aortic endothelial cell adhesion. Endothelial
cells were plated onto protein-coated petri dishes in serum-free media and allowed to
adhere for ~24 hours. Adsorbed bovine serum albumin (BSA) and wild-type streptavidin
(WT SA) did not support cell attachment and spreading. In contrast, adsorbed fibronectin
(FN) and FN-SA facilitated cell adhesion and normal cellular morphology.
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Figure 3.6. RGD peptide inhibition of FN-SA and OPN-SA mediated endothelial cell
adhesion. Rat aortic endothelial cells were pretreated with soluble RGD peptides for 15
minutes prior to being plated onto wells pre-adsorbed with RGD streptavidin (1 uM) at a
density of 50,000 cells per well and allowed to attach for about one hour at 37°C, 5%
CO,. Non-adherent cells were rinsed from the wells, the cells were fixed and then stained
with toluidine blue. Cell membranes were lysed to release the dye and absorbance
readings at 595 nm were acquired with a 96-well plate reader. The data are reported as
the mean =+ standard deviation values (n=3); some standard deviation bars are too small to
be depicted. Left) Rat aortic endothelial cell adhesion to FN-SA (black diamonds) or
OPN-SA (white circles) was inhibited in a dose-dependent manner by the addition of a
soluble GRGDSP peptide. Right) Soluble GRGDSP peptides specifically inhibited cell
adhesion to FN-SA (black bars) or OPN-SA (white bars), compared to control peptides,
GRGESP and GRADSP. The RGD peptide at 100 pM almost completely inhibited cell
adhesion, relative to baseline absorbance levels (1% SDS alone, no cells).
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Figure 3.7. Melanoma cell adhesion to polystyrene dishes coated with FN-SA
(diamonds), OPN-SA (circles) and wild-type streptavidin (black squares). Left) Dose-
dependent cell adhesion at various coating concentrations was observed which could be
inhibited in a dose dependent fashion by soluble RGD peptides (right). The streptavidin
coating concentration in the peptide inhibition experiment was kept constant at 200 uM
(see Materials and Methods). Error bars indicate + standard deviation (n=3).
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Figure 3.8. Melanoma cell adhesion to mixed self-assembled monolayers (SAMs)
containing biotin and poly(ethylene glycol) thiols. Left) Cell adhesion to SAMs coated
with FN-SA, OPN-SA, and wild-type streptavidin was compared and right) integrin
specificity of melanoma cell adhesion was determined by pre-incubating the cell
suspension in the presence of 10 ug/ml anti-c.,B, integrin complex (LM609) or isotype-
matched non-immune control antibody, FN-SA (black bars), OPN-SA (grey bars). Error
bars indicate + standard deviation (n=3). Results are representative of at least two
independent experiments.
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Figure 3.9. Rat aortic endothelial cell adhesion to RGD-SA/WT SA mixtures
immobilized on biotinylated-BSA coated substrates. The total streptavidin concentration
was fixed at 1 uM while the mole fractions of RGD-SA and WT SA were varied. The
cells were allowed to attach for 1 hour and then non-adherent cells were gently rinsed
from the wells. Fixed cells were stained with toluidine blue, cell membranes were lysed
to release the dye and absorbance readings at 595 nm were acquired with a 96-well plate
reader. The data are reported as the mean + standard deviation values (n=3). Endothelial
cell adhesion gradually increased with an increasing molar fraction of either FN-SA
(green squares) or OPN-SA (red circles), but remained relatively high even at a mole

fraction of 0.1.
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Figure 3.10. Rat aortic endothelial cell adhesion to RGD-SA/WT SA mixtures
immobilized on biotinylated-BSA coated substrates at lower concentrations of RGD-SA
(< 10%). The total streptavidin concentration was fixed at 1 yM while the mole fractions
of RGD-SA and WT SA were varied. The cells were allowed to attach for 2 hours and
then non-adherent cells were gently rinsed from the wells. Fixed cells were stained with
toluidine blue, cell membranes were lysed to release the dye and absorbance readings at
595 nm were acquired with a 96-well plate reader. The data are reported as the mean %
standard deviation values (n=3). Endothelial cell adhesion increased slightly with an
increasing molar fraction of either FN-SA (green squares) or OPN-SA (red circles), but
not significantly greater than background levels until a mole fraction of 0.05 or 0.1 was

