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Abstract 

PaXO P. PaUW\Na 
FABRICATION OF VASCULARIZED SCAFFOLDS FOR THE TREATMENT OF 

SPINAL CORD INJURY 
2016-2018 

PHWHU A. GaOLH, PK.D 
DRcWRU RI PKLORVRSK\ 

 
TKH RYHUaOO JRaO RI WKH UHVHaUcK SUHVHQWHd KHUH LV WR HYaOXaWH WKH HIILcac\ RI 

WUaQVSOaQWLQJ VcaIIROdV cRQWaLQLQJ cHQWUaO QHUYRXV V\VWHP YaVcXOaWXUH WR UHSaLU VSLQaO 

cRUd LQMXU\. TKHUH aUH WKUHH PaMRU SKaVHV RI WKLV HIIRUW: dHYHORSPHQW RI a WKUHH-

dLPHQVLRQaO PRdHO RI cHQWUaO QHUYRXV V\VWHP YaVcXOaWXUH, WUaQVSOaQWaWLRQ RI a SUH-

YaVcXOaUL]Hd VcaIIROd, aQd RSWLPL]aWLRQ RI WKH bLRPaWHULaO XVHd WR dHOLYHU YaVcXOaWXUH WR 

WKH LQMXUHd VSLQaO cRUd. TKLV UHVHaUcK KaV SURdXcHd WKH ILUVW HYHU cRPSOLaQW, WKUHH-

dLPHQVLRQaO (3D) bORRd-bUaLQ baUULHU (BBB) YHVVHO. IQ RUdHU WR cUHaWH YaVcXOaUL]Hd 

VcaIIROdV aSSURSULaWH IRU WUaQVSOaQWaWLRQ LQWR a UaW PRdHO RI VSLQaO cRUd LQMXU\, WHcKQLTXHV 

WR IabULcaWH aQd VSaWLaOO\ SaWWHUQ caSLOOaU\-VcaOH YaVcXOaWXUH WKaW PaLQWaLQ WKH WLJKW 

MXQcWLRQ PRUSKRORJ\ cKaUacWHULVWLc RI WKH BBB aUH dHVcULbHd. BRWK LQ YLWUR H[SHULPHQWV 

XVLQJ QHXUaO SUHcXUVRU cHOOV aQd LQ YLYR VWXdLHV XVLQJ WKH UaW PRdHO dHPRQVWUaWH WKaW 

a[RQV JURZ aORQJ WKH SaWWHUQHd PLcURYaVcXOaWXUH, ZKLcK dHPRQVWUaWHV WKH SRWHQWLaO RI 

KaUQHVVLQJ QHXURYaVcXOaU LQWHUacWLRQ aV a QRYHO VWUaWHJ\ WR UHJHQHUaWH WKH cHQWUaO QHUYRXV 

V\VWHP. TKH WKLUd SKaVH RI WKH dLVVHUWaWLRQ IRcXVHV RQ LPSURYLQJ WKH bLRPaWHULaO 

cRPSRVLWLRQ WR HQKaQcH WKH LQILOWUaWLRQ RI KRVW a[RQV LQWR WKH VcaIIROd. SSHcLILcaOO\, WKH 

SHUPLVVLYLW\ RI a RADA-16I QaQRILbHU SHSWLdH PaWHULaO LV HYaOXaWHd b\ PHaVXULQJ a[RQ 

JURZWK aQd OHYHOV RI VHURWRQLQ UHcHSWRUV ZLWKLQ WKH VcaIIROd. TaNHQ WRJHWKHU, WKLV ZRUN 

adYaQcHV WKH ILHOd RI WLVVXH HQJLQHHULQJ aQd UHJHQHUaWLYH PHdLcLQH b\ dHPRQVWUaWLQJ WKH 

SRWHQWLaO RI YaVcXOaUL]Hd VcaIIROdV WR UHSaLU WKH daPaJHd VSLQaO cRUd. 
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Chapter I 

Introduction 

AOWKRXJK PaMRU adYaQcHV KaYH bHHQ PadH LQ WKH ILHOd RI VSLQaO cRUd UHJHQHUaWLRQ, 

cRPSOHWH IXQcWLRQaO UHcRYHU\ IROORZLQJ VSLQaO cRUd LQMXU\ (SCI) UHPaLQV HOXVLYH. TKH 

XOWLPaWH JRaO RI SCI WUHaWPHQW LV WR UHVWRUH ORVW PRWRU aQd VHQVRU\ IXQcWLRQ WKURXJK VSLQaO 

cRUd UHJHQHUaWLRQ. TR daWH WKHUH LV QR WUHaWPHQW IRU SCI bH\RQd PHdLcaWLRQ IRU SaLQ 

PaQaJHPHQW (PKLOOLSV, WaUbXUWRQ, ALQVOLH, & KUaVVLRXNRY, 2014), VXUJLcaO LQWHUYHQWLRQ 

IRU VSLQaO dHcRPSUHVVLRQ (SHNKRQ & FHKOLQJV, 2001), aQd SK\VLcaO WKHUaS\ IRU 

UHKabLOLWaWLRQ (WHUQLJ & MXOOHU, 1992). TKHVH PaQaJHPHQW RSWLRQV IaLO WR UHJHQHUaWH WKH 

LQMXUHd VSLQaO cRUd aQd WKXV dR QRW UHSUHVHQW a SHUPaQHQW VROXWLRQ WR WKH VXVWaLQHd LQMXU\. 

CHOOXOaU aQd PROHcXOaU WKHUaSLHV VKRZ IXQcWLRQaO UHcRYHU\ LQ SCI aQLPaO PRdHOV, bXW 

WKHVH UHVXOWV KaYH \HW WR bH UHSOLcaWHd LQ cOLQLcaO WULaOV. OYHUaOO, aWWHPSWV WR UHLQQHUYaWH 

WKH LQMXUHd cRUd dHPRQVWUaWH WKH cRPSOH[LW\ RI WKH cHQWUaO QHUYRXV V\VWHP aQd WKH QHHd 

IRU a QRYHO aSSURacK WKaW IXOO\ UHVWRUHV IXQcWLRQ IROORZLQJ SCI.   

TKH aSSURacK dHVcULbHd KHUH LQYROYHV cHOOXOaU VHHdLQJ ZLWKLQ SURWHLQ aQd SHSWLdH-

baVHd VcaIIROdV SULRU WR WUaQVSOaQWaWLRQ LQWR a SSUaJXH DaZOH\ UaW VSLQaO cRUd KHPLVHcWLRQ 

aQd cRQWXVLRQ LQMXU\ PRdHOV. CHOOV XVHd WR SHUIRUP WKHVH VWXdLHV LQcOXdH KCMEC/D3, 

KBVP, NHA, aQd UaW dHULYHd E14 QHXUaO SURJHQLWRU cHOOV, ZKLcK aUH ILUVW VWXdLHd ZLWKLQ 

SRO\dLPHWK\OVLOR[aQH PLcURIOXLdLc dHYLcHV dHVLJQHd WR cRQWURO WKH bLRcKHPLcaO aQd 

PHcKaQLcaO HQYLURQPHQW.  TKURXJKRXW WKHVH VWXdLHV, WKH cHOOXOaU UHVSRQVH LV TXaQWLILHd 

XVLQJ PHWKRdV WKaW LQcOXdH LPPXQRIOXRUHVcHQcH, LPPXQRbORWWLQJ, WUaQVPLVVLRQ HOHcWURQ 

PLcURVcRS\, VcaQQLQJ HOHcWURQ PLcURVcRS\, UKHRORJ\, PLcUR-SaUWLcOH LPaJH YHORcLPHWU\, 

aQd LPPXQRKLVWRcKHPLVWU\. AddLWLRQaOO\, a QRYHO PHWKRd dHYHORSHd IRU WKHVH aQaO\VHV 
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HYaOXaWHV PLcURYHVVHO baUULHU LQWHJULW\ XVLQJ a WKUHH-dLPHQVLRQaO WUaQVHQdRWKHOLaO 

HOHcWULcaO PHaVXUHPHQW LPSHdaQcH VSHcWURVcRS\ V\VWHP.  TKH cHQWUaO K\SRWKHVLV LV WKaW 

dHOLYHU\ RI YaVcXOaWXUH IHaWXULQJ a bORRd-VSLQaO cRUd RU bORRd-bUaLQ baUULHU addUHVVHV WKH 

VHcRQdaU\ aVSHcW RI VSLQaO cRUd LQMXU\ b\ UHVWRULQJ R[\JHQ aQd QXWULHQWV WR WKH VLWH RI 

LQMXU\ ZLWKRXW H[acHUbaWLQJ WKH LQIOaPPaWRU\ UHVSRQVH, aQd WKH SULPaU\ aVSHcW b\ 

IacLOLWaWLQJ aQd JXLdLQJ WKH dLUHcWLRQ RI a[RQ JURZWK.    

RHJaUdLQJ WKH WHUPLQRORJ\ bHWZHHQ WKH bORRd-bUaLQ baUULHU aQd WKH bORRd-VSLQaO 

cRUd baUULHU, WKHUH aUH VRPH VSHcLILc XOWUaVWUXcWXUaO dLIIHUHQcHV. IQ UabbLW aQLPaO VWXdLHV RI 

WKH cHQWUaO QHUYRXV V\VWHP YaVcXOaWXUH, WKH bORRd-VSLQaO cRUd baUULHU VKRZV KLJKHU 

SHUPHabLOLW\ YaOXHV cRPSaUHd WR WKH bORRd-bUaLQ baUULHU (PURcNRS, NaLdX, BLQaUd, & 

RaQVRKRII, 1995). IQ a dLIIHUHQW VHW RI H[SHULPHQWV, WKH UadLROabHOHd LQWHUIHURQV (INF-Į), 

INF-Ȗ, aQd WXPRU QHcURVLV IacWRU (TNF- Į) aJaLQ VKRZ KLJKHU SHUPHabLOLW\ LQ WKH VSLQaO 

cRUd WKaQ WKH bUaLQ (PaQ, BaQNV, & KaVWLQ, 1997). AddLWLRQaOO\, WKH bORRd-VSLQaO cRUd 

baUULHU KaV a dHcUHaVHd H[SUHVVLRQ RI WKH ]RQa RccOXdHQ-1 aQd RccOXdLQ WLJKW MXQcWLRQ 

SURWHLQV (VLNWRU BaUWaQXV], DaQLHOa JH]RYa, BHWW\ AOaMaMLaQ, & MXUaW DLJLca\OLRJOX, 

2011). HRZHYHU, WKH cHQWUaO QHUYRXV V\VWHP PaNHV XS WKH bUaLQ aQd WKH VSLQaO cRUd, 

KHQcHIRUWK bRWK WKH bORRd-bUaLQ baUULHU aQd bORRd-VSLQaO cRUd baUULHU ZLOO bH UHIHUUHd WR 

aV baUULHU IXQcWLRQ.   

 TKLV dLVVHUWaWLRQ LV RUJaQL]Hd LQWR cKaSWHUV WKaW SURYLdH bacNJURXQd LQIRUPaWLRQ 

RQ SCI aQd cXUUHQW WUHaWPHQW VWUaWHJLHV, SUHVHQW WKH LQ YLWUR aQd LQ YLYR UHVXOWV, aQd SOacH 

WKHVH UHVXOWV LQ WKH cRQWH[W RI SUHYLRXV ZRUN aQd IXWXUH cOLQLcaO aSSOLcaWLRQV. CKaSWHU II 

dHILQHV SCI aQd addUHVVHV LWV HSLdHPLRORJ\ aQd cXUUHQW WUHaWPHQW RSWLRQV. TKH cKaSWHU 

aOVR UHYLHZV bLRHQJLQHHUHd VcaIIROdV IRU SCI aQd LQ YLWUR YaVcXOaU PRdHOV, aQd LQWURdXcHV 
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WKH VSHcLILc aLPV RI WKH dLVVHUWaWLRQ. CKaSWHU III dHWaLOV WKH H[SHULPHQWaO PHWKRdRORJ\ IRU 

bRWK WKH LQ YLWUR aQd LQ YLYR H[SHULPHQWaWLRQ. CKaSWHU IV SUHVHQWV WKH H[SHULPHQWaO 

UHVXOWV, aQd CKaSWHU V dLVcXVVHV WKH ILQdLQJV UHOaWHd WR WKH UHVHaUcK JRaO RI IacLOLWaWLQJ 

VSLQaO cRUd LQMXU\. CKaSWHU VI cRQWaLQV dHWaLOHd H[SHULPHQWaO SURWRcROV aORQJ ZLWK WKH 

VWaWLVWLcaO aQaO\VHV SHUIRUPHd RQ WKH RbWaLQHd daWa.  
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Chapter II 

Background 

2.1 Spinal Cord Injur\ 

 

2.1.1 Introduction to spinal cord injur\. SSLQaO cRUd LQMXULHV (SCI) HQcRPSaVV a 

ZLdH YaULHW\ RI VHYHULWLHV aQd W\SHV RI daPaJH WR WKH cHOOV aQd PaWUL[ ZLWKLQ WKH cRUd. 

