PRINCIPLES
OF TISSUE
ENGINEERING

SELUND BEIFILEUN

Edited iJ_ip
Robert P Lanza %
Robert Langer

Joseph Vacanu

AP



CONTENTS

Contributors ....eeueeeeveeeccceeereeeereeercaeeee e varerasseraseresserasernessesnssssssssns XX1
FOrEWOId covivivivririeirrenerireineseissaesesassmasssssisnssssesasssinsssssnreresesseseresssses XXiX
Preface to the Second Edition .......eeueeieiiiiiiisiisccivniieniiioieneneseesssneneeeas xxxi

ew

Preface to the First Edition ....ooveeveesivneeeinisneieisessinersscseseesesessnesss  XXXIII

Tissue Engineering in Perspective .........cooveveveiineenne verresnnsssarasanessen XEXV
Eugene Bell
Origins of Tissue Engineering ........ccccovveevrreevereeerinecinenesenen veeen XXXV
The Tissue Engineering Triad ......cocovvvirvinerennierenesorinrererernenines XXXV
What Parts of the Body Can Tissue Engineering Replace?........... oxvi
Acellular Prostheses .o...uvuviiiiiceeeiieeerciiesessriesse e eese s eseesssesesnes ooVl
The Relevance of Developmental Biology ...........cccevcennnne. ceore XXXV
Can Nature Be Imitated? .....ocovvivnuviveiiiiineiiisiistinsarreesereenenees xxxvill
The Need for Vasculanzatlon in Vitroand in Vive.......oueveeeenneo XXXIX
SEEIM CellS.uivvvireeirireiririrersinreiireriersreerseressesesessseesessssssssasssssseesane XXXix
Cell Signaling.......cccoveererereeiiereninerirneree e eeerens XXXIX
Looking Forward.........cceveinniinieiniieiec e xl
References ......cuveeun.. rbeeerreriereserershereeershanetroseratrer e areerteaaerneeaenanan xl

Introduction to Tissue Engineering .........covrcsirnicrcsnincsnsonensnincnsnns 1

1. The History and Scope of Tissue Engineering ........cccovverrvveriveinnnd
Joseph P Vacanti and Charles A. Vacanti

INErOdUCHION «..vviiiiiiciii e e e 3
Scientific Challenges........ccovoueeiniresveneneennsserssenennas SO
General Scientific ISSHes .....c.oveieeerieenieiini e, 6
Social Challenges ..........ccvviivinininisinnenesesesssenens 6
REfEIENCES 1.ttt st e n b 7
2. The Challenge of Imitating Nature.......ccoeuerrerereecriererncenn. oD
Robert M. Nerem
Introduction .......ccceeeerercnniens e rrersnessre st eeene D
Cell Technology .....c.ccvviiiiiiiiirrrr e 10
Construct Technology .........cvveceveeeiricnninnennereree s w12
Integration into the Living System ...covnieniviniiinninnenncercnrcenenee 13
Concluding Discussion ........cocerercrirnencerenens cerereesenreressssasnsreesens 1 4
REfEIENCES . oveiiriisisisirinisiiitees e re e s s s saseaanes 15
Part 1. The Basis of Growth and Differentiation..........ccccecvverrereveeenrnne. 17
3. Organization of Cells into Higher Ordered Structures.................. 19
Carol A. Erickson
Introduction ......cceeeeceemecvennnnceenne reere e e as s menens 19
Cellular Changes Involved in “the EMT ooroooovovooo ereeveseerreesseeen 20
Stimuli of the Transformation .....c.cocevvrerrnrceneereceeeeneneens 24
CONCIUSION .o e st er e ettt st e eas 26
References.......cooeveeevemiercrecncnee e cresrnrenessessesiesraesns 27
4. Dynamics of Cell-ECM Interactions .......cocuerisiiirsnnicnisniennen33
Manuela Martins-Green
Introduction ......ccoceeereneennneee e sesbeesbeseserssreres 33
Composition and Dlvers1ty OF the ECM wooooooooooooeoooeoeooosooooo .34

Receptors for Extracellular Matrix Molecules ............ eereeraaanam—anaans 34




Cell—mECM INteractionS. ...oveeevvreeeesiesirrisssessressorssssssssssssassssssinsesssssns 36

Signal Transduction Events during Cell-ECM Interactions............. 42
Relevance for Tissue Engineering ........ccoovviniieinnnicinicccnnn, 46
REFEFENCES ....oeerirnirercr i et 48
5. Matrix Molecules and Their Ligands ........ccooveniiiiioiininnnninnninnns 57
Bjorn Reino Olsen
IOtrodUCHON ...cvceeiicniiien 57
Fibrillar Collagens: Major Scaffold Proteins in the ECM................. 58
Elastic Fibers and Microfibrils........ccocooevrrnmrrnninicenecieiciinnn 63
Fibronectin: A Multidomain, Multifunctional Adhesive
ECM GIycoproteint ...cvueirmivsnninnniiiininssissi s 63
Laminins: Large, Adhesive Basement Membrane Molecules............ 64
Modulators of Cell-Matrix Interactions.......cc.ccecverecrneecverencrscrienas 66
Proteoglycans: Multifunctional ECM and Cell Surface Molecules...67
SUIMIMALY oottt b s s b ess b sra s 68
References......coouviviiiniincniniini it 68
6. Inductive Phenomena ........ovvvviniininninninnniimi e 73
Matthias Hebrok and Douglas A. Melton
INEEOAUCTION 11vevervvenrererererierariresnrensnressscsiene st et enesresesaesesseseanene 73
Epithelial to Mesenchymal Signaling in Endoderm Development...73
Lung Development and Instructive Signaling.......ccocvveiviniiininnnnes 73
Permissive Signaling during Pancreas Development .........cccccoeeuees 75
REfErENCES v vvrverrerreerei st s s et ssssstssss s ssassosse e sheses e senas 78
7. Morphogenesis and Tissue Engineering.......ccccovuevueereevecnnnnnennnene 81
A. H. Redd;
INErOAUCHION ..ttt e b 81
Bone Morphogenetic Proteins......cuivivimicieinicsinnsiniens 82
Cartilage-Derived Morphogenetic Proteins ... 84
Pleitropy and Thresholds ........cocooirveiiininiiiis s 85
BMPs Bind to Extracellular Matrix ......c.cocorvvrinnnincncncccnanncnnes 85
BMPs: Actions Beyond Bone .......cococvciviinicniniiinniinn 85
BMP ReCePrors...cccovveeviiiiires ittt st 85
Responding Stem Cells .....cccvveiviiiiiniicnnvns s 86
Morphogens and Gene Therapy......cccovciiinnincnic 87
Biomimetic Biomaterials....c..coceccreerecncnciniii o 87
Tissue Engincering of Bones and Joints........oooiiniiiinincnnnn, 88
Future Challenges.......cccoccviiiviiiiinnnniienrsss e 88
REFEIENCES 1o vrvivrireresrereiereisnie st 89
8. Cell Determination and Differentiation..........ccooenrvinrinnicsnvinnaes 93
Leon W Browder
INErOAUCHION ...t b sr b bbb 93
Roles of MRFs during Embryogenesis.........ccocovvevnniinciniseicnnene 94
Initiation of Skeletal Muscle Development.......ccocoveviivviiienncnnnen, 95
REFEIEICES 11 eurruecereririeriir et sr et s s s en e 96
Part II: I Vitro Control of Tissue Development ..........cceriniiiicnians 929
9. Mechanical and Chemical Determinants
of Tissue Development .......vcevimiriririnicnneiiieiine e 101