used.
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Figure 3.11. Nuclear staining of serum-starved endothelial cells on adhesive proteins.
Rat aortic endothelial cells were plated onto protein-coated chamber slides and cultured
in serum-free media for 48 hours. The cultures were fixed and stained with DAPI to
visualize the morphology of cell nuclei. Arrows highlight small, intensely stained and
sometimes fragmented nuclei, indicative of apoptotic cells.
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Figure 3.12. Quantitative analysis of apoptotic endothelial cells on adhesive protein
coated surfaces. Rat aortic endothelial cells were plated onto protein-coated chamber
slides and cultured in serum-free media for 48 hours. The cultures were fixed and stained
with DAPI to visualize the morphology of cell nuclei (n > 100). Apoptotic cells were
counted and reported as the % of the total adherent cell population. Endothelial cell
apoptosis was inhibited by adhesion to RGD streptavidin mutants, similar to cell
attachment to native matrix proteins.
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Chapter 4: Spatially Organized Assembly of Extracellular

Matrix Proteins on Surfaces to Direct Cellular Response

4.1 Abstract

The precise micro-architecture of the extracellular matrix, consisting of structural
and functional proteins, imparts spatiotemporal information to cells that directs
macroscopic tissue development and function. Similarly, micropatterning techniques
have been developed to control the displacement of proteins and cells at interfaces for
investigations of cell biology, biosensor development and tissue engineering applications.
Microcontact printing is an attractive micropatterning approach because it affords a
relatively simple and rapid method to directly pattern proteins. We have pursued
microcontact printing of extracellular matrix and globular proteins to specifically direct
cell adhesion and cellular response on a variety of material surfaces. Protein patterns
were transferred with approximately 100% efficiency from native PDMS stamps to
substrates that were less hydrophobic, based on contact angle measurements. The protein
patterns appeared to be stable for several weeks in aqueous buffer or serum-containing
media and the printing technique did not appear to significantly inhibit the bioactivity of
the protein patterns. Cell adhesion was strictly dictated by the protein patterning
dimensions and stable cell patterns could be generated that persisted for several weeks in
vitro. In addition to patterning onto synthetic materials, protein patterns were also
printed onto adsorbed protein layers. Cells could decipher differences in spatial adhesive

cues between patterns of different adhesive proteins or subtle spatial variations in the
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concentration of a single protein species. The ability to fabricate complex,

heterogeneous protein patterned surfaces represents a novel method to spatially control

the assembly of proteins in a manner that more accurately resembles the native

organization of the extracellular matrix.

4.2 Introduction

The extracellular matrix plays a key role in the development and maintenance of
tissue organization and cell phenotype, as well as in wound healing processes. For
technologies that rely on controlling biology at surfaces, such as biosensors and tissue
engineering"*® '*!, there is thus a great interest in developing strategies that direct cell
phenotype and tissue development by organizing instructive extracellular matrix cues.
This goal poses a significant challenge because the extracellular matrix environment is
very complex, with the full information content tied to the structural complexity and
dynamic interplay of combinations of multiple soluble and insoluble proteins. For
example, matricellular proteins are a subset of matrix proteins that are expressed
transiently to control a variety of important cell activities by modulating cell receptor
interactions with extracellular matrix proteins, such as collagen."*? Cell activities are thus
dependent on the spatial content of the local extracellular matrix environment mediated
by specific interactions with integrins and other receptors on the surface of cells.

Numerous micropatterning methods have been derived using traditional
photolithography and soft lithograpy technologies to pattern the displacement of proteins
and cells on surfaces. These techniques have been used to study the patterning of a

variety of cell types in vitro, including macrophages'®, hepatocytes'®, endothelial’*> '%,
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bone'*” and neuronal cells'** '*°, as well as cardiac'*’ and skeletal muscle cells'*'. A

description of major advances in protein patterning and microfabrication technologies to
study cellular interactions have been summarized in recent reviews. %4

Microcontact printing has been proven to be a reliable and versatile
micropatterning technique for defining spatial patterns of adhesive or non-adhesive
surface chemistries.” ' Chemical patterning via microcontact printing of self-assembled
monolayers has been used to preferentially direct the adsorption of extracellular matrix
proteins from solution, such as fibronectin, thereby creating spatially defined adhesive
regions for cell attachment.'® '¥- '* However, strategies utilizing chemical patterning
schemes are often limited to particular substrates, like gold or silicon surfaces, and
typically require the synthesis of organic molecules to create the desired surface
chemistry.

On the other hand, microcontact printing of proteins directly is a more
straightforward approach that is compatible with a variety of surfaces.'*"'* Several
studies have described the direct microcontact printing of proteins into spatially defined
geometries, including the use of poly-lysine to direct cell adhesion.'?% '3 142150 I the
case of poly-lysine though, cell attachment is based solely upon the electrostatic
attraction between the cationic polymer and the anionic cell membrane, under aqueous
conditions. However, most cell types require receptor-mediated attachment to
extracellular matrix (ECM) proteins to promote normal cellular function and long-term

survival. Recent reports have described the direct printing of fibronectin'®' or laminin'**

' to pattern endothelial cells or neuronal cells, respectively, on synthetic substrates.
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These reports suggest that this method may be generally applicable to stamp various

extracellular matrix proteins to pattern cell attachment.