SCI LQcOXdHV cRQWXVLRQ, OacHUaWLRQ, cRPSUHVVLRQ, aQd VROLd cRUd LQMXU\ (FLJXUH 1), aQd 

SaWLHQWV VXIIHULQJ IURP SCI H[SHULHQcH a UaQJH RI V\PSWRPV IURP bXUQLQJ VHQVaWLRQ WR 

cRPSOHWH ORVV RI PRWRU IXQcWLRQ (SLddaOO, McCOHOOaQd, RXWNRZVNL, & CRXVLQV, 2003).  

TKH PRVW IUHTXHQWO\ UHSRUWHd SCI LV cRQWXVLRQ LQMXU\, ZKLcK LV cKaUacWHUL]Hd b\ QHcURWLc 

aQd KHPRUUKaJHd aUHaV ZLWKLQ WKH cRUd SaUHQcK\Pa (NRUHQbHUJ, SPLWK, & MaUcLOOR, 

2004). IQ OacHUaWLRQ SCI, WKH VSLQaO cRUd VKRZV YLVLbOH dLVUXSWLRQ RI WKH VXUIacH aQaWRP\ 

ZLWK cROOaJHQRXV cRQQHcWLYH WLVVXH dHSRVLWLRQ aW WKH HSLcHQWHU RI WKH LQMXU\. WKHQ WKH 

 
 
FLJXUH 1. HXPaQ VSLQaO cRUd KLVWRORJLcaO VHcWLRQV RI YaULRXV LQMXU\ cRQdLWLRQV: A) 
QRUPaO, B) VROLd cRUd LQMXU\, C) cRQWXVLRQ LQMXU\, D) OacHUaWLRQ LQMXU\, aQd E) 
cRPSUHVVLRQ LQMXU\. ScaOH baUV aUH 2 PP. IPaJH WaNHQ IURP NRUHQbHUJ, 2004.  
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VSLQaO cRUd VXIIHUV a cRPSUHVVLRQ LQMXU\, WKH YHUWHbUaO bRd\ IUacWXUHV WKH cRUd, ZKLcK 

OHadV WR VRIWHQLQJ, dLVWRUWLRQ, aQd dLVLQWHJUaWLRQ. TKH OHaVW IUHTXHQW SCI LV VROLd cRUd 

LQMXU\ ZKLcK caQ RQO\ bH dHWHcWHd ZLWK KLVWRORJLcaO H[aPLQaWLRQ LdHQWLI\LQJ WKH 

SURPLQHQW dLVUXSWHd aUcKLWHcWXUH W\SLcaO RI WKLV SCI W\SH (NRUHQbHUJ HW aO., 2004). 

RHJaUdOHVV RI WKH LQMXU\ W\SH, daPaJH WR WKH VSLQaO cRUd LPSaLUV WKH PRWRU aQd VHQVRU\ 

VLJQaOV WR aQd IURP WKH bUaLQ.  

2.1.2 Epidemiolog\ of spinal cord injur\. TKH PXOWLWXdH RI SHRSOH aIIOLcWHd b\ 

SCI PRWLYaWHV WKH aLPV RI UHVHaUcK SUHVHQWHd KHUH. AQQXaOO\, WKH LQcLdHQcH RI QHZ VSLQaO 

cRUd LQMXU\ caVHV LV aSSUR[LPaWHO\ 54 SHU RQH PLOOLRQ SHRSOH LQ WKH UQLWHd SWaWHV, ZKLcK 

WUaQVOaWHV WR 17,500 SHRSOH SHU \HaU aQd a WRWaO RI aSSUR[LPaWHO\ 285,000 SHRSOH  (0.09% 

RI WKH US SRSXOaWLRQ) baVHd RQ WKH 2017 VWaWLVWLcV ("NaWLRQaO SSLQaO CRUd IQMXU\ 

SWaWLVWLcaO CHQWHU, FacWV aQd FLJXUHV aW a GOaQcH.," 2017). GORbaOO\, WKH LQcLdHQcH RI 

VSLQaO cRUd LQMXU\ LV 23 caVHV SHU PLOOLRQ SHRSOH aQd WKH SUHYaOHQcH LV bHWZHHQ 236 WR 

4187 caVHV SHU PLOOLRQ SHRSOH (LHH, CULSSV, FLW]KaUULV, & WLQJ, 2014). TKH WZR PaLQ 

caXVHV IRU VSLQaO cRUd LQMXULHV aUH IaOOV aQd YHKLcXOaU accLdHQWV ZKLOH LQMXULHV dXH WR 

YLROHQcH, VSRUWV, aQd PHdLcaO/VXUJLcaO HYHQWV aUH OHVV cRPPRQ. TKH ILQaQcLaO bXUdHQ 

aVVRcLaWHd ZLWK SCI YaULHV baVHd RQ WKH VHYHULW\ RI LQMXU\ aQd WKH aVVRcLaWHd QHXURORJLcaO 

LPSaLUPHQW, bXW aOVR RQ WKH HdXcaWLRQ aQd SUH-LQMXU\ HPSOR\PHQW KLVWRU\ (CaR, CKHQ, & 

DHVLYR, 2011). NRW LQcOXdLQJ LQdLUHcW cRVWV UHVXOWLQJ IURP ORVVHV LQ ZaJHV aQd 

SURdXcWLYLW\, WKH aYHUaJH ILUVW \HaU H[SHQVHV LQ 2016 aIWHU VSLQaO cRUd LQMXU\ YaU\ IURP 

$352,279 IRU ORZ VHYHULW\ LQMXU\ (PRWRU IXQcWLRQaO aW aQ\ OHYHO-AIS D) WR $1,079,412 IRU 

KLJK VHYHULW\ LQMXU\ (KLJK WHWUaSOHJLa-AIS ABC), UHVSHcWLYHO\. TKH aYHUaJH \HaUO\ 

H[SHQVHV IRU HacK VXbVHTXHQW \HaU UaQJH IURP $42,789 WR $187,443 IRU ORZ WR KLJK 
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VHYHULW\ LQMXU\ (CaR HW aO., 2011). TKH OLIH H[SHcWaQc\ IRU SHRSOH ZLWK VSLQaO cRUd LQMXU\ LV 

bHWZHHQ 3.7 WR 53 \HaUV RI OLIH IROORZLQJ LQMXU\ aQd YaULHV ZLWK bRWK WKH LQMXU\ VHYHULW\ aV 

ZHOO aV WKH aJH RI WKH SHUVRQ aW WKH WLPH RI LQMXU\. RHJaUdOHVV RI WKH VHYHULW\ RI WKH LQMXU\, 

SHRSOH ZKR VXIIHU IURP VSLQaO cRUd LQMXU\ UHSRUW a VLJQLILcaQWO\ ORZHU TXaOLW\ RI OLYLQJ 

cRPSaUHd WR SHRSOH QRW aIIOLcWHd b\ VSLQaO cRUd LQMXU\ (WHVWJUHQ & LHYL, 1998). IQ RUdHU 

WR XQdHUVWaQd WKH VSLQaO cRUd LQMXU\ cOLQLcaO VcaOH, a VKRUW H[SOaQaWLRQ LV JLYHQ LQ WKH QH[W 

SaUaJUaSK.  

BULHIO\, WKH APHULcaQ SSLQaO IQMXU\ AVVRcLaWLRQ IPSaLUPHQW ScaOH (AIS) LV XVHd 

WR cKaUacWHUL]H WKH VHYHULW\ RI VSLQaO cRUd LQMXU\ ZLWK WKH IROORZLQJ UaWLQJV (Ma\QaUd JU HW 

aO., 1997). RaWLQJ ³A´ LV WKH PRVW VHYHUH LQMXU\ caXVLQJ cRPSOHWH VHQVRU\ aQd PRWRU ORVV. 

IQdLYLdXaOV ZLWK UaWLQJV ³B´ RU ³C´ KaYH ORVV RI PRWRU IXQcWLRQ RU PRWRU IXQcWLRQ 

SUHVHUYaWLRQ ZLWK a PXVcOH JUadH OHVV WKaQ 3, UHVSHcWLYHO\. RaWLQJ ³D´ LV IRU WKRVH ZKR 

KaYH SUHVHUYHd PRWRU IXQcWLRQ bHORZ WKH QHXURORJLcaO OHYHO RI LQMXU\ ZLWK aW OHaVW KaOI RI 

WKH PXVcOHV H[SHULHQcLQJ a JUadH OHYHO RI aW OHaVW a 3. RaWLQJ ³E´ LV JLYHQ WR WKRVH 

SaWLHQWV ZKR Kad SULRU dHILcLWV, bXW QRZ KaYH QRUPaO VHQVRU\ aQd PRWRU IXQcWLRQ. 

DXH WR WKH cRPSOH[LW\ RI WKH cHQWUaO QHUYRXV V\VWHP aQd WKH LQabLOLW\ RI a[RQV WR 

VSRQWaQHRXVO\ UHJURZ aQd IacLOLWaWH cRPSOHWH IXQcWLRQaO UHcRYHU\ aIWHU SCI, WKH cXUUHQW 

WUHaWPHQW RSWLRQV aUH OLPLWHd. TKH VWaQdaUd WUHaWPHQW RSWLRQV RI VSLQaO cRUd LQMXU\ LQ WKH 

U.S. aUH PHdLcaWLRQ, VXUJLcaO LQWHUYHQWLRQ, aQd UHKabLOLWaWLRQ LQ WKH IRUP RI SK\VLcaO 

WKHUaS\. CXUUHQW cHOOXOaU aQd PROHcXOaU WKHUaSLHV LQ SCI aQLPaO PRdHOV VKRZ IXQcWLRQaO 

UHcRYHU\, bXW WKH VXccHVVIXO WUaQVOaWLRQ WR WKH cOLQLc VWLOO QHHdV cOLQLcaO WULaO aSSURYaO. TKH 

IROORZLQJ VHcWLRQV SURYLdH a bULHI UHYLHZ RI WKH SaWKRORJ\ RI SCI aQd LWV OacN RI QHXUaO 

UHJHQHUaWLRQ, aV ZHOO aV aSSUaLVH WUHaWPHQW RSWLRQV IRU SaWLHQWV VXIIHULQJ IURP SCI.  
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2.1.3 Introduction to the patholog\ of spinal cord injur\. TKH KXPaQ UHVSRQVH 

WR SCI LQcOXdHV WKH LQLWLaO SULPaU\ VWaJH WKaW RccXUV LPPHdLaWHO\ aIWHU WKH LQVXOW aQd WKH 

VXbVHTXHQW VHcRQdaU\ UHVSRQVH WKaW VWaUWV da\V WR ZHHNV OaWHU. PULPaU\ LQMXU\ LQYROYHV 

SK\VLcaO daPaJH WR WKH cRUd UHJaUdOHVV RI WKH W\SH RI VSLQaO LQMXU\. PK\VLcaO daPaJH aOVR 

dLVUXSWV bORRd SHUIXVLRQ, ZKLcK SUHYHQWV R[\JHQ aQd QXWULWLRQ IURP bHLQJ dHOLYHUHd WR 

WKH LQMXU\ VLWH.  FROORZLQJ SULPaU\ LQMXU\ LV WKH VHcRQdaU\ LQMXU\ cKaUacWHUL]Hd b\ WLVVXH 

K\SR[La, LRQLc LPbaOaQcH, c\WRWR[LcLW\, LQcUHaVH LQ PLcURYaVcXOaWXUH SHUPHabLOLW\, aQd 

WLVVXH QHcURVLV. TKH ILQaO UHVXOW IROORZLQJ WKH SULPaU\ aQd VHcRQdaU\ UHVSRQVHV WR SCI LV 

WKH IRUPaWLRQ RI a JOLaO VcaU aW WKH LQMXU\ VLWH, caXVLQJ a OacN RI VHQVRU\ aQd PRWRU 

IXQcWLRQ baVHd RQ WKH ORcaWLRQ aQd VHYHULW\ RI WKH daPaJH.  