Donald E. Ingber
INEEOAUCTION 11viiecieeieiee et et cr s se e e e re e neas 101




10.

11.

12.

13,

14.

Extracellular Matrix Structure and Function .......ocvvveveevevevvoreenenens 101

Pattern Formation through ECM Remodeling.........ccccovvviivninnnnna, 104
Mechanochemical Switching between Growth

and DIferentiation ....c.ovveeiiieierieiiiesreeereerseeseseesseesssessessessenens 105
SUMMALY .ottt cab e sas s s sttt ssbene s 107
REfEICIICES 1 ettt ettt cve e e s er e e eesere e s s eeseesesessessneesessensees 108
Animal Cell Culture........cuvioiiirecvresrevneeecreeresereresressesssssssssesnes 111
Gordon H. Sato and David W Barnes
REfEIENCES .....ei ittt et e e eeeeseteeseesessseesanees 116
Regulation of Cell Behavior by Matricellular Proteins ............... 119
Amy D. Bradshaw and E. Helene Sage
INErOAUCTION .eiiiiiecrieeeeeees et seeeessveeeeaeeseeeeseesenessssessssessenransens 119
Matricellular Proteins.. ..o coecveiiiesieeeieciesiseseserereeressersseeseseessesnses 119
CONCIUSIONS .vveieneeec ettt er e s ereeseeeeeeeesasee e saeeaseeassanes 124
REfEIENCES ... eeeeieivir ittt tee st e e eeeeseasenaeesessbaeeseeraneees 125
GIOWEh FACLOTS «.vvevevireeientienierneeceesssesesesesssesssressssssasesssssssans 129
Thomas F Deuel and Nan Zhang
INEEOUCHION ..ottt et e et eeeaesenaeeeneeses soanens 129
Wound Healing ..o 130
Role of Basic Fibroblast Growth Factor

and ANGIOGENESIS ....vevvreercecirreienirer e snse s s bnas 136
Other Roles of Growth Factors and Cytokines ........c.oocvvvvvereennne. 137
CONCIUSIONS «.eeiuieiitiecceic et ee e sreeseeee st aeeee s s seseeaeaeneestessaneas 137
RELEIEICES vivvvevviieeecriiee ettt et eseereneeneeeene s e essesseesssesssesseesessasens 137
Tissue Engineering Bioreactors ......cocovuveeercrveerevccreninnnrevenseseennons 143
Lisa E. Freed and Gordana Vunjak-Novakovic
INEEOAUCHON 1ottt tr e eeessctesesessmeesneeesnesesnsensnsens 143
Cell-Polymer COnSIIUCES ...c.ovovvvriverrermrinesseansessnsesssscsesseseeesseenns 143
Bioreactor Technologies ........ovvieniieiiciccceceiiee e 144
Bioreactor Modulation of Tissue FOrmation .......coccveveevvveeiivensennnnns 147
Bioreactor Cultivation of Functional Tissues.....coeveveeeveeereeeneennnn. 151
Tissue Engineering Bioreactors: State of the Art......cocovvveernnncnnnn, 152
Summary and Research Needs .......cocoveirmienrinnsieseicieeeeeeee 154
REfEIENCES ..cvevieeiiiriinr st e e e e s re e et ae e e eseseesae s nsssssesneesanes 154
Tissue Assembly in Microgravity.......c.covvevveiivineiciomernncrerenrennnne 157
Brian R. Unsworth and Peter I. Lelkes
FREEOQUCTION «oviiiciieeceecre et e et et e e e seseeeeeenaneeeanes 157
Microgravity as a Novel Tissue Culture Venue..........ccovverivnnnnene. 158
Vascularization: Overcoming Size Limitations

Of TissuE ASSEMBLIES ..ccvviieieetiieeie et e e eeees e eseseeaneas 159
From Single Cells to Tissues in Space......cv.ooevrverirecrnrnnvenvnrencnnnnn. 159
In Vitro Embryology ......cccvmvivnriiiicnscesrceseestse et 160
Gravitational Sensing .......oocvviveiniriricineeieesncese e 161
CAVEALS .uuviiireririirreeirarrrreriesesseeesssasasesesssanneneeseseaneneesaeasessessrassnsssens 161
CONCHUSIONS oeeiie ittt ee et eetesstessree s e e s e seeeeaaneesnees 162