We have been interested in utilizing matrix proteins at surfaces to instruct cell
behavior, but within a more biological context that includes other extracellular matrix
components as well. By controlling the spatial organization of extracellular matrix
molecules we can systematically investigate the effects of the geometric distribution of
these proteins on cellular response. Microcontact printing of proteins can be used to
rapidly generate a wide variety of spatially defined combinations of extracellular and
matricellular proteins on cell culture substrates or biomaterials by successive stamping
with different biomolecules. In addition, spatially organized, heterogeneous mimetics of
the natural extracellular matrix can be created by printing protein patterns directly onto
adsorbed protein layers. Printed patterns of matrix proteins are stable in the presence of
serum-containing cell culture media and a number of different cell types have been
patterned to demonstrate the inherent flexibility of this technique to culture anchorage-
dependent mammalian cells in this manner. The organized in vitro assembly of ECM
proteins by microcontact printing provides a new model system to directly investigate the

effects of spatially organized matrices on cell adhesion and function.

4.3 Methods

4.3.1 Protein Printing Methods. Protein patterns were fabricated by microcontact
printing as described in Chapter 2. In general, protein solutions were incubated on
PDMS stamps for 30-45 minutes to allow the proteins to adsorb onto the surface of the

elastomer. The stamps were rinsed with deionized water and PBS and dried with a
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nitrogen stream immediately before being brought into contact with a dry substrate. It

was essential that both the stamp and substrate were macroscopically dry in order to

achieve conformal contact between the two materials and thus facilitate protein transfer.

4.3.2 Cell Patterning. The cell types used in patterning experiments were either isolated
from tissues or cultured according to the methods described in Chapter 2. Cell
suspensions were plated onto the micropatterned substrates and allowed to attach to the
protein patterned regions. Typically, after a short period of time, non-adherent cells were

rinsed away and cultures were routinely re-fed with fresh media as necessary.

4.3.3. Surface Analysis Techniques. Fluorescent microscopy was used to assess the
morphology of protein patterns that were either conjugated to fluorescent probes or
detected immunohistochemically. Contact angle measurements of various substrate
materials were either measured using a Rame-Hart goniometer, as described in Chapter 7,
or taken from the literature. Patterned cell morphology of live cultures was monitored by

inverted phase microscopy during the course of experiments.

4.4 Results

4.4.1 Properties of Matrix Protein Printing. The direct microcontact printing of
various extracellular matrix proteins (collagen I, laminin, fibronectin, gelatin) was
characterized along with small peptides (i.e. endothelin-1) and a set of soluble, globular
proteins that included osteopontin and thrombospondin-2, both matricellular proteins, as

well as streptavidin and BSA. These proteins varied in their size and structural/physical
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properties, ranging from relatively small soluble peptides (~2.5 kDa for endothelin-1)

to large extracellular matrix proteins (~900 kDa for laminin) (Table 4.1). The
dimensions of the printed protein patterns on the substrates matched precisely with the
raised topographic features of the PDMS stamps used. Quality patterns were generated
that were mostly free of major defects on the size scale of the patterns themselves (>5
um), although some small holes or discontinuities (typically < 5 um) could be observed
within patterned features (Figure 4.1). Previous reports have estimated the efficiency of
protein transfer at nearly 100%.'°"'* Based on fluorescent microscopy analysis, it
appeared that adsorbed protein layers were completely transferred from the stamp to the
substrate selectively in the regions of contact. The relative fluorescent intensity using
labeled proteins indicated that uniform surface coverage was adsorbed to the stamps and
transferred to the substrate, before and after printing respectively. Although typically the
stamps remained in contact with the substrate for a few minutes during the printing
procedure, proteins were rapidly transferred after just a few seconds of contact.

The substrates for protein printing encompassed a range of materials with various
chemical compositions and surface properties (Table 4.2). Several of the surfaces, such
as glass and polystyrene, are commonly used as cell culture substrates and their
transparency permits straightforward optical microscopic analysis of protein and cell
patterns. Other substrates onto which protein patterns were easily printed included mica,
silicon and gold; some of which are frequently employed in the development of
microfabricated biosensor devices. Direct printing of extracellular matrix proteins was
also studied on several polymeric materials frequently used as biomaterials implants or

tissue engineering scaffolds (i.e. PET, PLGA and polyurethanes). Protein patterns were
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also printed onto thin films of a non-fouling polymer (tetraglyme) and stably supported

the adhesion of cell patterns.'*® These examples demonstrated that microcontact printing
of proteins is amenable with most types of surfaces.