TKH IRUcH H[HUWHd dXULQJ SULPaU\ LQMXU\ caQ dLUHcWO\ daPaJH WKH cRUd VWUXcWXUH b\ 

WHaULQJ RU cRPSUHVVLQJ a[RQV. RHJaUdOHVV RI WKH W\SH RI SCI VXVWaLQHd, WKH dHVWUXcWLYH 

IRUcHV aSSOLHd WR WKH cRUd caQ dLUHcWO\ daPaJH WKH QHXUaO WLVVXH VWUXcWXUH b\ WHaULQJ RU 

cRPSUHVVLQJ a[RQV. DaPaJH WR WKH a[RQV caQ UHVXOW LQ LPPHdLaWH ORVV RI VHQVRU\ aQd 

PRWRU IXQcWLRQ aW RU bHORZ WKH LQMXU\ OHYHO, RU LQ a JUadXaO ORVV WKaW RccXUV dXH WR WKH 

VHcRQdaU\ UHVSRQVH PHcKaQLVPV. TKH daPaJLQJ IRUcHV IURP WKH LQLWLaO LPSacW WR WKH cRUd 

Pa\ aOVR dLVUXSW WKH PLcURYaVcXOaWXUH HLWKHU b\ UXSWXUH, cRPSUHVVLRQ, RU LQcUHaVHd 

SHUPHabLOLW\ ZKLcK cRXOd OLPLW bORRd IORZ aQd R[\JHQ dHOLYHU\ WR WKH LQMXUHd cRUd aV 

ZHOO aV WR WKH UHJLRQ dLVWaO WR WKH LQMXU\.  

TKH PHcKaQLcaO daPaJH LQIOLcWHd WR bRWK WKH cRUd aQd PLcURYaVcXOaWXUH IURP WKLV 

SULPaU\ LQMXU\ LQLWLaWHV a caVcadH RI cHOOXOaU HYHQWV ZKLcK WRJHWKHU PaNH XS WKH 

VHcRQdaU\ LQMXU\. TKH VHcRQdaU\ LQMXU\ LQcOXdHV LQcUHaVHd baUULHU SHUPHabLOLW\, 

LQIOaPPaWLRQ, aQd c\WRNLQH UHcUXLWPHQW ZKLcK caQ aOO cRQWULbXWH WR WKH JOLaO VcaUULQJ WKaW 
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dHYHORSV PRQWKV WR \HaUV aIWHU WKH LQVXOW (V. BaUWaQXV], D. JH]RYa, B. AOaMaMLaQ, & M. 

DLJLca\OLRJOX, 2011). GOLaO VcaU dHYHORSPHQW bHJLQV ZLWK LQcUHaVHd BSCB SHUPHabLOLW\ 

WKaW SHUPLWV bORRd OHaNaJH LQWR WKH SaUHQcK\Pa caXVLQJ UHacWLYH JOLRVLV (PUHVWRQ, 

WHbVWHU, & SPaOO, 2001; SLOYHU & MLOOHU, 2004). RHacWLYH aVWURc\WHV caQ bH YLVXaOL]Hd b\ 

VWaLQLQJ ZLWK WKH JOLaO ILbULOOaU\ acLdLc SURWHLQ (GFAP) VWaLQ ZKLcK VKRZV WKH cHOOXOaU 

LQWHUPHdLaWH ILOaPHQW SURWHLQV (EQJ, 1985). IQ addLWLRQ WR WKH UHacWLYH aVWURc\WHV, 

LQIOaPPaWRU\ cHOOV LQcUHaVH WKH aOUHad\ KLJKO\ WR[Lc PLcURHQYLURQPHQW IRU WKH a[RQV. 

IQIOaPPaWRU\ cHOOV VXcK aV T cHOOV aQd c\WRNLQHV LQLWLaOO\ KHOS WR HOLPLQaWH LQIHcWLRQ b\ 

UHPRYLQJ dHad cHOOV aW WKH LQMXU\, bXW WKHLU SURORQJHd acWLYaWLRQ LV dHWULPHQWaO.  

IQIOaPPaWLRQ LV LQLWLaWHd WKURXJK PacURSKaJH UHcUXLWPHQW aQd XSUHJXOaWLRQ RI LQKLbLWRU\ 

H[WUacHOOXOaU PaWUL[ cRPSRQHQWV VXcK aV TNF-Į, LQWHUIHURQV, TGF-ȕ1 TGF-ȕ2, ZKLcK aOO 

cRQWULbXWH WR JOLaO VcaU IRUPaWLRQ (FLWcK & SLOYHU, 1997). AQLPaO UaW SCI H[SHULPHQWV 

YHULI\ WKH SUHVHQcH RI WKHVH IacWRUV aQd cHOOV aW WKH VLWH RI LQMXU\ (LaJRUd, BHUU\, & 

LRJaQ, 2002). IQ a VHSaUaWH VWXd\ RI a bUaLQ LQMXU\ PRdHO, TGF�1 KaV bHHQ VKRZQ WR 

XSUHJXOaWH cKRQdURLWLQ VXOIaWH SURWHRJO\caQV (AVKHU HW aO., 2000), ZKLcK aUH SURdXcHd aW 

WKH JOLaO VcaU (McKHRQ, HRNH, & SLOYHU, 1995). AQRWKHU c\WRNLQH WKaW cRQWULbXWHV WR JOLaO 

VcaUULQJ LV LQWHUOHXNLQ 1, ZKLcK LV aQ LQIOaPPaWRU\ SURWHLQ UHOHaVHd b\ PacURSKaJHV 

(GLXOLaQ & LacKPaQ, 1985). TKHVH c\WRNLQHV aQd LQIOaPPaWRU\ cRPSRQHQWV LQVWLJaWH WKH 

HYHQWXaO IRUPaWLRQ RI a cKaUacWHULVWLc JOLaO VcaU.  

TKH PHcKaQLcaO SURSHUWLHV RI a JOLaO VcaU aUH LPSRUWaQW HVSHcLaOO\ ZKHQ 

dHYHORSLQJ a VcaIIROd IRU WUHaWPHQW aIWHU LQMXU\ WR WKH VSLQaO cRUd. TKH JOLaO VcaU KaV 

cRQVLdHUabO\ VRIWHU PHcKaQLcaO SURSHUWLHV cRPSaUHd WR WKH KHaOWK\ XQLQMXUHd VSLQaO cRUd 

(MRHHQdaUbaU\ HW aO., 2017). AddLWLRQaOO\, WKH JOLaO VcaU LV PXcK VRIWHU WKaQ VcaU 
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IRUPaWLRQ HOVHZKHUH LQ WKH bRd\ (SWLcKHO & M�OOHU, 1998).  SRPH RI WKH cRPSRQHQWV WKaW 

cRQWULbXWH WR WKH VRIW SURSHUWLHV RI WKH JOLaO VcaU LQcOXdH JOLaO LQWHUPHdLaWH ILOaPHQWV VXcK 

aV GFAP aQd YLPHQWLQ, aV ZHOO aV H[WUacHOOXOaU cRPSRQHQWV VXcK aV OaPLQLQ aQd cROOaJHQ 

IV (MRHHQdaUbaU\ HW aO., 2017). SXbVWUaWH VWLIIQHVV KaV bHHQ VKRZQ WR SOa\ a UROH LQ WKH 

dHJUHH RI a[RQ SUROLIHUaWLRQ LQ WKH SHULSKHUaO QHUYRXV V\VWHP VXcK aV WKH dRUVaO URRW 

JaQJOLa, bXW LW dRHV QRW SOa\ a UROH LQ cHQWUaO QHUYRXV V\VWHP WLVVXH VXcK aV WKH 

KLSSRcaPSXV (KRcK, RRVRII, JLaQJ, GHOOHU, & UUbacK, 2012). MaQLSXOaWLQJ VXbVWUaWH 

VWLIIQHVV cRXOd VHUYH a bHQHILcLaO UROH aV a PHaQV WR UHJHQHUaWH WKH LQMXUHd cRUd.  

2.1.4 Neural regeneration following spinal cord injur\. DXH WR WKH HIIHcWV RI 

SULPaU\ aQd VHcRQdaU\ LQMXU\, WKH cHQWUaO QHUYRXV V\VWHP OacNV WKH VHOI-UHJHQHUaWLRQ 

QHHdHd IRU cRPSOHWH QHXUaO UHcRYHU\. FHZ H[aPSOHV RI VHOI-UHJHQHUaWLYH caSabLOLWLHV LQ 

WKH adXOW cHQWUaO QHUYRXV V\VWHP KaYH bHHQ RbVHUYHd: a UaW PHdLRbaVaO K\SRWKaOaPXV 

(CKaXYHW, PULHWR, & AORQVR, 1998) aQd aQ ROIacWRU\ bXOb LQ a PRQNH\ (MRQWL GUa]LadHL, 

KaUOaQ, BHUQVWHLQ, & GUa]LadHL, 1980). IQ bRWK RI WKHVH VWXdLHV WKH QHXURQV UHJHQHUaWHd 

WKHLU a[RQV IROORZLQJ cRPSOHWH WUaQVHcWLRQ, ZKLOH a[RQ UHJHQHUaWLRQ LQ WKH ROIacWRU\ bXOb 

ZaV accRPSaQLHd b\ acWLYH V\QaSWRJHQHVLV (MRQWL GUa]LadHL HW aO., 1980). TKLV 

UHJHQHUaWLRQ LV QRW RbVHUYHd LQ WKH RWKHU VHJPHQWV RI WKH CNS, ZKHUH a[RQV dHYHORS 

aUbRUL]aWLRQV LQcaSabOH RI UHJHQHUaWLRQ (LL & RaLVPaQ, 1995). LacN RI QHXUaO 

UHJHQHUaWLRQ KaV bHHQ PaLQO\ aWWULbXWHd WR WKH H[WULQVLc HQYLURQPHQW aURXQd WKH CNS 

LQMXU\ VXcK aV WKH UHacWLYH aVWURc\WHV WKaW IRUP aQ HQYLURQPHQW WKaW SUHYHQWV a[RQV IURP 

UHLQQHUYaWLRQ aQd V\QaSWRJHQHVLV.  

HRZHYHU, CNS a[RQ WHUPLQaOV caQ XQdHUJR HORQJaWLRQ ZKHQ VWLPXOaWHd ZLWK aQ 

aSSURSULaWH PLcURHQYLURQPHQW. TKH ILUVW H[SHULPHQWV RQ UabbLWV dHPRQVWUaWHd WKaW 
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VHYHUHd a[RQ WHUPLQaO HQdLQJV KaYH VWHULOH QHUYH ILbHUV LQcaSabOH RI UHJHQHUaWLRQ (RaPRQ 

\ CaMaO, 1928). SLQcH WKHQ, VcLHQWLVWV KaYH VKRZQ WKaW CNS a[RQV KaYH WKH abLOLW\ WR 

H[WHQd WKHLU ILbHUV LQWR WUaQVSOaQWHd SHULSKHUaO QHUYH JUaIWV LQ WKH LQMXUHd CNS (DaYLd & 

AJXa\R, 1981). WKHWKHU WKH aXWKRUV RbVHUYHd daPaJHd a[RQV RU VSaUHd a[RQV QHaU WKH 

LQMXU\ ORcaWLRQ UHPaLQV XQcOHaU.  TR bHWWHU XQdHUVWaQd ZK\ CNS a[RQV KaYH WKH SRWHQWLaO 

IRU UHJHQHUaWLRQ LQ WKH abVHQcH RI JOLRVLV, d\VWURSKLc HQdbXOb IRUPaWLRQ d\QaPLcV PXVW 

bH VWXdLHd IXUWKHU. IQ WKH PHaQWLPH, WKH QH[W VHcWLRQ dHVcULbHV SaVW aQd cXUUHQW WUHaWPHQW 

RSWLRQV aYaLOabOH WR WKRVH ZKR VXIIHU IURP SCI.  