Part III: I Vivo Synthesis of Tissues and Organs .......ccovverirerereenirs 165

15. In Vivo Synthesis of Tissues and Organs........cccoccveervverveenrnrenneee 167
loannis V. Yannas
Scale of Functional Deficit: Macromolecule versus Organ............. 167
Basic Parameters of the Living Environment during in Vive
Organ Synthesis v 168
Fundamental Design Principles for Tissue and Organ
Regeneration Templates .......ccoeevivnnnnciincnee e, 170
Examples of in Vive Organ Synthesis .......c.ccoevirvcvciiinicnninennnns 174
SUMMALY vttt er s 177
REFEIENCES ... erueerrerrrercencreer s ettt s s 177
Part IV. Models for Tissue Engineering........cccooceuivinininsinrnsseseriesnens 179
16. Organotypic and Histiotypic Models of Engineered Tissues......181
Eugene Bell
INErOdUCHON ..ottt 181
The Collagen Gel Model ..o 181
Models of Cell Interactions in Collagen Lattices .......cccccveverinennenee 182
Other Types of Epithelial-Mesenchymal Models..........cccormneuenee. 184
Vascular Models........coocvmiiiiniinncnnccs e 186
Selection of Scaffolds Other Than Gels for Model Systems ............ 188
Cell Signaling and the Enrichment of Scaffolds..........cccoevrvenennee. 189
Goals and Uses of Model Tissue and Organ Building......cc.cevevae.. 190
REfEIENCES c..vercerrrercerercernrire st 191
17. Quantitative Aspects of Tissue Engineering: Basic Issues

in Kinetics, Transport, and Mechanics......cccceceerivencerivnrcnnnens 195
Alan J. Grodzinsky, Roger D. Kamm,
and Douglas A. Lauffenburger

TALFOAUCHION toveuverirrrirrerierernrererer et s aanas 195
Molecular Interactions with Cells......c.ocvvniciiniiinninninineniene 196
Molecular and Cell Transport through Tissue......c.coccverrcercrcnnennes 198
Cell and Tissue Mechanics .........c.vouereuencererrrsenrensrernerereseansanees 201
REFEIENCES .. veverereirirnrricnierereners e cer ettt r s sre e aessaes 205
Part V. Biomaterials in Tissue Engineering .......cocovvvivrveneeevrnnennnne. 207
18. Patterning of Cells and Their Environment.......ccccovveriverrinnnes 209
Shuichi Takayama, Robert G. Chapman, Ravi S. Kane,
and George M. Whitesides
INErOdUCTION «.eeecr ettt 209
Soft Lithography ..ot 209
Self-Assembled Monolayers....c..c.cocvcnnininciiininininnncnnnns 210
Microcontact Prnting.........cvvveeeimmnmimicinininsnnsineesesis s 212
Microfluidic Patterning.......cccveevrercrnecercreriernnisisiissnssnsnenns 214
Laminar Flow Patterning.......cccoevnveviicinnensininmnisnnne e 216
Conclusion and Future Prospects.......c.occvmmniiivnenecnninienicienns 217
REfEIENCES ....vonvirerereerirsiiriiisisinsiirsis s e en s aaee 218
19. Cell Interactions with Polymers ......c.ccoccvrerviirsersensinsinrisiesieanie 221
W Mark Saltzman
INETOAUCTION 1.ttt r bbb ob s bbb r s 221

Methods for Characterizing Cell Interactions with Polymers......... 221




Cell Interaction with Polymer Surfaces.........c.ocvvriververenerensreenae.
Cell Interactions with Polymers in Suspension ..........coeueerrevevennnee.
Cell Interactions with Three-Dimensional Polymer Scaffolds

AN GelS et

RTINS .c.vveieieeceiieceeeeeteeeteeeeeese e eseeseeeressressssesesressneesnsessnssaraesas

20. Matrix Bffects ....covemerieciecineecc et ens e enseseessns
Jeffrey A. Hubbell
INTOdUCHION 1.ttt ettt bbb st aenas
Extracellular Matrix Proteins and Their Receptors ..........cvvevevenne.
Model Systems for Study of Matrix Interactions......c.c.cceeevrevereennen.
Cell Pattern Formation by Substrate Patterning ...........ccccocevvevennnns
Signal Transduction and Functional Regulation via
the Extracellular Matrix ......cococoeiiveniineniciier e
Translation to Working Biomaterial Systems .......ovceevreerercerrnnennnn.
REfEIENCES ... .oucrirerecccctesrre sttt er et rn s

21. Polymer Scaffold Processing........c.coocvrvreresersersissorevsrenrnnsnsaseans

Robert C. Thomson, Albert K. Shung, Michael J. Yaszemsks,
and Antonios G. Mikos

INTrOUCTION L.vvviviiiisern et b b ae
Fiber Bonding.........ccccveivirmerirnevineresminernnnennensssssse s cosessssens
Solvent Casting and Particulate Leaching......c.ocoveveivrrreererrnncnnan.
Membrane Lamination ... rrrnnensnnenneeeensssosssseseens
Melt MOIdIng .u.evvcurieniineceseree st
EXTrusion ...
Three-Dimensional Printing .......ccveveersrneecrennrinsnenenssssesesieesess
Gas Foaming........ooviiivirmcmrrnn e
Freeze DIying ..o nesee e ss s
Phase Separation ...........ociemrinnnnnveniccrne s s
Polymer/Ceramic Composite Foams .........covceeervercrrninnsvcnrernssnnen.
I Sitr POlyMErizZation......ouereereecrccniorsissrererensseenenessssessesessnns
CONCIUSIONS ..cvueeriiesieis ettt ea e resese b
RefErences. ....cuuiiiiiicriiiciitcenerireer s sasseae e e aeas

22. Biodegradable Polymers..........cceceuecviirnrirenrerireneseenncnseoresererennene
James M. Pachence and Joachim Kohn
INErOdUCHION wovvvirrierisieririrereriercee et se et
Biodegradable Polymer Selection Critetia.......ccecoruvereeceinnarinnrnnen.
Biologically Derived Bioresorbables...........c..cceuininiruecernencererinen.
Experimental Biologically Derived Bioresorbables..............oc.........
Creating Materials for Tissue-Engineered Products ........c.ccuvunen....
ConCIUSION ....voriicecsreresterirtere et et ea s b assne
REfEIONCES...cviviriuircccerrrrenini sttt s sbe st rensssaenenns

Part V1. Transplantation of Engineered Cells and Tissues.................