Although theoretically PDMS stamps could be cleaned and used repeatedly for
protein printing, early experiments indicated that new stamps typically produced better
quality patterns than re-used stamps. For example, fibronectin line patterns exhibited
fewer defects with a new stamp than one that was re-used after being cleaned by an
oxygen plasma treatment (Figure 4.2). To avoid potential complications of using
recycled stamps, all of the ensuing protein patterns were printed with a fresh stamp used
only once since new stamps provided reproducible results and could be generated rapidly

at minimal cost.

4.4.2 Mechanism of Protein Printing. The mechanism for the highly efficient transfer
of proteins from PDMS stamps to substrates during microcontact printing has yet to be
precisely determined. Although this technique was generally compatible with most
surfaces, there were a few instances in which printing was not successful. The sum of
these “failed” experiments produced a few consistent trends that could explain the

potential mechanism of protein transfer via microcontact printing.

Printing onto PDMS Substrates
The first of these experiments was simply to try to pattern from PDMS onto
PDMS. A series of patterned stamps or unpatterned, flat blocks of PDMS were either

treated with an oxygen plasma to render them temporarily hydrophilic or left untreated,
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thus remaining hydrophobic. The PDMS stamps (oxidized or native) were coated with

a BSA protein solution and stamped onto a PDMS block (oxidized or native), for all four
possible combinations. Thus, the main difference between the stamp and substrate was in
the wettability of the materials, while the other surface chemistry properties remained
relatively constant. Protein patterns were transferred from hydrophobic (native) PDMS
stamps onto hydrophilic (oxidized) PDMS blocks and weak protein transfer was
accomplished by printing with an oxidized stamp onto another hydrophilic PDMS
material. In contrast, protein transfer appeared to be almost completely inhibited by
printing from either a hydrophobic or hydrophilic stamp onto a native PDMS substrate.
The experiment was repeated by printing with native PDMS stamps onto either native or

oxidized PDMS substrates, and similar results were again obtained (Figure 4.3).

Criss-cross Patterning

In another series of experiments, line patterns of BSA or biotinylated BSA were
printed onto glass slides and the remaining exposed glass surface area was blocked by
adsorbing a solution of the other molecule. Thus alternating lanes of biotinylated BSA
and BSA differed only in the order of which molecule was either printed or adsorbed.
The initial intent of these experiments was to investigate whether secondary patterns of
streptavidin printed orthogonal to the direction of the original line patterns were
specifically retained on the biotinylated lanes due to streptavidin’s affinity for biotin. If
so, then squares of streptavidin should coincide with biotinylated BSA regions.

When BSA was printed first and biotinylated BSA was adsorbed to the remaining

surface, printed patterns of streptavidin appeared as squares rather than lines and the
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streptavidin appeared to co-localize on the biotinylated BSA regions. If the order was

reversed and the biotinylated BSA lanes were printed and a BSA solution was then
adsorbed, the streptavidin pattern again appeared as squares, but co-localized on the BSA
regions between the biotinylated BSA lanes (Figure 4.4). These contrasting results
suggested that printed streptavidin was not specifically immobilized to the biotinylated
regions. Instead, it appeared that regardless of which molecular species was printed first,
the primary patterned regions inhibited the subsequent printing of a secondary protein
pattern. However, the surface regions that contained the same molecule passively
adsorbed to the substrate and had not been printed onto could be stamped with a
secondary protein pattern. This curious phenomenon could be due to the low molecular
weight PDMS that transfers with the proteins from the stamp during printing and results
in PDMS patterns on the surface. Thus, stamping onto printed patterns would be
prevented, similarly to stamping from a native PDMS stamp onto a native PDMS

substrate.

Contact Angle Measurements

The relative wettability of surfaces can be assessed on the basis of contact angle
measurements of water in air. Based upon measured and reported values, all of the
substrates onto which protein patterns were successfully transferred exhibited advancing
and receding contact angles that were less than that of native PDMS (Table 4.2). Protein
transfer was not achieved from native PDMS stamps to substrates with contact angles
that were equal to (i.e. native PDMS = 100-110°) or greater than that of the PDMS (i.e.

Teflon = 113°).
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These experiments consistently indicated that protein transfer from native

PDMS stamps was only achieved with substrates that were less hydrophobic than native
PDMS. This suggests that the unidirectional driving force for efficient protein transfer
during printing may be related to differences in wettability between the stamp and the

substrate.