2.1.5 Current available treatment options. IQ WKH 1980V aWWHPSWV WR PaQaJH 

LQIOaPPaWLRQ aVVRcLaWHd ZLWK SCI LPPHdLaWHO\ aIWHU LQVXOW LQcOXdHd PHWK\OSUHdQLVRORQH 

WUHaWPHQW. MHWK\OSUHdQLVRORQH, a VWHURLd WKaW UHdXcHV LQIOaPPaWLRQ, adPLQLVWUaWLRQ LQ 

SUHOLPLQaU\ acXWH SCI aQLPaO PRdHOV dHPRQVWUaWHd VLJQLILcaQW LPSURYHPHQWV LQ bRWK 

PRWRU IXQcWLRQ aQd VHQVaWLRQ (BUacNHQ HW aO., 1990; BUacNHQ HW aO., 1997). HRZHYHU, RQH 

RI WKH PaLQ dUaZbacNV RI WKLV WUHaWPHQW LQcOXdHd WKH QHHd IRU UaSLd LQMHcWLRQ ZLWKLQ HLJKW 

KRXUV aIWHU LQMXU\ LQ RUdHU WR acKLHYH QHXURORJLcaO LPSURYHPHQW. WKHQ WUaQVOaWHd WR 

cOLQLcaO WULaOV VXcK aV WKH RLcN HaQVHQ SSLQaO CRUd IQMXU\ RHJLVWU\, WKHUH ZaV QR 

LPSURYHPHQW LQ PRWRU IXQcWLRQ HYHQ ZKHQ PHWK\OSUHdQLVRORQH ZaV adPLQLVWHUHd ZLWKLQ 

HLJKW KRXUV RI LQMXU\ (EYaQLHZ HW aO., 2015).  DXH WR OacN RI IXQcWLRQaO UHcRYHU\ aQd WKH 

VWURQJ adYHUVH VLdH HIIHcWV VXcK aV SQHXPRQLa aQd VHSVLV, PHWK\OSUHdQLVRORQH ZaV 

VWRSSHd aV a WUHaWPHQW RSWLRQ IRU acXWH SCI (HXJHQKROW], 2003).  

TR WKLV daWH, acXWH SCI WUHaWPHQW LV QRQH[LVWHQW aQd LV OLPLWHd WR PaQaJHPHQW RI 

aVVRcLaWHd V\PSWRPV VXcK aV ORZ bORRd SUHVVXUH aQd PXVcXOaU d\VIXQcWLRQV. PaWLHQWV 

ZLWK VHYHUH SCI VXIIHU IURP K\SRSHUIXVLRQ RI WKH VSLQaO cRUd WKaW OHadV WR a V\VWHPLc ORZ 



www.manaraa.com

11 

bORRd SUHVVXUH. TKH cXUUHQW WUHaWPHQW IRU WKLV cRQdLWLRQ LV WKH adPLQLVWUaWLRQ RI 

PLdRdULQH ZKLcK bULQJV bORRd SUHVVXUH WR KHaOWK\ OHYHOV aQd caQ HYHQ bULQJ PRdHUaWH 

cRJQLWLYH SHUIRUPaQcH LPSURYHPHQWV (PKLOOLSV HW aO., 2014). IQ addLWLRQ WR WKH ORZ bORRd 

SUHVVXUH, SCI SaWLHQWV aOVR H[SHULHQcH PXVcXOaU d\VIXQcWLRQ LQ WKH IRUP RI SaLQ aQd 

VSaVP. TKHVH V\PSWRPV aUH PaQaJHd b\ PHdLcaWLRQV VXcK aV bacORIHQ ZKLcK acW aV 

JaPPa-aPLQRbXW\ULc acLd aJRQLVWV WR LQKLbLW H[cLWaWRU\ acWLYLW\ aW WKH VSLQaO UHIOH[HV 

(SH]HU, ANNXú, & U÷XUOX, 2015). OYHUaOO, WKH XVH RI PHdLcaWLRQV IRU VSLQaO cRUd LQMXU\ LV 

OLPLWHd WR PaQaJLQJ WKH V\PSWRPV RI WKH SaWLHQW UaWKHU WKaQ LQVWLJaWLQJ UHJHQHUaWLRQ.  

 SXUJLcaO LQWHUYHQWLRQ LV aQ addLWLRQaO PHWKRd WR PLQLPL]H SaLQ aIWHU SCI b\ 

dHcRPSUHVVLRQ aQd VWabLOL]aWLRQ RI WKH VSLQH. AOWKRXJK WKHUH aUH PaQ\ W\SHV RI SCIV, 

cRPSUHVVLRQ RI WKH VSLQH LV W\SLcaOO\ caXVHd b\ a YHUWHbUaO IUacWXUH, UXSWXUHd dLVc, RU 

H[cHVV IOXLdV RU bORRd LQ WKH VSLQaO cRUd caYLW\ (SHNKRQ & FHKOLQJV, 2001). SSLQaO cRUd 

dHcRPSUHVVLRQ VXUJHULHV LQcOXdH OaPLQHcWRP\, OaPLQRWRP\, IRUaPLQRWRP\, aQd 

OaPLQaSOaVW\. LaPLQHcWRP\ LV WKH UHPRYaO RI WKH bRQ\ OaPLQa WKaW IRUPV WKH SRVWHULRU 

ZaOOV RI HacK YHUWHbUa, ZKLOH OaPLQRWRP\ LV WKH SaUWLaO UHPRYaO RI WKH bRQ\ OaPLQa 

W\SLcaOO\ RQO\ RQ RQH VLdH RI WKH YHUWHbUaH (TKRPH HW aO., 2005). FRUaPLQRWRP\ LV bRQH 

UHPRYaO aURXQd WKH VXUURXQdLQJ QHXUaO IRUaPHQ ZKLcK LV WKH ORcaWLRQ bHWZHHQ WZR 

YHUWHbUaH ZKHUH WKH QHUYH URRW OHaYHV WKH VSLQaO caQaO(MRXVVa, 2012). LaPLQaSOaVW\ 

cRQVLVWV RI H[SaQVLRQ RI WKH VSLQaO caQaO b\ cXWWLQJ WKH OaPLQaH RQ RQH VLdH, bXW WKLV 

SURcHdXUH LV aSSOLcabOH RQO\ WR WKH cHUYLcaO aUHa RI WKH cRUd (LHKPaQ, Ta\ORU, RKHH, & 

RLHZ, 2008).  IQ addLWLRQ WR VXUJLcaO dHcRPSUHVVLRQ RI WKH VSLQH, WKH VSLQH PLJKW aOVR 

QHHd WR bH VWabLOL]Hd, ZKLcK LV SHUIRUPHd b\ IXVLQJ WZR RU PRUH YHUWHbUaH WRJHWKHU ZLWK 

bRQH JUaIWV, URdV, RU VcUHZV.  TLPLQJ IRU VXUJLcaO LQWHUYHQWLRQ LV cULWLcaO aV WKH SXUJLcaO 
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TLPLQJ LQ AcXWH SSLQaO CRUd IQMXU\ SWXd\ VKRZHd WKaW SaWLHQWV ZKR XQdHUZHQW HaUO\ 

VXUJHU\ (14.2 +- 5.4 KRXUV aIWHU LQMXU\) cRPSaUHd WR OaWH VXUJHU\ (48.3 +- 29.3 KRXUV aIWHU 

LQMXU\) Kad 2.8 WLPHV KLJKHU RddV RI aW OHaVW a 2 JUadH LPSURYHPHQW RQ WKH ASIA 

LPSaLUPHQW VcaOH(FHKOLQJV HW aO., 2012). SXUJLcaO LQWHUYHQWLRQ aIWHU SCI UHOLHYHV H[WHUQaO 

IRUcHV RQ WKH VSLQaO cRUd aQd HQVXUHV WKaW WKH VSLQaO cROXPQ LV VWabOH VR WKaW aQ\ SaLQ LV 

PLQLPL]Hd. AIWHU VXUJLcaO LQWHUYHQWLRQ, SaWLHQWV XQdHUJR a SHULRd RI UHcRYHU\ aQd PaQ\ 

cKRRVH WR HQUROO LQ SK\VLcaO WKHUaS\ WR UHJaLQ IXQcWLRQ.  

PK\VLcaO WKHUaS\ UHKabLOLWaWLRQ caQ LPSURYH IXQcWLRQaO UHcRYHU\ LQ SaWLHQWV ZLWK 

LQcRPSOHWH SCIV. E[HUcLVH WUaLQLQJ LQ WKH IRUP RI ZaONLQJ LPSURYHV WKH SaUaO\]Hd OLPb 

ORcRPRWLRQ LQ SaWLHQWV ZKR KaYH XQLOaWHUaO OLPb SaUaO\VLV (WHUQLJ & MXOOHU, 1992). TKLV 

LPSURYHPHQW LV WKH UHVXOW RI WKH IOH[LRQ UHIOH[ WKaW cRRUdLQaWHV QHXURQaO cLUcXLWV WR 

LQLWLaWH JaLW PRYHPHQW LQ WKH SaUaO\]Hd (WHUQLJ & MXOOHU, 1992). SLQcH YROXQWaU\ PXVcOH 

acWLYLW\ LQ WKH SaUaO\]Hd OLPb dLdQ¶W VKRZ VLJQLILcaQW LPSURYHPHQW aIWHU WKH SK\VLcaO 

WKHUaS\, WKH IXQcWLRQaO LPSURYHPHQW cRXOd bH dXH WR VWUHQJWKHQLQJ WKH UHPaLQLQJ PXVcOH 

aQd PRWRU aXWRPaWLRQ RI WKH KHaOWK\ (WHUQLJ, NaQaVV\, & MXOOHU, 1998). UQIRUWXQaWHO\, 

SaWLHQWV ZLWK cRPSOHWH SCIV aUH XQabOH WR bHQHILW IURP WUHadPLOO ZaONLQJ WKHUaS\ HYHQ LQ 

WKH SUHVHQcH RI bRd\ ZHLJKW VXSSRUW (DLHW], CRORPbR, & JHQVHQ, 1994; HaUNHPa, 2008). 

SLQcH WUHadPLOO H[HUcLVH WUaLQLQJ LV XQabOH WR HOLcLW WKH IOH[LRQ UHIOH[, aQ aOWHUQaWLYH 

VROXWLRQ WR acKLHYH IXQcWLRQaO UHcRYHU\ LQ SaWLHQWV VXIIHULQJ IURP cRPSOHWH SCIV LV 

QHHdHd. TKH IROORZLQJ VHcWLRQ ZLOO dHVcULbH WKH cXUUHQW UHVHaUcK WKHPHV WKaW IRcXV RQ 

UHJHQHUaWLQJ WKH LQMXUHd cRUd aV ZHOO aV VRPH RI WKH cOLQLcaO WULaOV cXUUHQWO\ XQdHUZa\ WR 

WUHaW SCI.  
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2.1.6 Cell-based therapies. CHOO-baVHd WKHUaSLHV H[KLbLW SRWHQWLaO IRU SURPRWLQJ 

UHSaLU aQd IXQcWLRQaO LPSURYHPHQWV aIWHU SCI LQ aQLPaO PRdHOV. NXPHURXV cHOO W\SHV 

KaYH bHHQ WUaQVSOaQWHd WR SCI aQLPaO PRdHOV LQcOXdLQJ ScKZaQQ cHOOV, QHXUaO 

VWHP/SURJHQLWRU cHOOV, ROLJRdHQdURc\WH SURJHQLWRU cHOOV, aQd PHVHQcK\PaO VWHP cHOOV 

(MRWKH & TaWRU, 2013; SaKQL & KHVVOHU, 2010). ScKZaQQ cHOOV aUH a W\SH RI JOLaO cHOO WKaW 

QRW RQO\ VXSSRUW a[RQ P\HOLQaWLRQ LQ WKH SHULSKHUaO QHUYRXV V\VWHP, bXW aOVR VKRZ 

LPSURYHd a[RQaO UHJHQHUaWLRQ aIWHU WUaQVSOaQWaWLRQ LQ WKH VSLQaO cRUd (TaNaPL HW aO., 

2002; XX, GXHQaUd, KOHLWPaQ, AHbLVcKHU, & BXQJH, 1995). NHXUaO VWHP/SURJHQLWRU cHOOV 

WUaQVSOaQWHd LQWR a cRPSUHVVHd UaW VSLQaO VKRZ IXQcWLRQ UHcRYHU\ WKURXJK a 

QHXURSURWHcWLYH PHcKaQLVP WKaW VXSSRUWV bRWK ROLJRdHQdURc\WH aQd a[RQ YLabLOLW\ (PaUU HW 

aO., 2008). AIWHU SCI QXPHURXV P\HOLQ-IRUPLQJ ROLJRdHQdURc\WHV ORVH WKHLU YLabLOLW\, bXW 

WUaQVSOaQWaWLRQ RI ROLJRdHQdURc\WH SURJHQLWRU cHOOV VKRZV SRWHQWLaO IRU a[RQaO 

UHP\HOLQaWLRQ aQd LPSURYHPHQW LQ PRWRU IXQcWLRQ (KHLUVWHad HW aO., 2005). 