23. Approaches to Transplanting Engineered Cells and Tissues .......
Janet Hardin-Young, Jeffrey Teumer, Robert N. Ross,
and Nancy L. Parenteau
INtroduction ......cvvuiveriinriciniei oo resee e e se s b e
Developing Workable Strategies.....c.c...vcvvrervieirireerscnniesneersrerenns
Mode of Action—An Important Design Consideration ................
Role of the HOst.....cccovccrieicirecnsesinircrsnenserensnsessecesesssens




SOUICE OF CellS 1uuriiiieee it eeeee e e e vs e ieseeesearessesssseesassssessnssesns 285

The Immunology of Nonautologous Cells......c.ooovevevecinrcrenreenna. 287
Safety Considerations......ceccvumivininirerneenerinrsennsseseesesseesseesens 288
Conclusion ... e 288
REfEIEIICES 1.evvviicriniict ettt sttt 289
24. CryOpreSerVAtION......ccucoiivcririsrisersessssssessorsssessrerersseseraarasassasassans 293
Jens O. M. Karlsson and Mehmet Toner
INEIOAUCHION ..ottt e 293
Applications of Cryopreservation Technology
in Tissue Engineering.........covivevcemincccnmcrcmnnnncseiesnnesrssereens 293
Challenges in Cryopreservation Protocol Development................. 294
Cryobiology of Cells ..., 295
Cryobiology of TiSSUE ...cuvvvvirerreicrrcrrinreenine s ssene s 302
Summary and Future Directions.....ccocveerveecrnccrncrnnnnininenesesens 304
REfEIEINCES 1.vvuviiinirrcnercerr ettt an b ene b b 305
25. Immunomodulation..........iee s 309
Denise Faustman
INEEOAUCHON ..ottt 309
Origin of the Designer Tissue CONCEPL ..cvrvererecrcrrereerririereeserennans 310
Expansion of Research on Designer Tissues. ... ..ccoceeveerincininieirinnns 311
Mechanisms of Graft Survival after Class I Donor Ablation
or Antibody Masking .........ceveevereeniinncnncseecnieessnseresssnens 314
The Launching of Xenogeneic Human Clinical Ttials in
the United States Using Immunomodulation........ccccoevrevennnee. 316
Gene AddItion ... s e 317
RINA ADIation....oueecereercercrreee et ers 317
COMIMENT ottt ettt sratsr e e sres e esassassseaenee 318
REfEIENCES 1. oviviiriiriirr et er s 318
26. Immunoisolation ..........cicevrcrcrirenesnoreneseesisieneneniesnarensessens 321
Beth A. Zielinski and Michael J. Lysaght
INELOAUCHON c.ereiiveccieeen ettt bbbt e 321
Technology ....cvcererenr et e 321
Clinical ..o e 323
Future Directions.......occviviriciiersrirccnes e 326
REfEIENCES ...vecneerereecrt ettt e eb et n s bbbt e 328
27. Engineering Challenges in Immunoisolation
Device Development.......iuviemiecrrccnrencereerneneeinsteseeesesesessnsans 331
Efstathios S. Avgoustiniatos, Haiyan W, and Clark K. Colton
INLrOUCHION .ottt e as 331
Engineering Challenges..........ccoccoviiiiiiininirircnecinnnenennns 331
Oxygen-Supply LIMItations .........cooevmnrcnnincenncccnencssnencnennes 336
Theoretical Analysis of in Situ Oxygen Generation ..........cccvurne. 339
Calculations.......cover et 345
Concluding Remarks ........ccconniininiinccicnincnnincnncsnennenenes 348
RefErences.....coriciniciiiiiieinii e see s sesseneanns 348
Part VII. Fetal Tissue Engineering .........ccovvvuruinserisvinncinancenereneneens 351
28. Fetal Tissue Engineering......cccoveveereevvnrrrncencereiereeseesesnsessnaens 353

Dario O. Fauza
INETOAUCHON 1eiiiitieissris ottt tessetteeeenteeseeneeseseeseerereesannesnansenesaneas 353




General Characteristics of Fetal Cells c.uvvvveiveiviveeiresieeeeseeeereseeenns 354

The Fetus as a Transplantation HOST ...cooivvceeciininciciiiecnne 355
Fetal Tissue Engineering .......cococoverrncrneneercninecnrcsessssvevenne 357
Ethical Considerations......c..cccocorvsuirenvnrermreniervnrerinsessessesessesessens 360
Future Perspectives...... v 363
References. ....ocuniiiinininrerinirinninrecrecess s sa e e 364
29. Pluripotent Stem Cells........ccoveiiuriciiiiiirircrcrccnnesiinin 369
Michael |. Shamblott, Brian E. Edwards, and John D. Gearhart
INEEOAUCTION .ottt b b 369
Differentiation i Vitro .....ccoeeveeeeeireseecceie e 371
Examples of iz Virro Differentiation and Markers .......ccvvvevierennnn.. 374
In Vivo Applications .....cvevivercereccrinncrcnircenctnennteensessssssressereseanens 376
Summary and Future Prospects........cocovevvvriiriincrinicinncnencnnen. 378
REfEIENCES ..ottt 378
Part VIIL. Gene Therapy....ccovvrevcneniiinsnnissnonisioeseeneenes 383
30. Gene-Based Therapeutics ..........cocvvevurierimncsinennnnsernecseneenens 385
Lee G. Fradkin, J. Dezz Ropp, and John E Warner
INErOdUCHION .ot e e s s 385
Gene DElIVELY ovuvrueciecenrrre e s 386
Persistent Gene EXpression......covniiiiisiiisnecisnnsisssiisenees 390
Safety Considerations for Gene-Based Therapeutics..........c.orvvvone. 394
Large-Scale Production ISsues.......covvevmmnvicrencermionimnnnncncoesnnnns 396
CONEIBSION 1.ttt 397
REfErences ... vevvvirererieiinieiininrerinserne e sesessesessesassesassesaesesensens 397
Part IX. Breast ...c..covicveiimnieiicniininiiinicniinnissssressssessnssssssssissssesssssness 407
31. Breast RecOnStruction ........c.ccoeeceeeerericcienicnerreenessnnrssnesassersessens 409
Kuen Yong Lee, Craig R. Halberstadt, Walter D. Holder,
and David . Mooney
INEEOAUCTION oottt b 409
Cell Types for Soft Tissue Engineering ........ccconverimnvirrencrererinnns 410
Materials.....ocoiiiiniiiiiic s 412
Animal Models ... 417
Strategies to Enhance the Vascularization of Engineered Tissue .....419
Concluding Remarks ... 420
RefEEENCES c.euevreeiirteece ettt srea e 420
Part X, Cardiovascular System .......eeeeerererrrcrrreesieceseeseseneesesesnenas 425
32. Blood Vessels.........cccoviiirrrininenierinnninoissnisnesmssnes 427
Lian Xue and Howard P Greisler
INTrOdUCHON Loviiiiiiriiiic e 427
Graft Healing.......ovvveeeeeeeeee et sr s s 428
Strategies for the Development of Vascular Grafts.........ccecceeeneee. 432
References....c.cviniiiiiiiiniiie et 441
33. Small-Diameter Vascular Grafts ........ccoverererersverseersnseressscscenns 447
Susan J. Sullivan and Kelvin G. M. Brockbank
INTrOdUCHION vttt 447
Synthetic Grafts ..o 448