4.4.3 Protein and Cell Pattern Stability. The durability and integrity of the non-
covalently immobilized paﬁems were assessed by several methods. Protein patterns
immersed in PBS appeared unchanged, by fluorescent microscopy inspection, over the
course of 2 weeks at 4°C (longest time point assessed) and could be used to pattern cell
adhesion with no apparent functional loss of bioactivity. Although this indicates that
patterned surfaces could be fabricated and properly stored well in advance of cell
patterning experiments, most samples were prepared on the same day cell patterning
experiments were initiated for consistency purposes. Samples of printed protein patterns
were also incubated with serum-containing media at 37°C and 5%CO, to determine the
stability of the patterns under typical cell culture conditions. Based upon fluorescent
microscopy inspection, patterns in the presence of serum appeared to be unchanged for
up to 4 weeks (longest point assessed) (Figure 4.5), suggesting that the original patterns
are quite stable for cell culture experiments.

Cell pattern stability was similarly assessed with a variety of cell types. Some
cells demonstrated poor spatial confinement to the protein patterns (i.e. fibroblasts,
endothelial cells, smooth muscle cells) in the presence of serum-containing media.

However, cell pattern integrity was significantly improved by culturing such cell types on
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protein patterns in serum-free media conditions for up to several days. These cells,

active in extracellular matrix synthesis and remodeling, also appeared capable of re-
organizing some of the underlying printed molecules and in some instances, manipulating
them into fibrils. In contrast, other cell types less active in synthesizing and remodeling
the extracellular matrix, such as cardiac and skeletal myocytes, remained patterned for
several weeks in the presence of serum containing (1-10%) cell culture media. Thus
depending on the cell type, the integrity of most cell patterns was preserved by
controlling soluble factors added to the cell culture media.

The dimensions of the patterning features also contributed to the stability of cell
patterning. Cell patterns spaced far apart (280 um) were retained better than patterns
spaced close together (i.e. < 20 um), since the larger non-adhesive regions between the
adhesive regions inhibited the degree of cellular bridging and migration between adjacent

features, thus preserving the overall integrity of patterning.

4.4.4 Bioactivity of Printed Protein Patterns. The microcontact printing procedure did
not appear to significantly affect the activity of the patterned proteins. Functional activity
was qualitatively assessed by the ability of extracellular matrix (ECM) molecules to
promote cell attachment, spreading, and normal cellular function. Cell adhesion is
mediated through adhesive peptide motifs, such as the RGD sequence, within matrix
proteins that interact specifically with cell surface receptors (i.e. integrins). Integrin
ligation, and in many cases specificity, requires that the appropriate conformation of the

peptide sequence be displayed for proper biorecognition by cells. Thus, utilizing cell



66
adhesion as an indication of the bioactivity of the patterned proteins suggested that

native protein functions were preserved for printed matrix proteins.

As one example, mouse myoblasts (MM14) were patterned on microcontact
printed laminin, gelatin or fibronectin lanes (15-30 ym wide) on polystyrene culture
dishes. The myocytes rapidly attached to the adhesive protein regions within 4 hours and
spread in the direction of the lanes (Figure 4.6). The cells proliferated and migrated
exclusively along the patterned protein lanes. Differences in myoblast attachment and
morphology were detected between patterns using different matrix proteins, but these
differences were consistent with characteristics of the myoblasts on unpatterned controls.
After switching the culture conditions to promote skeletal myocyte differentiation, the
myoblasts fused primarily along individual protein lanes and formed multi-nucleated
myotubes oriented with the direction of the patterns (Figure 4.6). The myotubes
appeared to be fully differentiated, as assessed by positive immunohistochemical staining
with an antibody to myosin heavy chain and the aligned myotubes remained stably
patterned for several weeks in culture (Figure 4.7). Similar micropatterning results were
also achieved with primary cultures of rat skeletal myoblasts (Figure 4.7). The patterning
of skeletal myoblasts also demonstrates the synergy between soluble cytokines and
adhesive matrix components to spatiotemporally control cellular differentiation into
organized tissue structures.

As another example of preserving protein structure, patterns of streptavidin
printed onto glass were capable of specifically immobilizing biotinylated target
molecules from a bulk solution (Figure 4.8). Retention of biotin binding is a property of

the tetrameric form of streptavidin, thus if the protein had denatured during the
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microcontact printing process, it would have irreversibly lost the ability to capture

biotinylated molecules. These examples demonstrate that at least for relatively robust
biomolecules, such as ECM and other globular proteins, protein function does not appear

to be significantly impaired by microcontact printing.