TUaQVSOaQWaWLRQ RI PHVHQcK\PaO VWHP cHOOV dHULYHd IURP bRQH PaUURZ VKRZV WKH 

LPPXQRPRdXOaWRU\ HIIHcWV RI VKLIWLQJ PacURSKaJH SKHQRW\SH IURP M1 WR M2 SKaVH, 

ZKLcK LPSURYHV a[RQaO YLabLOLW\ aQd OHadV IXQcWLRQaO ORcRPRWLRQ UHcRYHU\ (NaNaMLPa HW 

aO., 2012). AOO RI WKHVH WUaQVSOaQWHd cHOO W\SHV OHad WR IXQcWLRQaO LPSURYHPHQWV, bXW 

WKURXJK dLIIHUHQW PHcKaQLVPV LQcOXdLQJ a[RQaO UHJHQHUaWLRQ, QHXURSURWHcWLRQ, aQd 

LPPXQRPRdXOaWLRQ. AOWKRXJK WKHVH cHOO WKHUaSLHV KaYH VKRZQ SURPLVH LQ aQLPaO PRdHOV, 

WKH VaPH UHVXOWV KaYH QRW bHHQ RbVHUYHd ZKHQ WUaQVOaWHd WR KXPaQV.   

CHOO-baVHd WKHUaSLHV IRU SCI KaYH \HW WR UHVXOW LQ IXQcWLRQaO UHcRYHU\ LQ KXPaQ 

cOLQLcaO WULaOV. FRU H[aPSOH, ROIacWRU\ HQVKHaWKLQJ cHOOV (OEC) aQd VNLQ-acWLYaWHd 

PacURSKaJHV aUH HIIHcWLYH LQ aQLPaO PRdHOV, \HW WUaQVSOaQWaWLRQ RI OECV VcaIIROdV WR a 
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cRPSOHWH SCI PRdHO UHVXOWHd LQ WKH abLOLW\ RI WKH UaW WR UHJaLQ cRRUdLQaWHd ZaONLQJ aV 

HYaOXaWHd ZLWK WKH cOLPbLQJ WHVW (RaPRQ-CXHWR, CRUdHUR, SaQWRV-BHQLWR, & AYLOa, 2000). 

IQ a VLPLOaU IaVKLRQ, WUaQVSOaQWV RI VNLQ-acWLYaWHd PacURSKaJHV UHVXOWHd LQ PRWRU IXQcWLRQ 

LPSURYHPHQW aQd c\VW UHdXcWLRQ (BRPVWHLQ HW aO., 2003). UQIRUWXQaWHO\, WKH VaPH 

bHQHILcLaO UHVSRQVH RI WKHVH cHOOXOaU WUaQVSOaQWaWLRQV LV QRW RbVHUYHd LQ KXPaQV. 

TUaQVSOaQWaWLRQ RI aXWRORJRXV HQVKHaWKLQJ cHOOV LQ a SKaVH I cOLQLcaO WULaO UHVXOWHd LQ QR 

VLJQLILcaQW IXQcWLRQaO cKaQJHV LQ a WKUHH \HaU IROORZ XS (FHURQ HW aO., 2005; MacNa\-SLP 

HW aO., 2008). SLPLOaUO\, a SKaVH II cOLQLcaO WULaO WKaW XVHd aXWRORJRXV PacURSKaJHV 

LQMHcWLRQV IaLOHd WR VKRZ aQ LPSURYHPHQW bHWZHHQ WKH WUHaWHd aQd cRQWURO JURXSV 

(LaPPHUWVH HW aO., 2012). FRU WKLV VWXd\, SaUWLcLSaQWV Kad cRPSOHWH QHXURORJLcaO LQMXULHV 

bHWZHHQ C4 aQd T11 YHUWHbUa VHJPHQWV aV cOaVVLILHd accRUdLQJ WR WKH IQWHUQaWLRQaO 

SWaQdaUdV IRU NHXURORJLcaO COaVVLILcaWLRQ RI SSLQaO CRUd IQMXU\. DXH WR OacN RI 

QHXURORJLcaO LPSURYHPHQWV, WKHVH WZR cOLQLcaO WULaOV ZHUH UHJUHVVHd WR cRQcOXdH WKaW WKH 

aXWRORJRXV cHOOV ZHUH VaIH WR WUaQVSOaQW LQWR KXPaQV ZLWKRXW HYRNLQJ aQ\ VHULRXV VLdH 

HIIHcWV. TKHVH UHVXOWV XQdHUVcRUH WKH QHHd IRU LPSURYHd aSSURacKHV WR cHOO-baVHd 

WKHUaSLHV.  

2.1.7 Bioengineered scaffolds for spinal cord repair. OQH PHWKRd WR bULdJH WKH 

LQMXUHd VSLQaO cRUd LV XVLQJ HQJLQHHUHd VcaIIROdV WKaW SURYLdH a SHUPLVVLYH HQYLURQPHQW 

IRU a[RQV RU SURJHQLWRU cHOOV WKaW cRXOd SRWHQWLaOO\ IRUP UHOa\V. ScaIIROdV WUaQVSOaQWHd 

ZLWK aOLJQHd SRO\-O-OacWLc acLd PLcURILbHUV (HXUWadR HW aO., 2011), cKaQQHOV ZLWKLQ 

SRO\OacWLccRJO\cROLc acLd (MRRUH HW aO., 2006), RU cKaQQHOV ZLWKLQ aJaURVH VcaIIROdV aOO 

dLUHcW WKH JURZWK dLUHcWLRQ RI UHJHQHUaWLQJ a[RQV IURP WKH KRVW WLVVXH (SWRNROV & 

TXV]\QVNL, 2006). HRZHYHU, WKHVH VWXdLHV SUHVHQW RbVWacOHV WKaW OLPLW IXQcWLRQaO UHcRYHU\ 
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b\ WKH ORZ QXPbHU RI a[RQ LQILOWUaWLRQ, OacN RI a[RQ RXWJURZWK, aQd OacN RI V\QaSWLc UHOa\ 

ZLWK WKH KRVW WLVVXH. TKHVH UHVXOWV dHPRQVWUaWH WKH QHHd IRU SHUPLVVLYH PaWULcHV WKaW aUH 

caSabOH RI WKH KLJKHU a[RQ LQILOWUaWLRQV ZLWK VLJQLILcaQW RXWJURZWK UHTXLUHd WR bULdJH WKH 

LQMXUHd VSLQaO cRUd aQd UHVWRUH IXQcWLRQaOLW\.  

TUaQVSOaQWaWLRQ RI VcaIIROdV cRQWaLQLQJ ScKZaQQ cHOOV WR WKH LQMXUHd VSLQaO cRUd 

UHVXOWV LQ KRVW a[RQ LQILOWUaWLRQ aQd P\HOLQaWLRQ ZLWKLQ WKH JUaIWV, bXW a[RQ RXWJURZWK 

UHPaLQV LQVLJQLILcaQW (GXHVW, RaR, OOVRQ, BXQJH, & BXQJH, 1997).  ScKZaQQ cHOOV KaYH 

WKH SRWHQWLaO WR HOLcLW cHQWUaO QHUYH UHJHQHUaWLRQ dXH WR WKHLU SHULSKHUaO UHJHQHUaWLQJ 

caSabLOLWLHV, SHULSKHUaO a[RQ P\HOLQaWLRQ, aQd H[WUacHOOXOaU PaWUL[ dHSRVLWLRQ (BXQJH, 

1993). TUaQVSOaQWaWLRQ RI KXPaQ ScKZaQQ cHOOV VXSSOHPHQWHd ZLWK PHWK\OSUHdQLVRORQH 

UHVXOWHd LQ KRVW QHXURQaO LQILOWUaWLRQ ZLWKLQ WKH SRO\acU\ORQLWULOH/SRO\YLQ\OcKORULdH-baVHd 

JUaIW (GXHVW HW aO., 1997). SSHcLILcaOO\, QHXURQaO SRSXOaWLRQV RI WKH IROORZLQJ W\SHV ZHUH 

SUHVHQW ZLWKLQ WKH JUaIW: SURSULRVSLQaO, VHQVRU\, PRWRUQHXURQaO, aQd bUaLQVWHP QHXURQV. 

DHVSLWH WKH VXccHVV ZLWK a[RQ LQILOWUaWLRQ LQWR WKHVH VcaIIROdV, a cHQWUaO OLPLWaWLRQ WR 

ScKZaQQ cHOO WUHaWPHQW IRU VSLQaO cRUd LQMXU\ LV WKaW RQO\ a PHUH 1% RI WKH a[RQV WKaW 

HQWHU WKH JUaIWV UHHQWHU WKH KRVW VSLQaO cRUd WLVVXH(GXHVW HW aO., 1997). LacN RI a[RQ 

RXWJURZWK IURP WKH VcaIIROd HOLPLQaWHV WKH SRWHQWLaO IRU VXccHVVIXO IXQcWLRQaO UHVWRUaWLRQ. 

OOIacWRU\ HQVKHaWKLQJ cHOOV (OEC) RYHUcRPH WKLV OLPLWaWLRQ dXH WR WKHLU LQWULQVLc 

abLOLW\ IRU cRQWLQXRXV QHXURJHQHVLV LQWR adXOWKRRd (FaLUOHVV & BaUQHWW, 2005). OEC 

WUaQVSOaQWaWLRQV LPSURYH KRVW a[RQ LQILOWUaWLRQ LQWR WKH VcaIIROdV aQd a[RQ RXWJURZWK LQWR 

WKH KRVW VSLQaO cRUd WLVVXH, ZKLcK LV a PaMRU LPSURYHPHQW cRPSaUHd WR WUaQVSOaQWV ZLWK 

RWKHU cHOO W\SHV. SSHcLILcaOO\, RQH VWXd\ VKRZHd SURSULRVSLQaO a[RQ LQILOWUaWLRQ LQWR aQd 

RXW RI WKH OEC-VHHdHd SRO\acU\ORQLWULOH/SRO\YLQ\OcKORULdH WUaQVSOaQW (RaPRQ-CXHWR, 
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POaQW, AYLOa, & BXQJH, 1998). IQ RUdHU WR dHPRQVWUaWH IXQcWLRQaO UHcRYHU\, a[RQ 

cRQWLQXLW\ acURVV WKH LQMXU\ VLWH LV QHHdHd IRU V\QaSVH WUaQVPLVVLRQ. TKH IXQcWLRQaO 

UHcRYHU\ RI UaW IRUHSaZ UHacKLQJ abLOLW\ ZaV aVVHVVHd aIWHU OEC LQMHcWLRQ LQWR WKH 

cRUWLcRVSLQaO WUacW. TKH UaW VKRZHd IXQcWLRQaO LPSURYHPHQW LQ aV OLWWOH aV VL[ da\V aIWHU 

WUaQVSOaQWaWLRQV (LL, FLHOd, & RaLVPaQ, 1997). AOWKRXJK IXQcWLRQaO UHcRYHU\ ZaV SRVVLbOH 

aIWHU OEC WUaQVSOaQWaWLRQV LQ WKHVH 1990V cRQWUROOHd aQLPaO H[SHULPHQWV, UHcHQW daWa 

VKRZV OacN RI IXQcWLRQaO LPSURYHPHQWV bHWZHHQ VWXdLHV dXH WR WKH abVHQcH RI a 

SXULILcaWLRQ SURcHdXUH LQ OEC WUaQVSOaQWaWLRQ WKHUaSLHV (YaR HW aO., 2018). TKH cXUUHQW 

OEC LdHQWLILcaWLRQ PaUNHU LV S75NTR WKaW LV QRQVSHcLILc aQd VWaLQV SRVLWLYH IRU RWKHU cHOO 

W\SHV VXcK aV aVWURc\WHV, ScKZaQQ cHOOV, aQd OaPLQa SURSULa PHVHQcK\PaO VWHP cHOOV 

(YaR HW aO., 2018). EYHQ WKRXJK VWXdLHV ZLWK OEC cHOO JUaIWV WUaQVSOaQWV UHSRUWHd 

IXQcWLRQaO LPSURYHPHQWV, WKLV WKHUaS\ VKRZV LQcRQVLVWHQW UHVXOWV bHWZHHQ VWXdLHV dXH WR 

WKH OacN RI a XQLTXH OEC PaUNHU (YaR HW aO., 2018).  