In Vitro Blood Vessel Tissue Engineeting......cocoerereeecnnricreccrnncees 448




In Vive Tissue Engineering of Blood Vessels .........ccooveuerecrrennennee. 449

SUIMMALY 1ottt e e st eberbebe e b asae e s esnens 453
REfEIENCES .c..curuininciicrietcrcniir ettt sen e 453
34. Cardiac Prostheses ........ooiecnuieicciccnicicreseniesessnnessssnisiesesnnes 455
Jack W, Love
INLTOAUCTION ..ottt es s s s en e aes 455
A Short History of Tissue Heart Valves .....c.cooccvvvrveecnnencnrennnnns 456
The Status of Tissue Valves in 1999 ......ocorvervnnrnerinnescvrinennns 459
The Issue of Whether to Use a Stent ....c.ovevevecrneveecrneccescsninerinnnn,s 461
The Issue of Repair versus Replacement..........oovveveeeninerneenevnnnnnne, 463
Speculation about the FUture ......cvvveivriririnrcniirenrcniennreeneceienas 463
Recent Developments ....c..cvcecvccicininncrncrinnecesressesssnsesnens 464
The Ideal Valve Repair or Replacement.......cccvuvveereereeriererearinanas 465
RefErences.....covvirimiiiirinieriercccitsnt sttt 466
Part XI. Comnea.......cuioiiiiniieiiiisiensisiiesinniesesessesessessssessssssnne 469
35. COMMEA...nneeeicretctitnsrere sttt ettt r e e sasess st essasessrnsnaas 471
Vickery Trinkaus-Randall
INErOdUCHON «.vviviiccriccrrrrrse s sttt 471
Biology of the Cornea.......c.coceveunnreessinnenninesennnseninisseiseseeesenn. 473
Criteria for Keratoprostheses..........ocveereecrecnneninnensiensssnneennnns 477
Development of the Keratoprosthesis.......ccocceevuvernevceireerirnerenennen. 478
Evaluation of INtact DeViceS. .uevereureererreriresesisisinsseesscsesesssssessesens 484
Other Devices Used to Change the Curvature of the Cornea......... 489
REFEIENCES ....vvviviritiiirincrcerere sttt ettt s 489
Part XII. Endocrinology and Metabolism .....coocoevveeevrevecreienrvnennnene 493
- 36. Bioartificial Pancreas..........vevevirerceeesceoseninrinnsrersressssssssensaenes 495
Taylor G. Wang and Robert P Lanza
INErOdUCHION 1.vviiiener et res s 495
Theoretical Background..........ovvvcevcverinreeroneiseeneccce e, 497
EXPeriment ... .ot e 500
Capsule Development ... vvrieriiorveneinimrnersiennseneseessenesnes 501
DISCUSSION 111veviviseeninnirieiiinicse it st eset st e s st e essrassessensennans 504
RefEIENCes ..cuvvriviienictec ettt s e st e 505
37. Parathyroid ..........coniirininincnisiinenrnrerere s sessseas 509
C. Hasse, A. Zielke, T. Bobrer, U. Zimmermann, and M. Rothmund
History of Parathyroid Allotransplantation ........cccecoveeevreiveecnnnnen. 509
Hypoparathyroidism........ccoreciniinniirinnnsecesee e 511
Microencapsulation..........ccuveerecvernnrcninnens s sessneeees 517
AlZINALES ...vveiiiriiiiccrerie e et 517
Experimental and Clinical Transplantation of
Microencapsulated Parathyroid Tissue......oocerverecnreriorsenersensnnn 518
Alternative Approaches and Perspectives .......coeevrevreerrererresereecrennes 518
. REfETENCES ...cnvnerreierierriiririreie e sre e saessesesaesbe e sesesneesesaesessaeens 519
Part XIII. Gastrointestinal System .......c.cccevernirenirnienrenienreessrecaranns 523
38. Alimentary Tract.....cccvcrvvecreererernosecresseesseinsinreresssienesssssessensessos 525

Gregory M. Organ and Joseph P. Vacanti
INErOAUCHION oot 525




39.

40.

41.

Enterocyte Isolation ... 528

Procedural Steps......cceeierinienininire e 530
DISCUSSION ..vcnieerierenceirccreasestcrertes e e seeser e assnesseernecaesseensensen 532
RefErences. .vviiiiiiiirireriirirnienrie ittt seens e st s e ess 537
LIVEL covvitiniiniiiiiiiniiiir ettt s s s e resaresnasaessasanas 541
Hugo O. Jauregui

INCEOAUCTION .ottt et e se b eaeens 541
Anatomy and Function of the Liver ......covevvevcrrennnncnnnecevenennns 541
Liver Failure: Pathophysiological Classification ........cccccocecovnverivne. 544
Mechanisms of HE in Liver Failure......coooevevecenciivencncnininnnnane. 545
Medical Need for Liver-Assist Devices ......cooveienverirensesmierreessesnns 545
Biological Component of Liver-Assist Devices ......cocveerrureeravennenne 546
Liver-Assist Device ConfIgurations .........cvcvevcevevneeenrnienssnernsererens 548
REfELENCES cevvirriviririicctcntcntrtc ettt et e ers s e sn s st 550
HepatAssist Liver Support System ......c.oocevcrivcircerivcrrarereccnennes 553
Claudy Mullon and Barry A. Solomon