4.4.5 Printing onto Protein Layers. After characterizing the microcontact printing of
matrix proteins on various synthetic substrates, we also attempted to pattern matrix
proteins on adsorbed protein layers. Successive patterning of proteins or printing onto
adsorbed protein layers provides an avenue to spatially organize functional mimics of the
extracellular matrix that includes multiple protein signals to instruct cellular behavior.
This could be particularly important with matricellular proteins or immobilized growth
factors, because their activities are often dependent on the content of the extracellular

matrix in which they are presented.

ECM Patterns on Globular Protein Layers

Initially, adhesive matrix proteins were printed onto a non-adhesive protein layer
of BSA. BSA is commonly used as a blocking agent because it is not thought to contain
any specific peptide motifs to support cell adhesion. Patterns of collagen, laminin, and
fibronectin were printed onto BSA-layers adsorbed onto glass slides or polystyrene
dishes. The protein patterns were detected by fluorescent microscopy and each printed
matrix protein demonstrated the ability to support cell adhesion, as expected. Cell
response to a particular protein pattern varied depending on the cell type used and the

appropriate choice of the matrix protein to support attachment. For example, cardiac and
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skeletal muscle cells attached well to laminin patterned onto BSA-coated polystyrene,

although fibroblasts attached poorly to the same laminin patterns. However, every cell
type attempted adhered and was easily confined to fibronectin printed patterns on BSA.
The observed differences in cell adhesion to distinct matrix protein patterns is likely
attributable to the differences in the expression of integrin receptors on the surfaces of the
cells. This system proved to be a simple method to specifically direct the adhesion of
various cell types by creating adhesive protein domains on a non-adhesive protein

background and was used in many future studies (see Chapters 5 & 6).

ECM Patterns on ECM Protein Layers

Based upon differences in cell adhesion to different matrix components, patterns
of ECM proteins printed onto adsorbed layers of other matrix molecules could be
exploited to direct cell attachment to particular regions of an overall "adhesive" surface.
Thus, various ECM proteins were printed onto adsorbed layers of collagen, fibronectin or
laminin. For example, line patterns of fibronectin could be stamped onto laminin-coated
polystyrene dishes. NIH 3T3 fibroblasts or rat smooth muscle cells were seeded at
comparable densities onto the surfaces and allowed to attach for a short period of time in
serum-free conditions. The smooth muscle cells easily attached and spread on the
adhesive matrix, but displayed no morphological response to the heterogeneous, spatially
organized surface (Figure 4.9). On the other hand, the fibroblasts adhered strictly to the
fibronectin patterns and spread in the direction of the lines (Figure 4.9). The contrast in
adhesion between these two cell types is presumably attributed to inherent differences in

the expression of particular receptors on these cells for either fibronectin or laminin.
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This strategy can also be employed with a single matrix molecule by varying

the concentration of the protein solution adsorbed onto the stamp and the substrate. Thus
after printing, an adhesive gradient between higher and lower surface concentrations of
the same molecule on a surface could be used to direct cell adhesion and spreading. As
one example, patterns of fibronectin (adsorbed onto stamp at 25 ug/ml) were printed onto
fibronectin-coated dishes (adsorbed at 2.5 pg/ml) and samples were seeded with either
fibroblasts or smooth muscle cells. Fibroblasts attached rather uniformly across the
surface, but they appeared to spread more along the line patterns printed with a higher
concentration of fibronectin (Figure 4.9). Similarly, the smooth muscle cells appeared to
preferentially attach and spread along the higher density fibronectin line patterns than on
the intervening regions coated with less fibronectin (Figure 4.9). Differences in the
adsorbed protein concentration affect not only ligand density but also structural
conformation on the surface, which in turn is reflected by differences in cell adhesion and
subsequent signaling events. This method could thus be exploited with a single protein to
create organized, heterogeneous surfaces, in terms of ligand density and conformation, in

order to convey differential spatial information to cells.

Matricellular Patterns on ECM Protein Layers

Thrombospondin-2 (TSP-2) and osteopontin can be classified as "matricellular”
proteins, a class of molecules that modulate cell signaling and function and are distinct
from the structural components of the ECM. Many of these matricellular molecules are
specifically bound to ECM proteins and are localized to particular regions of a tissue

during developmental, pathological or regenerative processes. To investigate whether
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complex, spatially controlled interfaces of matricellular proteins could be organized on

an ECM background, patterns of osteopontin or TSP-2 were printed onto protein-coated
glass substrates. Fluorescent immunohistochemical analysis of osteopontin square
patterns indicated that osteopontin islands were clearly defined on an otherwise adhesive
background of fibronectin (Figure 4.10). Comparable patterns of osteopontin could also
be printed onto BSA-coated glass substrates and rat aortic endothelial cells specifically
attached to the osteopontin regions (Figure 4.11).