MXOWLIacWRULaO SCI WUHaWPHQW aSSURacKHV LQcOXdH cRPbLQLQJ cHOO-VHHdHd VcaIIROd 

WKHUaSLHV ZLWK QHXURWURSKLc IacWRUV RU cRPSOHPHQWaU\ cHOO W\SHV. A cRPPRQ H[aPSOH LV 

WR VXSSOHPHQW WUaQVSOaQWHd ScKZaQQ cHOOV (SC) RU bRQH PaUURZ VWURPaO cHOOV (MSC) ZLWK 

HLWKHU ROIacWRU\ HQVKHaWKLQJ cHOOV (OEC) RU QHXURWURSKLc JURZWK IacWRU (NT-3). OQH RI 

WKH caYHaWV RI WUaQVSOaQWaWLRQ RI SC cHOOV RQO\ LV WKH OLPLWHd RXWJURZWK IURP WKH JUaIWV, 

bXW WKLV KaV bHHQ VKRZQ WR LPSURYH b\ WKH addLWLRQ RI OECV aW WKH SRO\acU\ORQLWULOH/ 

SRO\YLQ\OcKORULdH-baVHd VcaIIROd H[LW (FRXad HW aO., 2005). IQ addLWLRQ, XSUHJXOaWLQJ 

IacWRUV WKaW cRQWURO a[RQ JURZWK cRQH RULHQWaWLRQ (SRQJ, MLQJ, & PRR, 1997) aQd dLVWaQcH 

(CaL HW aO., 2001), VXcK aV c\cOLc adHQRVLQH PRQRSKRVSKaWH (cAMP), UHVXOWHd LQ a[RQ 

VSaULQJ, P\HOLQaWLRQ, aQd VHURWRQHUJLc a[RQ LQILOWUaWLRQ LQWR aQd RXW RI WUaQVSOaQWHd 
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VcaIIROdV (PHaUVH HW aO., 2004). IQ addLWLRQ WR SC, bRQH PaUURZ VWURPaO cHOOV (MSC) KaYH 

bHHQ WHVWHd WR UHJHQHUaWH WKH VSLQaO cRUd. SSHcLILcaOO\, aXWRORJRXV MSCV ZHUH 

VXSSOHPHQWHd ZLWK cAMP aQd aQ a[RQ JURZWK IacWRU NT-3 aQd WUaQVSOaQWHd LQWR a UaW 

SCI WKaW UHVXOWHd LQ VHQVRU\ a[RQ LQILOWUaWLRQ aQd RXWJURZWK IURP WKH VcaIIROdV (LX, YaQJ, 

JRQHV, FLObLQ, & TXV]\QVNL, 2004). CRPbLQLQJ cAMP aQd JURZWK IacWRUV WRJHWKHU KaYH 

cRQWULbXWHd WR a[RQaO UHJHQHUaWLRQ bH\RQd WKH LQMXUHd cRUd WKaW KaV QRW bHHQ RbVHUYHd 

ZLWK WUHaWPHQW RI HLWKHU YaULabOH aORQH. IQ addLWLRQ, WKH XVaJH RI SURJHQLWRU cHOOV LV aQ 

aWWUacWLYH RSWLRQ ZLWK SURPLVLQJ UHVXOWV dXH WR WKH YaVW dLIIHUHQWLaO SRWHQWLaO RI WKHVH cHOOV. 

AddLWLRQaOO\, WUaQVSOaQWaWLRQV XVLQJ SURJHQLWRU cHOOV KROdV JUHaW SURPLVH LQ UHLQQHUYaWLQJ 

WKH LQMXUHd cRUd dXH WR WKH dLIIHUHQWLaWLQJ SRWHQWLaO RI WKHVH cHOOV.  

TUaQVSOaQWaWLRQ RI SURJHQLWRU cHOO-VHHdHd JUaIWV LQWR WKH LQMXUHd CNS VKRZ WKaW 

WKHVH cHOOV IRUP V\QaSVHV ZLWK KRVW QHXURQV aQd SURYLdH VLJQLILcaQW IXQcWLRQaO 

LPSURYHPHQWV. NHXUaO aQd JOLaO UHVWULcWRU SURJHQLWRU cHOOV dLIIHUHQWLaWH LQWR QHXURQaO aQd 

ROLJRdHQdURc\WH cHOOV, ZKLcK aUH WZR RI WKH cHOO W\SHV WKaW aUH daPaJHd dXULQJ SCI. 

TUaQVSOaQWaWLRQ RI KRVW dHULYHd QHXUaO SURJHQLWRU cHOOV IURP a UaW aQLPaO PRdHO UHVXOWV LQ 

IXQcWLRQaO V\QaSVH UHVWRUaWLRQ bHWZHHQ KRVW a[RQV aQd JUaIW-dHULYHd a[RQV (BRQQHU HW aO., 

2011; KadR\a HW aO., 2016). TKH VaPH UHVXOW LV VHHQ XVLQJ KXPaQ QHXUaO VWHP cHOO JUaIWV 

WUaQVSOaQWHd LQWR bRWK UaW aQd PRXVH aQLPaO PRdHOV (CXPPLQJV HW aO., 2005; LX HW aO., 

2012). AV a Za\ WR PLPLc WKH OaUJHU KXPaQ VSLQaO cRUd, a OaUJH QRQKXPaQ SULPaWH 

aQLPaO VWXd\ RQ UKHVXV PRQNH\V ZaV SHUIRUPHd WR HYaOXaWH WKH SRWHQWLaO RI KXPaQ QHXUaO 

SURJHQLWRU cHOOV WR UHVWRUH IXQcWLRQaO UHOa\. SLPLOaU WR WKH VPaOOHU PRdHO URdHQW VWXdLHV, 

KRVW a[RQV H[KLbLWHd LQILOWUaWLRQ aQd RXWJURZWK IURP WKH VcaIIROdV ZLWK IXQcWLRQaO 

V\QaSVHV LQ WKH dLVWaO JUa\ PaWWHU WKaW OHd WR LPSURYHd IRUHOLPb IXQcWLRQ (RRVHQ]ZHLJ HW 
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aO., 2018). DHVSLWH WKHVH UHVXOWV, WKH PaLQ VKRUWcRPLQJ RI WKLV SULPaWH VWXd\ LQcOXdHd 

LQcRPSOHWH VSLQaO cRUd WUaQVHcWLRQ aW WKH OHYHO RI C7 ZKLcK LV NQRZQ WR H[KLbLW 

HQdRJHQRXV H[WHQVLYH IXQcWLRQaO UHcRYHU\ (FULHdOL HW aO., 2015). TKRXJK VWXdLHV KaYH 

HPSOR\Hd VcaIIROdV VHHdHd ZLWK HQdRWKHOLaO SURJHQLWRU cHOOV WR dHYHORS a YaVcXOaU 

QHWZRUN IROORZLQJ WUaQVSOaQWaWLRQ (SaJOaP HW aO., 2013), WKHUH KaYH bHHQ QR aWWHPSWV WR 

SUH-YaVcXOaUL]H VcaIIROdV SULRU WR WUaQVSOaQWaWLRQ. TabOH 1 bHORZ VKRZV a VXPPaU\ RI 

SUHYLRXV VWXdLHV WKaW aWWHPSW WR UHSaLU WKH LQMXUHd VSLQaO cRUd.  

 

 

TabOH 1  

6XPPDU\ RI SUHYLRXV VFDIIROGV IRU VSLQDO FRUG UHSDLU 

Stud\ Cells Used Scaffold T\pe Summar\ of 
results Limitations 

GXHVW, 1997 ScKZaQQ 
cHOOV 

SRO\acU\ORQLWULOH/ 
SRO\YLQ\OcKORULdH 

A[RQ 
LQILOWUaWLRQ aQd 

P\HOLQaWLRQ  
LRZ a[RQ RXWJURZWK 

RaLVPaQ, 
1997; YaR 

2018; FRXad 
2005 

OOIacWRU\ 
HQVKHaWKLQJ 

cHOOV  

SRO\acU\ORQLWULOH/ 
SRO\YLQ\OcKORULdH 

IQcUHaVHd a[RQ 
RXWJURZWK 

HLJK YaULabLOLW\ LQ 
UHVXOW UHSOLcaWLRQ dXH 

WR OacN RI a 
VWaQdaUdL]Hd OEC 

SXULILcaWLRQ WHcKQLTXH 

LX 2004 

BRQH 
PaUURZ 

VWURPaO cHOOV 
+ cAMP + 

NT3 

IQMHcWLRQ PHWKRd 
SHQVRU\ a[RQ 

LQILOWUaWLRQ aQd 
RXWJURZWK 

LRZ a[RQ RXWJURZWK 

BRQQHU 
2011; 

KadR\a 
2016 

RaW QHXUaO 
SURJHQLWRU 

cHOOV/ HXPaQ 
dHULYHd 

QHXUaO VWHP 
cHOOV 

IQMHcWLRQ PHWKRd 
FXQcWLRQaO 

V\QaSVH 
UHVWRUaWLRQ 

LacN RI a[RQ 
JXLdaQcH acURVV 

VcaIIROd 

CXPPLQJV 
2005; LX 

2012; 
RRVHQ]ZHLJ; 

2018 

HXPaQ 
QHXUaO VWHP 

cHOOV 
IQMHcWLRQ PHWKRd 

FXQcWLRQaO 
V\QaSVH 

UHVWRUaWLRQ 

IQcRPSOHWH VSLQaO 
cRUd WUaQVHcWLRQ 
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 2.1.8 Central nervous s\stem vasculari]ation. TKH YaVcXOaWXUH LQ WKH VSLQaO 

cRUd KaV a dLIIHUHQW VWUXcWXUH aQd IXQcWLRQ WKaQ YaVcXOaWXUH IRXQd HOVHZKHUH LQ WKH KXPaQ 

bRd\. TKH VSLQaO cRUd aQd WKH bUaLQ PaNH XS WKH cHQWUaO QHUYRXV V\VWHP, ZKHUH WKH 

HQdRWKHOLaO cHOOV OLQLQJ WKH YaVcXOaU bHd H[KLbLW WLJKW MXQcWLRQV WKaW JLYH ULVH WR WKH bORRd-

VSLQaO cRUd baUULHU (FLJXUH 2) aQd WKH bORRd-bUaLQ baUULHU, UHVSHcWLYHO\. TKLV KLJKO\ 

VHOHcWLYH baUULHU WKaW SUHYHQWV WKH OHaNaJH RI bORRd cRQVWLWXHQWV LQWR WKH SaUHQcK\Pa. 

CRPSaUHd WR HQdRWKHOLaO cHOOV LQ RWKHU SaUWV RI WKH bRd\, WKHVH cHQWUaO QHUYRXV V\VWHP 

HQdRWKHOLaO cHOOV KaYH MXQcWLRQaO cRPSOH[ SURWHLQV VXcK aV ]RQa RccOXdHQ-1 aQd cOaXdLQ-5 

WKaW OLPLW SaUacHOOXOaU WUaQVSRUW (HLUaVH HW aO., 1997; KaQda, NXPaWa, & ML]XVaZa, 2004; 

WHQ, WaWU\, MaUcRQdHV, & FR[, 2004). TKLV UHdXcHd SHUPHabLOLW\ LV QHHdHd WR SUHYHQW 

daPaJH WR WKH bUaLQ aQd VSLQaO cRUd b\ UHdXcLQJ WKH LQIOX[ RI SOaVPa cRPSRQHQWV LQWR WKH 

VXUURXQdLQJ WLVVXH. IQ addLWLRQ WR SaUacHOOXOaU WUaQVSRUW, WUaQVcHOOXOaU PRYHPHQW WKURXJK 

 
 
FLJXUH 2. CURVV VHcWLRQ RI a bORRd-VSLQaO cRUd baUULHU dHPRQVWUaWLQJ aVWURc\WH IRRW 
SURcHVVHV, SHULc\WHV, baVaO OaPLQa, aQd WLJKW MXQcWLRQV LQ WKH HQdRWKHOLXP. IPaJH WaNHQ 
IURP BaUWaQXV], 2011.  
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WKH bORRd-bUaLQ baUULHU WUaQVSRUWV OLSLd-VROXbOH JaVHV VXcK aV R[\JHQ aQd caUbRQ dLR[LdH, 

VXbVWaQcHV VXcK aV JOXcRVH aQd aPLQR acLdV, aV ZHOO aV LRQV VXcK aV VRdLXP aQd 

SRWaVVLXP (DaQHPaQ & PUaW, 2015). OQH RI WKH PaLQ SaWKRORJLcaO cKaUacWHULVWLc RI VSLQaO 

cRUd LQMXU\ LV WKH dLVUXSWLRQ RI WKH bORRd-VSLQaO cRUd baUULHU ZKHUH OHaNaJH RI bORRd LQWR 

WKH SaUHQcK\Pa cRQWULbXWHV WR a KRVWLOH HQYLURQPHQW SUHYHQWLQJ UHJHQHUaWLRQ.  