INErodUcton ...ceiceeiiieecer et e 553
HepatAssist SYStem uuiiviiiicreeirrresrererceecs et sene e 553
Cell Preparation .......ciiciesinicnerenocnnniesneseressorsasssserssrssessanens 553
Clinical Study ....cocorivvirieernenrniinrinrrerrre e sesesse e saesesaesesessens 554
CONCIUSION ..rvniriircicrinierieierinreeesnieeriaens e ses e sens s seseesesaesesaesessanens 557
REfErENCES c.vverenerieiriecicreeie e s eea et s 557
Lineage Biology and Liver.......c.ccouveviererivcriorinnseeriscreesssarsvsessnns 559

Arron S. L. Xu, Thomas L. Luntz, Jeffrey M. Macdonald,
Hiroshi Kubota, Edward Hsu, Robert E. London,
and Lola M. Reid

INErOdUCTION .ottt 559
Liver Organization and Development.........ccocevueeninncnnccnncinnee. 560
Identification, Isolation, and Sourcing of Celis
for Tissue Engineering ......c.co.eeeurercmncnincecnrnernesennessssseeiresnens 562
Sourcing of Human Cells for Tissue Engineering........c.c.covvevevanen. 569
MiCIOenVITONMENT . e i verieirer it een s 570
Biodegradable Polymers .........c.ccccovrninrcencnccensnneccnennreressennnns 576
Designing Bioreactors for Tissue Engineering .........cooeecevreveneninnn. 583
Technical Aspects of Tissue Engineering.......ccooveeercencniecccerconens 585
Future Considerations.........c.coveeeicemcnrerenenrentseesireeeseecseencseenenss 587
SUMMALY .ottt sbasesb et see s 588
REfErENCes......cucuiiiiirirccrisenii s sr e s snabeas 589
Part XTV. Hematopoietic System........covvrveriirrisririmnsnsrnrsnreerncssneneenes 599
42. Red Blood Cell Substitutes ..........cocceeerrirerrnrcresnrrnereesnsressesseens 601
Thomas Ming Swi Chang
INEFOAUCHON ..ottt 601
Why Do We Have to Modify Hemoglobin?.......oovvveeninriiennnene. 601
Sources of Hemoglobin.......coeueiieieriiiecncccinceceeeiees 605
Circulating Time of Modified Hemoglobin .........cccoeevvcerierernenennes 606
Safety of Modified Hemoglobin Blood Substitute........cccoevcuvenenne. 606
Efficacy of Modified Hemoglobin Blood Substitute..........ccccuneene.e. 607
Present Status and Future Research and Development .................. 607

R EIEIICES 1. nveereereriiteseereiereesesisserassessnresessssrsesassassseseesessannaresnann 608




43. Lymphoid Cells.......corueriviviinniiiriiiiriinineieneenssseresesses 611
Una Chen
INErOAUCHION .eoviiiriiie ettt et srebe s e 611
Lymphocyte Engineering: Reality and Potential .........ccrvrcrcenesns 612
Concluding Remarks and Prospects
for Lymphocyte Engineering........ccocovnrerivcnnnnenieneseenneeninesnans 625
REfEIENCES .. vcueimeireceire ettt 626
44. Hematopoietic Stem Cells........cocceverininiiiininniiiininccnienniene 631
Anne Kessinger and Graham Sharp
INErOdUCHON .oviiviiiiiii e st 631
Overview of Hematopoiesis: Properties and Regulation of
Hematopoietic Stem Cells Relevant to Tissue Engineering......... 632
Organization of the Stem Cell Compartment .......ccoceiniiicniicnnnas 633
Stromal Microenvironments ......coovuoveunerienineonmeimoene 633
REfEICNCES 1 enerirerereierirciterr st er e rer e ser e s eeaens 638
Part XV. Kidney and Genitourinary System ........cvcvereerornsanesnerernorsens 643
45. Renal Replacement Devices ......occevuvviveirnicrincennsnnnnecsnesennien. 645
H. David Humes
INErOdUCHON ... s 645
Basics of Kidney FUnCtion. ...cocccecrcnennccreseneeeeeesee e 645
Tissue Engineering Approach to Renal Function Replacement......646
SUMMALY vttt et ses e n e e e nees 652
References......ccoviviniiniiiiniiin s 652
46. Genitourinary SYStem ......vuirinninisinnesisinenosisiamssseisssens 655
Byung-Soo Kim, David J. Mooney, and Anthony Atala
INErOdUCHON .ovviviiriiisiiiienc i 655
Tissue Engineering Strategies in the Genitourinary System............ 655
Engineering Genitourinary Tissues ......coveviininnininseinsnnenicnn. 656
Future Directions.....cccriiiiinniiiinoonoienioncenssnenesisees 664
REfEIEnCes oottt e 664
Part XVI. Musculoskeletal Systefit.........cccoivriininniinnniinininnne. 669
47. Structural Tissue Engineering ..........couvievimrinicinivnissinnccnioeinnins 671
Charles A. Vacanti, Lawrence J. Bonassar, and Joseph P Vacanti
INTrOQUCHION ..cvieeecc ettt 671
Materials Development ..., 672
Structural TisSUES ...eeereereeeieeerireee et e 674
Biomechanics...c..coeeieeicrieninice e 679
CoNCIUSION «.oveereececirncce et et 680
REFEIEIICES .vovvvrvrerrsiasesreresresisaasesasassabeseste e sbeassessasssassesasansanssenanans 680
48. Bone Regeneration through Cellular Engineering...................... 683
Scott P Bruder and Arnold I. Caplan
INErOUCHION «.eoreecrcecitrr e 683
‘Marrow: The Source of Mesenchymal Progenitor Cells.................. 683
Delivery of Osteoprogenitor Cells......c.cocvrvnivnninincninnennnene. 687
Bone Regeneration by MSCs ..o, 689
MSCs and Gene Therapy....oovininisse s 692