Thrombospondin has previously been shown to be inhibitor of endothelial cell
adhesion and spreading, as noted by reduced focal contact formation.'**'*®* Rat aortic
endothelial cells were seeded onto TSP-2 square patterns printed onto an adsorbed layer
of fibronectin on glass. The endothelial cells attached and spread on regions of the
fibronectin, but seemed to largely avoid or spread around the printed islands of TSP-2
(Figure 4.12). The few cells that attached on large printed regions of TSP-2 remained
more rounded and less spread than those on fibronectin, as indicated by phalloidin

staining of the actin cytoskeleton (Figure 4.12).

4.5 Discussion

Microcontact printing of proteins is a simple and reliable method to rapidly
generate protein patterns on most types of material surfaces. Printed patterns of matrix
proteins can be used to spatially control the attachment of cells and provide a convenient
method to study how cell shape can influence cell function. This has been demonstrated
for a number of different extracellular matrix proteins using a variety of cell types to

indicate the inherent flexibility of this micropatterning technique.
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As described previously, the transfer of protein from the stamp to the substrate

appears to be unidirectional and nearly 100% efficient when it works. Although the
precise mechanism for the transfer is unknown, it has been suggested that keeping the
drying time to a minimum is required for the pattern to be transferred successfully.'®
Proteins at interfaces tend to denature upon drying, and thus become more strongly bound
to the surface. By printing immediately after drying the stamp, the proteins may remain
only loosely adsorbed to the PDMS and transfer more easily to the substrate. However,
these observations still do not necessarily indicate the mechanism for how and why
protein transfer efficiency appears to be an “all-or-none” event. Our results suggest that
the driving force for protein transfer during printing may be related to differences in
wettability between the stamp and substrate since all of the substrates for printing were
more hydrophilic than native PDMS. Proteins adsorb to the hydrophobic surface of the
stamp presumably through van der Waals interactions, hydrogen bonding and/or
electrostatic interactions and these forces appear to be sufficient to retain adsorbed
protein species during solvent rinsing steps. However, after the protein-coated stamps are
brought into contact with a substrate, all of the protein appears to be transferred within
seconds. Although both the stamp and substrate are macroscopically dry during printing,
atmospheric water is still present and could remain bound to the substrate and adsorbed
protein layer on the stamp. The interaction between the bound water molecules could
generate capillary forces that might be sufficient to “pull” the protein from the stamp to

the substrate. In addition, low molecular weight PDMS can leach out from the stamps

and has been identified within protein patterns stamped by microcontact printing.'® The
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transfer of this oily residue during printing might also facilitate the transfer of proteins,

but this has not yet been carefully examined.

Printed protein patterns appeared to be relatively stable under a variety of
conditions. Serum proteins did not appear to exchange with the printed molecules on the
surface since the protein patterns appeared unchanged in serum-containing cell culture
media. By printing onto adsorbed protein layers, protein-protein interactions might have
served to stabilize the non-covalently bound patterns. The PDMS transferred with the
proteins during printing might have also helped to stabilize the proteins.

For some applications, covalent coupling of micropatterned biomolecules is
thought to be important for prolonged patterning integrity. Although the direct
microcontact printing of proteins is inherently a non-covalent patterning technique, it can
easily be combined with various covalent coupling chemistries to permanently attach
molecules to surfaces. This can be done by stamping proteins onto a reactive surface that
covalently links the immobilized molecule'® ' or by conjugating reactive moieties to the
protein beforehand such that it can be crosslinked after printing.'®

The printing of protein patterns onto adsorbed protein layers represents a novel
approach to fabricating more complex molecular interfaces to engineer cell and tissue
response. Most methods for the micropatterning of cells in vitro rely on depositing
adhesive protein patterns juxtaposed with a non-adhesive surface chemistry on synthetic
substrates. However, cells in their normal tissue environment don’t typically encounter
these sorts of synthetic materials or surface chemistries. Instead, cells are tethered to
their surroundings through protein-protein interactions of cell surface receptors with

extracellular matrix proteins. These specific molecular recognition events not only
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mediate cell adhesion, but also initiate signal transduction cascades that ultimately