IQ addLWLRQ, daPaJH WR WKH cRUd caQ UHVXOW LQ YaVcXOaU LVcKHPLc cRQdLWLRQV WKaW 

caXVH CNS YaVcXOaWXUH bUHaNdRZQ b\ dLVUXSWLRQ RI HQdRWKHOLaO WLJKW MXQcWLRQV, caXVLQJ 

LQcUHaVHd SHUPHabLOLW\. TKLV LVcKHPLc HSLVRdH caQ RccXU aW WKH LQMXUHd ORcaWLRQ RI WKH 

cRUd RU dLVWaO WR WKH VLWH RI LQMXU\. RHJaUdOHVV RI WKH ORcaWLRQ, WKH LQWHUUXSWHd bORRd IORZ 

OHadV WR dHcUHaVHd R[\JHQ aQd QXWULHQW dHOLYHU\ WKaW caXVHV WKH HQdRWKHOLaO WLJKW MXQcWLRQV 

WR LQcUHaVH WKHLU SHUPHabLOLW\ (dHO ZRSSR & HaOOHQbHcN, 2000). AQ LQ YLWUR VWXd\ VXJJHVWV 

WKaW WKH PHcKaQLVP IRU LQcUHaVHd YaVcXOaU SHUPHabLOLW\ dXULQJ K\SR[Lc cRQdLWLRQV cRXOd 

bH dXH WR aXWRcULQH YaVcXOaU HQdRWKHOLaO JURZWK IacWRU XSUHJXOaWLRQ aQd QLWULc R[LdH 

V\QWKHVLV (FLVcKHU HW aO., 1999). IQ addLWLRQ, WKH SUHVHQcH RI aVWURc\WHV RU SHULc\WHV KaV 

bHHQ VKRZQ WR UHdXcH HQdRWKHOLaO VHQVLWLYLW\ WR K\SR[Lc cRQdLWLRQV, ZKLcK WUaQVOaWHV WR 

WKH abLOLW\ WR PaLQWaLQ ORZ baUULHU SHUPHabLOLW\ dHVSLWH bHLQJ H[SRVHd WR K\SR[Lc 

cRQdLWLRQV (FLVcKHU, WRbbHQ, KOHLQVWXcN, RHQ], & ScKaSHU, 2000; Ha\aVKL HW aO., 2004).  

HRZHYHU, SCI LQMXU\ XVXaOO\ caXVHV bRWK K\SR[La aQd JOLaO dHaWK WKaW cRQWULbXWHV WR 

LQcUHaVHd YaVcXOaU SHUPHabLOLW\ aQd ZLdHVSUHad daPaJH (WLWW, MaUN, HRP, & DaYLV, 

2003).   

IQ addLWLRQ WR WKH YaVcXOaU SHUPHabLOLW\, WKHUH LV aOVR VXbVWaQWLaO YaVcXOaU 

UHPRdHOLQJ aW WKH LQMXUHd cRUd. OQH ZHHN aIWHU LQMXU\ WR WKH cRUd, aQJLRJHQHVLV LV aW LWV 

Pa[LPXP acWLYLW\ HVSHcLaOO\ aW WKH HSLcHQWHU RI WKH LQMXU\, ZLWK dHcUHaVLQJ YaVcXOaU 
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VSURXWLQJ IaUWKHU IURP WKH LQMXU\ (C\ULO DUa\, GHQHYLqYH RRXJRQ, & FUaQcN DHbaUbLHX[, 

2009). TKH LQcUHaVHd YaVcXOaU UHVSRQVH SURYLdHV WKH UHTXLUHd QXWULHQWV IRU HQdRJHQRXV 

WUHaWPHQW aQd VHcRQdaU\ UHVSRQVH. IQWHUHVWLQJO\, WZR ZHHNV aIWHU LQMXU\ WKHUH LV 

VXbVWaQWLaO YaVcXOaU SUXQLQJ WKaW UHVXOWV LQ YHU\ IHZ VWabOH YHVVHOV WKaW VXSSO\ WKH LQMXUHd 

cRUd. TKLV UHdXcHd YaVcXOaU acWLYLW\ LV PaLQWaLQHd HYHQ aW VHYHQW\-VHYHQ da\V aIWHU LQMXU\ 

LQ a PRXVH aQLPaO PRdHO (C\ULO DUa\ HW aO., 2009). TKHVH UHVXOWV VKRZ WKaW WKH PaMRULW\ 

RI WKH YaVcXOaU UHPRdHOLQJ aW WKH LQMXUHd VSLQaO cRUd LV cRPSOHWH b\ WZR ZHHNV.  

DXH WR WKH cRPSOH[LW\ RI WKH YaVcXOaU UHPRdHOLQJ LQ YLYR, VWXd\LQJ WKH YaVcXOaU 

UHVSRQVH KaV bHHQ LVROaWHd aQd VLPSOLILHd XVLQJ LQ YLWUR YaVcXOaUL]Hd PRdHOV (AXdXV & 

BRUcKaUdW, 1986; DHKRXcN, MHUHVVH, DHORUPH, FUXcKaUW, & CHccKHOOL, 1990; PaUdULdJH, 

TULJXHUR, YaQJ, & CaQcLOOa, 1990; RXbLQ HW aO., 1991). TKH XVH RI KXPaQ cHOOV, WKH 

SRWHQWLaO IRU KLJK-WKURXJKSXW WHVWLQJ, aQd WKH OHYHO RI cRQWURO RYHU PHcKaQLcaO aQd 

bLRcKHPLcaO VWLPXOL \LHOd a VXbVWaQWLaO adYaQWaJH cRPSaUHd WR LQ YLYR H[SHULPHQWV LQ 

aQLPaOV. TKH PaLQ dUaZbacN RI WKHVH PRdHOV, aV ZLWK aQ\ LQ YLWUR SOaWIRUP, LV WKHLU 

LQabLOLW\ WR UHcaSLWXOaWH WKH cRPSOHWH LQ YLYR PLcURHQYLURQPHQW. TKLV caYHaW LV 

H[acHUbaWHd LQ CNS PRdHOV b\ WKH cRPSOH[LW\ RI WKH QHXURYaVcXOaU XQLW, a WKUHH-

dLPHQVLRQaO aUUaQJHPHQW RI HQdRWKHOLXP VXUURXQdHd b\ baVaO OaPLQa, SHULc\WHV, aQd 

aVWURc\WLc HQdIHHW SURcHVVHV (AbbRWW, RRQQbacN, & HaQVVRQ, 2006; HaZNLQV & DaYLV, 

2005; PHUVLdVN\, RaPLUH], HaRUaK, & KaQPRJQH, 2006; WLQNOHU, BHOO, & ZORNRYLc, 

2011).  

TKH VKHaU VWUHVV H[HUWHd b\ bORRd IORZ LV RQH PHcKaQLcaO VWLPXOXV LQ SaUWLcXOaU 

WKaW KaV bHHQ WKRURXJKO\ LQYHVWLJaWHd LQ SUHYLRXV LQ YLWUR PRdHOV RI WKH CNS (BRRWK & 

KLP, 2012; CXcXOOR, HRVVaLQ, PXYHQQa, MaUcKL, & JaQLJUR, 2011; DHRVaUNaU HW aO., 2015; 
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GULHS HW aO., 2013; PUabKaNaUSaQdLaQ HW aO., 2013; YaQ dHU HHOP, YaQ dHU MHHU, ELMNHO, 

YaQ dHQ BHUJ, & SHJHULQN, 2016). PUHYLRXV PRdHOV KaYH IRXQd WKaW aSSOLcaWLRQ RI VKHaU 

VWUHVV bROVWHUV WKH CNS IXQcWLRQ RI HQdRWKHOLaO PRQROa\HUV. HRZHYHU, VKHaU VWUHVV LV QRW 

WKH RQO\ PHcKaQLcaO VWLPXOXV caXVHd b\ bORRd IORZ: WKH YaVcXOaU ZaOO aOVR H[SHULHQcHV 

c\cOLc VWUaLQ dXH WR SUHVVXUH-LQdXcHd dLOaWLRQ. SWXd\LQJ WKH HIIHcWV RI ZaOO VWUaLQ UHTXLUHV 

a 3D PRdHO RI WKH CNS dXH WR WKH c\OLQdULcaO JHRPHWU\ RI QHXURYaVcXOaWXUH. BXW cXUUHQW 

3D PRdHOV aUH LQcaSabOH RI LQWHUURJaWLQJ WKH HIIHcWV RI VWUHWcK dXH WR OacN RI SHUIXVLRQ 

(CKR HW aO., 2015; HHUOaQd HW aO., 2016; YaQ dHU MHHU, OUORYa, WHQ DLMNH, YaQ dHQ BHUJ, & 

MXPPHU\, 2013) RU dHSHQdHQcH RQ V\QWKHWLc PHPbUaQHV WR VXSSRUW WKH HQdRWKHOLXP 

(CXcXOOR, MaUcKL, HRVVaLQ, & JaQLJUR, 2011; CXcXOOR HW aO., 2002).  

CXUUHQW 3D CNS PRdHOV OacN SK\VLRORJLcaOO\ UHOHYaQW dLaPHWHU VL]HV RU IaLO WR 

dHPRQVWUaWH baUULHU LQWHJULW\ RI WKH YaVcXOaWXUH. 3D LQ YLWUR CNS PRdHOV KaYH YaVcXOaWXUH 

dLaPHWHU UaQJHV XS WR 800 �P (CKR HW aO., 2015; HHUOaQd HW aO., 2016), ZKLcK LV QRW 

cRPSaUabOH WR WKH KXPaQ CNS YaVcXOaWXUH dLaPHWHUV WKaW UaQJH IURP 7 �P- dLaPHWHU 

caSLOOaULHV WR 90 �P- dLaPHWHU aUWHULROHV aQd YHQXOHV (BHOO & ZORNRYLc, 2009).  AOWKRXJK 

VPaOOHU 5 �P- dLaPHWHU LQ YLWUR PLcURYHVVHO PRdHOV H[LVW (CKURbaN, PRWWHU, & TLHQ, 2006; 

RLHPHQVcKQHLdHU HW aO., 2016), WKHVH SOaWIRUPV IaLO WR dHPRQVWUaWH baUULHU-LQWHJULW\ aQd 

WKXV caQQRW PLPLc CNS YaVcXOaWXUH. CUHaWLQJ a YaVcXOaUL]Hd PRdHO WKaW H[KLbLWV VLPLOaU 

dLaPHWHU aQd LQWHJULW\ aV WKH CNS-YaVcXOaWXUH LQ YLYR LV LPSRUWaQW ZKHQ XVHd aV a 

VcaIIROd IRU WKH LQMXUHd VSLQaO cRUd.  

TKH SULPaU\ bHQHILW RI a SUH-YaVcXOaUL]Hd VcaIIROd LV WKH abLOLW\ WR SaWWHUQ WKH 

YHVVHOV SULRU WR WUaQVSOaQWaWLRQ. PUHYLRXV VWXdLHV KaYH dHPRQVWUaWHd WKaW PXOWLSOH 

PHcKaQLcaO aQd bLRcKHPLcaO cXHV caQ bH XVHd WR aOLJQ YaVcXOaWXUH LQ YLWUR. SSHcLILcaOO\, 
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bRWK LQWHUVWLWLaO IOXLd IORZ aQd PHcKaQLcaO VWUaLQ KaYH bHHQ XVHd WR dLUHcW WKH RULHQWaWLRQ 

RI PLcURYHVVHOV (BXWcKHU, PHQURd, GaUcLa, & NHUHP, 2004; KULVKQaQ HW aO., 2008; MRULQ, 

DULHV-DHYOLQ, & TUaQTXLOOR, 2014; PROacKHcN, CKaUHVW, & KaPP, 2011; RLHPHQVcKQHLdHU 

HW aO., 2016). DXH WR WKH LQWHUdHSHQdHQcH bHWZHHQ YaVcXOaU aQd QHXUaO V\VWHPV, aOLJQHd 

YaVcXOaWXUH Pa\ acW aV a JXLdaQcH cXH IRU LQILOWUaWLQJ a[RQV. AOWKRXJK WKLV VWUaWHJ\ KaV 

QRW bHHQ aSSOLHd WR WKH CNS, KXPaQ XPbLOLcaO YHLQ HQdRWKHOLaO cHOOV (HUVECV) KaYH 

bHHQ VKRZQ WR VHcUHWH BDNF WR VWLPXOaWH aQd JXLdH a[RQ JURZWK IURP a dRUVaO URRW 

JaQJOLa bRd\ (GUaVPaQ & KaSOaQ, 2017). 