Prevention of Age-Related Bone Loss ..o 693




CONCIUSION 1eeieriieee et ettt e seertssssessssbeasssesnsneeresasanneseesansnnessesan
R T OIICES ettt eeeeeeeer et s eseasssssssensaeaerarrereranassen

49. Articular Cartilage INjury........oovvvivs i
John M. McPherson and Ross Tubo
INErOAUCHON . .evvcrcerer oot aa st e s ens
Autologous Chondrocyte Transplantation .......c.ccoccvinenvenninnen,
Commercialization of Autologous Chondrocyte Implantation ......
Alternative Strategies for the Delivery of Cell-Based Therapies
for Cartilage Repair.......cocoiviieicieciiicninnnnnnccnncscnessenesseiennns
CoNElUSIONS ..ottt
References.....cvicriritniirinennie ittt e s

50. Tendons and Ligaments ........ooovmivieniniiiniiiorrareeerenercesesersssnennes

Francine Goulet, Denis Rancourt, Réjean Cloutier, Lucie Germain,
A. Robin Poole, and Frangois A. Auger

INErOAUCHON «eoveenirerieetie ettt e s er e st s ebe s re e e ressnis
The Need for Biocengineered Tendon and Ligament Substitutes ....
Histologic Description of Tendons and Ligaments........c.cccvruenenns
Production of Bioengineered Tendons and Ligaments...................
A New Living Bioengineered Ligament Model........coovveirnrerinnnnns
Technical Steps to Produce and Analyze Our bACL......................
ConClUSIONS .ov vttt ten e
Perspectives in Tendon and Ligament Bioengineering ...................
REfEIENCes ..ot st sst e st es e s ean s ean e anees

51. Mechanosensory Mechanisms in Bone.......cococrrirererianererncsnsaenns
Stephen C. Cowin and Melvin L. Moss
INTrodUCHON «oviveiiiinicci e

Questions for Future Research; Socratic Questions .........cc..cveee...
REFEIENCES ... ettt ettt eirsi s st s b est e b et s ebrnreraennes

52. Myoblast Therapy........cccoivmvinininniciinnciniiinsisnicenscrrereseenernees
Joanne C. Cousins, Jennifer E. Morgan, and Terence A. Partridge
INEEOAUCHON «.ooviir st
Myoblast-Mediated Gene Transfer ......c.ccccoeeccieiveinnnierenveesieenn
Therapeutic Myoblast Transplantation for Myopathies .................
RefErenCes.....cvimiiiiiiieiiict e

Part XVIIL. Nervous System......viiiniiniiniiminniscsessnsnens

53. Protection and Repair of Hearing ........cocovnvniniinniicnniisinsinsinnns
Richard A. Altschuler, Yehoash Raphael, Jochen Schachr,

David J. Anderson, and Josef M. Miller
INEEOAUCHON 1vorvriririereseiirerasiesisisessesiesernresesressesssesssaessssseseesann

COMCIUSIONS 1ttt teeeieie ettt e ettt e e e et e e s e e e e ereneeeeseaeamsamesmenemneneenn
REfETENCES cevireeiereeieiiecrieieeeeeesaesseseiseaseeassesassessssssssssesssreneseesssteneans

54. Vision Enhancement Systems.........c.ccevrieinnncinnnicinnenicncnnnn,
Gislin Dagnelie, Mark S. Humayun, and Robert W, Massof
Visual System: Architecture and (Dys)Function..........ccocvevveninnenes




Possible Approaches to Vision ReStoration .............ooveervvsvennn... 763

Current Approaches.....oc v, 763
Applications of Engineered Cells and Tissues: Challenges
and Tentative SolUtONS ......c.vuvvviverireensereee e eeee oo, 768
Toward “20207 VISION ...c.cecvirmrernreieenrc e ee s, 770
REfErENCES ... et 770
55. Brain Implants ...ttt s resse s 773
Lars U. Wablberg
INTOAUCHION ..ottt 773
Naked Cell IMPIANEs.......c.cverreerreeireeieeiecrioce e eees v s 773
Encapsulated Cell Implants........coccinucirerieeeeieer v, 777
Controlled-Release IMPIants .........ouuvuivceeeecereerseeeeeseeees e 777
Axonal Guidance Implants......cooeuveucicciviviececiee e 778
Disease TaIBELS . ....cuvviverirecrirrrererneneseseteerosseersees e seene s sse e renas 778
Surgical Considerations..........ouvvuvieeereriiueiererereceseeneererescsseseen. 780
CONCUSIONS ... ettt ee s e, 780
REfEIENCES ..o oottt ettt eees et es s, 780
56. Nerve Regeneration .........cuccevreerusrenrerssseesensmscsesessossssssssnssns 785
Eric G. Fine, Robert E Valentini, and Patrick Aebischer
Nerve Regeneration and Neural Tissue Engineering...................... 785
Overview of Neural Regeneration .........ccoeeuvrveceeereesneresrsnnnnnn, 786
Experimental Use of Guidance Channels...............covvuverevreennn., 788
Biomaterial-Based Approaches to Nerve Repair..............ocevren....... 790
Tissue Engineering Approaches to Nerve Repair ........ovorruen.... 794
Specificity of Nerve Reconnections ...........u.cueeeeoeeeecesessesrsseesnonn, 796
SUIMMALY 11vvveiteist ettt s seeennes 796
REfEIENCES covvvvivveieticrercriesn ettt s 796
57. Transplantation Strategies for Treatment of Spinal Cord
Dysfunction and INJury........ccooveieceeereieseressesserseeeesesesssens 799
Jacqueline Sagen, Mary Bartlett Bunge, and Naomi Kleitman
INEOAUCHION cvveoe sttt 799
Spinal Implants as Axon Bridges ......co.cvvververeeereiverenseiceeeser e, 799
Spinal Implants for Replacement of Specific Cell Populations.......805
Spinal Implants for Provision of Neurotransmitters....................... 808
REfEIENCES......ooiviieiriveisercent ettt 813
58. Neural Stem Cells......coruruerremrerrirrreneeecereeccsrseeeseeeseseessessnens 821
Martin P Vacanti
INETOUCHON oottt e, 821
Background ..........coocivvmmmnnn et 821
Neural Stem Cell Applications in Tissue Engineering.................... 824
SUMIMIALY «.vvovsivivintirecsereerieranseseseses st eesess s seenesseeseseeeeseesssansenan 828
References........uovcucucicieirecnes e esr et 828
Part XVIII. Periodontal and Dental Applications............c.evevueunnn.... 831
59. Periodontal Applications..........cccevurmreercrnrureerivsiecrersenscenerensenns 833