translate into more macroscopic cellular events (i.e. proliferation, migration, apoptosis).
Thus studying cells on micropatterned surfaces composed entirely of proteins is perhaps a
more relevant model system to examine the native functional activities of ECM proteins.
The ability to pattern different adhesive proteins onto protein layers is also
important because the normal extracellular matrix is composed of multiple adhesive
biomolecules presented in parallel. Traditionally, cell adhesion studies to different
extracellular matrix proteins are performed with separate homogeneous protein-coated
surfaces. By simultaneously presenting two or more adhesive proteins on the same
substrate, cell response to various matrix components can be more directly assessed.
Patterning of matricellular proteins on adhesive matrix components provides another
level of sophistication to spatially engineer functional matrices and this concept could be
extended to include the patterning of other biomolecules as well, such as growth factors,
antibodies or DNA, to further direct cell behavior. Thus by simply printing with different
proteins and manipulating the geometric parameters of the patterning, the surface content
of multiple protein species can be spatially controlled. This method represents a novel
way to create spatially organized, heterogeneous mimetics of the native extracellular

matrix in order to study cellular response.
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4.6 Tables

Table 4.1. Proteins patterned via microcontact printing. A number of different proteins
of various molecular weight, and other properties, were successfully patterned directly by

microcontact printing.

Proteins Molecular weight |
Endothelin-1 2500
Osteopontin 32,000
Streptavidin 52,000
Bovine serum albumin 67,000
Thrombospondin 130,000
Collagen I 140,000
Fibronectin 250,000
Gelatin NA
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Table 4.2. Advancing contact angle values for various substrates used for microcontact
printing. Advancing contact angles (water in air) are listed for measured or reported
values (taken from the literature; denoted by italics). A variety of materials with different
surface chemistries were patterned by microcontact printing of proteins. Protein patterns
could be printed from native PDMS stamps to surfaces that were less hydrophobic,
suggesting a potential mechanism for the unidirectional transfer of proteins from the
stamp to the substrate.

Substrate Material Adv. Contact Angle Protein Printing |
Mica 0-5° +
PDMS (oxidized) 30° +
Glass 35° +
Silicon 36° +
Protein-layer (BSA) 37° +
Gold 60-80° +
Tetraglyme film 57° +
Polystyrene 78° +
PLGA 68° +
Polyurethane 72-88° +
PDMS (native) 100-110° -
Teflon 113° -
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4.7 Figures

Laminin Collagen | Fibronectin
15x10 pm 10«30

Figure 4.1. Printed patterns of extracellular matrix proteins. Extracellular matrix
proteins such as laminin (left), collagen I (center) and fibronectin (right) were patterned
directly by microcontact printing. Laminin and fibronectin were conjugated to Oregon
Green 488™ before printing and collagen I patterns were immunostained with a primary
antibody and a secondary TRITC labeled antibody after printing in order to visualize the
patterns by fluorescent microscopy.
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New stamp | Re-used stamp

Figure 4.2. Comparison of printed protein patterns with a new and re-used stamp. A
new stamp (20x20 um lanes) and a used stamp (same dimensions), cleaned by an oxygen
plasma treatment, were coated with a solution of fibronectin and printed onto glass slides.
The resulting fibronectin patterns were detected by immunostaining with a primary
fibronectin antibody and secondary antibody conjugated to rhodamine. New stamps
produced better quality and more reproducible patterns than used stamps cleaned in this
manner.
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Figure 4.3. Protein printing onto PDMS substrates. Native PDMS stamps (30x20 um
lanes) were coated with rhodamine labeled BSA and printed onto either oxidized (left
column) or native PDMS stamps (right column). The surface of the stamp was imaged
immediately before (top row) and after printing (middle row), and images of the substrate
were acquired after printing (bottom row). Protein patterns were readily transferred to
the hydrophilic PDMS (oxidized), but not to the hydrophobic PDMS (native) substrates.
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Overlay

Figure 4.4. "Criss-cross" patterning of different protein species. Patterns of biotinylated
BSA (b-BSA, 50x50 um lanes) were printed onto glass slides (left) and the remaining
surface area was blocked by adsorbing BSA from solution. Streptavidin lanes (50x50
um) were printed orthogonally to the direction of the original protein patterns (center).
Biotinylated BSA was rhodamine labeled and the streptavidin was labeled with Oregon
Green 488™ (SA-OQG) to permit visualization of the patterns by fluorescent microscopy.
Rather than producing line patterns, the streptavidin appeared as squares that were
localized between the b-BSA lanes (right). This suggested that primary printed regions
prevented the secondary stamping of protein patterns.
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Fibronectin

Lam

Figure 4.5. Stability of protein patterns exposed to serum-containing media. Printed
patterns (30x10 um lanes) of fluorescently labeled fibronectin (top row) or laminin
(bottom row) on polystyrene dishes w