Neal A. Miller, Marie C. Béné, Jacques Penaud, Pascal Ambrosini,
and Gilbert C. Faure
INEEOAUCTION ..ttt 833




BONE SUDSTITULES +.veevieeicieeee i et teereteeeesteseeneeeeseneeseeneseessenennnens
Dental Implants........ccoocoiniiniiniiiinis e
Growth Factors and Plasma Proteins ...c.cceeveevsirveerssrereseesssvsvvsnssrone
Cell Culture Techniques.....couovecerereererrareerenernresreesenescoenaereseens
CONCIUSION 1 iitirieieicirirees e e csree s e secrar s eeseeesesseseanessesenne
REfEICIICES ottt cetee e st cs e e saae e ssbe e snneesannesennen s

60. Regeneration of Dentin .......ccoviviiiiiniiinniniiinisiniareeseeneseransens
R. Bruce Rutherford
INEEOAUCHION ceviiitieieiee et rer e srreesar e sesnee e s ane s sennenes
NI ..o et e et sas reaass s ss seebe s nsssaresten
Bone Morphogenetic Proteins.........covveeeeeescreercrnrnennecnecenseenennees
Induction Potential of Dentin......cocovevvciiiericrerierirrneeeeseeiiseerseseens
Recombinant Human BMPs Induce Dentin Formation................
Delivery SYStEmMS . .....ovvecveieerieericriecneeiiseee e sese s sreresrasees
Clinical Considerations.........ucverereererreeererereesreessssessessseessssesssases
Additional Considerations ......cueeviiviviineeirecinrireisieereeeeseisesreseonens
Potential Applications of BMP-Induced Dentinogenesis................
R EIENCES ... i ettt icer et reecrte s s eesesteseesesienessesssseassssrareasaesssnsenssssen

61. Wound Repair: Basic Biology to Tissue Engineering..................
Richard A. E Clark and Adam J. Singer
INETOAUCHION 11iveviiiiiieiieeieririeerees e erssrareesseesassereeseraesasseessassssansaes
Inflammation....occeevevrereseenierienssiereresnrrrrsesssrrsseersssessseessressens
Epithelalization .......cccoeevrivienenieece et
GranUlation TaSSUE....ccvvriiiieecireereciiserseeersssesessresssesssssersassssessnesress
Wound Contraction and Extracellular Matrix
Reorganization ...
REEIENCES....eeiiitetieitee ettt ettt esssas s s sabe s s be s srsassosbraen

62, SKin ..coiiiiniciiiitetitetr sttt en e san e ne
Nancy L. Parenteau, Janet Hardin-Young, and Robert N. Ross
INEroduction ... e enes
Skin Structure and Function ......c.ccccevevvvenviervvrnnecnereeens
Engineering SKin TISSUE .....cveeevcrriicierinreer et
Epidermal Regeneration.........cocoouicevnincnncinncnneneereecenecnnencns
Dermal Replacement ...
Composite SKint GIafts....c.covmrcrrieneier e
ConclUSION ...t
RefErences. ....coveniiiiiririeciie e

63. Dermal Equivalents........cooiiiriniiinininmeisinimsinieescerescrasnerenanenns
Gail K. Naughton
INTrOdUCHION .uvvvieiceiiir e e ee e e e s ee s eecsassreseesan
Cell Testing and Establishment of Manufacturing
Cell BanKs.....vcieeeieeee et creeecneseersssersses s saee e sesssseesnesens
Manufacturing a Dermal Replacement.......cocoovvveicnncnnncicnnnnnne.
Clinical Results of Wound Healing........coccconivviiinininnninecnnnen,
SUMMALY weviiiiiiinii e e
REfEICIICES 1. vvivieiiiricnteectieesstres e eesneeetbeeesessrbeesraesrsosstssertsosarsesbeans




Part XO0 WOomD ...vvvviiiiieeccccieeieieecceieerevesreseessessennnsssassssssnsssssssnnrsses 903

64. Artificial Womb .........ccoeueueiecmimerscseioionnesnnrnnne s resesssaenas 905
Christopher S. Muratore and Jay M. Wilson
Whar Does the Field of Tissue Engineering Have to Offer

the Premature Infant?.........ccvvemcecceonrnincsnnneccess e, 906
Prematurity—The Consequences........cocovureeeeiveneeesieeeeiercrenneninns 906
The Ideal Artificial Womb ......c.ovveuercencrinirrisenisr e 907
State-of-the-Art Artificial Placenta Design ......cvvuveverrerereereernnan. 909
Organ Maturation during Maintenance with Artificial Womb......911
Variations of Artificial Womb Technology........ccecoeeririrereeeieicianan, 911
CoNCIUSION w..ouvircicrc et bbb 912
REfErences.......covvviiiimircnine sttt et 912

Part XXI. Regulatory ISSues ..........covcvrcirrrnesnionnvsneiennnsesseesessesonnes 913
65. Regulatory Considerations........cccocveceveececenrrernrennseserenesssnseenenens 915

Kiki B, Hellman, Ruth R. Solomon, Claudia Gaffey,
Charles N. Durfor, and John G. Bishop

INErOdUCHION covuevee e 915
Legislative Authority/Oversight.......coccvvviveeiniieiiieeeeeeen 916
Product Evaluation and the Regulatory Process...........coouevveevinnnes 917
Recent Developments in Product Evaluation .......c.coueueeirerennenee. 922
Interaction between FDA Headquarters and Field Offices ............ 925
Development of Standards ..........ovevreeinciccniiieceeerene, 925
Communications with Industry ........cccoevvvivenrnercicrerieee e 926
The FDA and Future Perspectives for Tissue-Engineered
Medical Products .......cocevreicivienivinrcnniseresss s eisssvenee 927
RefErences.....c.cvuiceririoreirrisrnrenens e bbb en e nenaene 927
EPilogue...iviouieiircceticcc st e 929