 IQ addLWLRQ WR SUH-YaVcXOaUL]LQJ a VcaIIROd IRU CNS UHJHQHUaWLRQ, WKH PaWHULaO RI 

WKH VcaIIROd QHHdV WR bH aSSURSULaWH IRU a[RQ LQILOWUaWLRQ aQd YaVcXOaU JURZWK. PRWHQWLaO 

bLRPaWHULaOV LQcOXdH QaQRILbHU SHSWLdHV, ZKLcK VHOI-aVVHPbOH LQ UHVSRQVH WR SH cKaQJHV 

(YH HW aO., 2008). OQH VXcK SHSWLdH LV WKH RADA-16I K\dURJHO ZKLcK KaV bHHQ VKRZQ WR 

dHPRQVWUaWH KLJK a[RQ LQILOWUaWLRQ (EOOLV-BHKQNH HW aO., 2006; J. GXR HW aO., 2007) aQd 

cHOOXOaU YLabLOLW\ (GHQRYH, SKHQ, ZKaQJ, & SHPLQR, 2005) ZLWKLQ WKLV V\QWKHWLc PaWHULaO. 

AddLWLRQaOO\, SUHYLRXV VWXdLHV KaYH VKRZQ WKaW WKLV QaQRILbHU SHSWLdH VXSSRUWV QHXULWH 

RXWJURZWK (HROPHV HW aO., 2000)  aQd caSLOOaU\ PRUSKRJHQHVLV (SLHPLQVNL, WaV, KLP, 

GRQJ, & KaPP, 2007) ZLWKLQ WKLV QaQRILbHU SHSWLdH.  AQRWKHU bHQHILW RI XVLQJ RADA-

16I LV WKaW WKLV PaWHULaO LV bLRcRPSaWLbOH aQd SURdXcHV PLQLPaO LQIOaPPaWLRQ ZLWK WKH 

KRVW WLVVXH (EOOLV-BHKQNH HW aO., 2006; J. GXR HW aO., 2007).  

2.2 H\pothesis and Specific Aims 

TKH SXUSRVH RI WKLV UHVHaUcK LV WR LQYHVWLJaWH ZKHWKHU LQcRUSRUaWLQJ BSCB-

LQWHJULW\ YaVcXOaWXUH LQWR WUaQVSOaQWabOH VcaIIROdV KROdV SURPLVH IRU SCI WUHaWPHQW. TKH 

cHQWUaO K\SRWKHVLV RI WKH VWXd\ LV WKaW dHOLYHU\ RI YaVcXOaWXUH IHaWXULQJ a baUULHU IXQcWLRQ 
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addUHVVHV WKH VHcRQdaU\ aVSHcW RI VSLQaO cRUd LQMXU\ b\ UHVWRULQJ R[\JHQ aQd QXWULHQWV WR 

WKH VLWH RI LQMXU\ ZLWKRXW H[acHUbaWLQJ WKH LQIOaPPaWRU\ UHVSRQVH aQd WKH SULPaU\ aVSHcW 

b\ IacLOLWaWLQJ aQd JXLdLQJ WKH dLUHcWLRQ RI a[RQ JURZWK. IW KaV bHHQ cOHaUO\ HVWabOLVKHd 

WKaW WKH YaVcXOaU aQd QHXUaO QHWZRUNV aUH LQWLPaWHO\ OLQNHd LQ WKH CNS; bXW caSLWaOL]LQJ 

RQ WKLV LQWHUacWLRQ WR IacLOLWaWH a UHJHQHUaWLYH aSSURacK LV QRYHO.  

 
SSHcLILc ALP 1: CUHaWH a SUH-SaWWHUQHd YHVVHO ZLWKLQ a PLcURIOXLdLc dHYLcH ZLWK baUULHU-

LQWHJULW\ YaVcXOaWXUH. TKH JRaO RI WKH ILUVW aLP LV WR aVVHVV WKH baUULHU IXQcWLRQ RI 

PLcURYHVVHOV IabULcaWHd ZLWKLQ cROOaJHQ/HA VcaIIROdV XVLQJ LPPXQRKLVWRcKHPLVWU\. A 

cHQWUaO UHTXLUHPHQW RI a YaVcXOaUL]Hd VcaIIROd IRU SCI UHSaLU LV WKaW WKH YaVcXOaWXUH 

H[KLbLWV cKaUacWHULVWLcV WKaW aUH XQLTXH WR WKH cHQWUaO QHUYRXV V\VWHP. TKH SUHVHQcH RI 

WLJKW MXQcWLRQV WKaW SUHYHQW SaVVaJH RI SOaVPa cRPSRQHQWV IURP bORRd LQWR WKH 

VXUURXQdLQJ WLVVXH LV cUXcLaO IRU bORRd YHVVHOV LQ WKH VSLQaO cRUd. TKH H[SHcWHd UHVXOWV IRU 

WKLV aLP LQcOXdH WKH SUHVHQcH RI SXQcWaWH WLJKW MXQcWLRQ VWaLQLQJ ORcaOL]Hd WR WKH 

HQdRWKHOLaO cHOO PHPbUaQH.  

SSHcLILc ALP 2: E[SORLW LQWULQVLc QHXURYaVcXOaU SURSHUWLHV bHWZHHQ a[RQV aQd 

PLcURYHVVHOV WR JXLdH a[RQ JURZWK. TKH JRaO RI WKH VHcRQd aLP LV WR HYaOXaWH WKH abLOLW\ 

RI aQ aOLJQHd SUH-YaVcXOaUL]Hd VcaIIROd WR JXLdH a[RQ JURZWK acURVV WKH VLWH RI aQ acXWH 

KHPLVHcWLRQ cHUYLcaO SCI. DXH WR WKH LQWHUdHSHQdHQcH bHWZHHQ YaVcXOaU aQd QHXUaO 

V\VWHPV, aOLJQHd YaVcXOaWXUH Pa\ acW aV a JXLdaQcH cXH IRU LQILOWUaWLQJ a[RQV. TKH 

H[SHcWHd UHVXOW LV WKaW WKH aOLJQHd PLcURYHVVHOV ZLOO JXLdH WKH a[RQV LQ WKH URVWUaO-caXdaO 

dLUHcWLRQ RI WKH VSLQaO cRUd.  

SSHcLILc ALP 3: IQcUHaVH KRVW a[RQ SHUPLVVLYLW\ ZLWKLQ WUaQVSOaQWV XVLQJ a QaQRILbHU VHOI-

aVVHPbOLQJ RADA-16I SHSWLdH PaWUL[. TKH JRaO RI WKH OaVW aLP LV WR aVVHVV WKH 
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SHUPLVVLYLW\ RI WKH SHSWLdH VcaIIROd XVLQJ LPPXQRKLVWRcKHPLVWU\ aIWHU VcaIIROd 

WUaQVSOaQWaWLRQV LQWR a cHUYLcaO SCI. PHSWLdH-baVHd VcaIIROdV, VSHcLILcaOO\ WKH RADA 16-I-

baVHd PaWUL[, SURYLdH a PRUH SHUPLVVLYH PaWUL[ IRU a[RQ LQILOWUaWLRQ. TKH H[SHcWHd UHVXOWV 

LQcOXdH aQ LQcUHaVH LQ WKH QXPbHU RI a[RQV LQILOWUaWLQJ LQWR WKH VcaIIROd.  

 

TKH RYHUaOO JRaO RI WKLV UHVHaUcK LV WR HYaOXaWH WKH HIILcac\ RI XVLQJ BSCB-LQWHJULW\ 

PLcURYaVcXOaWXUH SaWWHUQHd LQ a SHUPLVVLYH VcaIIROd WR VWLPXOaWH aQd dLUHcW WKH JURZWK RI 

a[RQV acURVV WKH VLWH RI aQ SCI VR WKaW IXQcWLRQaO LPSURYHPHQWV caQ bH acKLHYHd.  
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Chapter III 

Methods and Materials 

3.1 E[perimental Methods 

3.1.1 Pre-patterned microvasculature. 

3.1.1.1 MLFURIOXLGLF GHYLFH IabULFaWLRQ. FabULcaWLRQ RI WKH PLcURIOXLdLc dHYLcH 

ZaV cRPSOHWHd b\ VRIW OLWKRJUaSK\ XVLQJ a SUHYLRXVO\ dHVcULbHd PHWKRd (GaOLH HW aO., 

2014). BULHIO\, a 3-LQcK VLOLcRQ ZaIHU ZaV SOacHd RQ a KRW SOaWH IRU 5 PLQXWHV aW 60�C.  

UVLQJ a 10-PL SOaVWLc V\ULQJH (BD BLRVcLHQcH), 7 PL RI SU-8 2025 SKRWRUHVLVW 

(MLcURCKHP) ZaV SRXUHd RQ WRS RI WKH 3-LQcK VLOLcRQ ZaIHU. ALU bXbbOHV ZHUH PRYHd WR 

WKH cHQWHU RI WKH ZaIHU XVLQJ WKH WLS RI WKH 10 PL SOaVWLc V\ULQJH. AQ aOXPLQXP cRYHU ZaV 

SOacHd RYHU WKH ZaIHU WR SURWHcW LW IURP OLJKW. TKH WHPSHUaWXUH RI WKH KRW SOaWH ZaV 

LQcUHaVHd WR 95�C IRU RYHUQLJKW LQcXbaWLRQ. TKH QH[W da\, WKH KRW SOaWH WHPSHUaWXUH ZaV 

ORZHUHd WR 60�C aQd aLU bXbbOHV ZHUH UHPRYHd b\ SXQcWXULQJ ZLWK a 180 �P dLaPHWHU 

acXSXQcWXUH QHHdOH. TKH WHPSHUaWXUH RI WKH KRWSOaWH ZaV LQcUHaVHd bacN WR 95�C aQd OHIW 

IRU 10 PLQXWHV XQWLO WKH VXUIacH aSSHaUHd KRPRJHQRXV. TKH KRW SOaWH ZaV WKHQ WXUQHd RII 

aQd WKH ZaIHU ZaV OHIW WR cRRO IRU 15 PLQXWHV. A SKRWRPaVN ZaV SOacHd RYHU WKH ZaIHU 

bHIRUH H[SRVXUH ZLWK a 200W UV OaPS IRU 2 KRXUV. PURS\OHQH JO\cRO PHWK\O HWKHU 

acHWaWH (PGMEA) (MLcURCKHP) ZaV XVHd WR dLVVROYH WKH XQSRO\PHUL]Hd SKRWRUHVLVW, aQd 

SRO\-dLPHWK\OVLOR[aQH (PDMS) (CRUQLQJ) ZaV XVHd WR cUHaWH QHJaWLYH PROdV IURP WKH 

VLOLcRQ PaVWHU. FROORZLQJ VLOaQL]aWLRQ, SRVLWLYH PDMS VWaPSV ZHUH caVW WR cUHaWH WKH 

PLcURIOXLdLc cKaQQHOV RQ 22 PP b\ 22 PP cRYHU VOLSV. PULRU WR JHO IabULcaWLRQ, WKH 

K\dURJHO UHVHUYRLU ZaV ILOOHd ZLWK 10 N VXOIXULc acLd IRU 90 PLQ, ZaVKHd WKRURXJKO\ ZLWK 

dLVWLOOHd ZaWHU, aQd WKHQ ILOOHd ZLWK 20 �J/PL RI cROOaJHQ W\SH I (MP BLRPHdLcaO) 
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dLVVROYHd LQ SKRVSKaWH bXIIHUHd VaOLQH (PBS). TKLV PHWKRd ZaV VKRZQ WR SURPRWH 

K\dURJHO aWWacKPHQW WR PDMS aV dHVcULbHd LQ a SUHYLRXV VWXd\ (GaOLH & SWHJHPaQQ, 

2011).  

 3.1.1.2 CROOaJHQ/K\aOXURQaQ K\GURJHO IRUPaWLRQ. AW WKH WLPH RI JHO IabULcaWLRQ, 

SaVVaJH 5-7 QRUPaO KXPaQ aVWURc\WHV NHA (LRQ]a) cXOWXUHd LQ aVWURc\WH JURZWK PHdLXP 

(LRQ]a) ZHUH WU\SVLQL]Hd aQd cHQWULIXJHd WR a ILQaO cRQcHQWUaWLRQ RI 1 PLOOLRQ cHOOV SHU 

PL RI K\dURJHO. EacK dHYLcH ZaV ILOOHd ZLWK 50 �L K\dURJHO cRQVLVWLQJ RI WKH IROORZLQJ: 

5 �L 10[ PBS, 5 �L NaOH, 2.5 �L dLVWLOOHd ZaWHU, 5 �L MaWULJHO (CRUQLQJ), 2.5 �L 

E[WUaOLQN (IURP H\SWHP NLW, GO\cRVaQ), 5 �L WKLRO-PRdLILHd K\aOXURQaQ (IURP H\VWHP 

NLW, GO\cRVaQ), aQd 25 �L 10 PJ/PL cROOaJHQ W\SH I (MP BLRPHdLcaO). TKLV IRUPXOaWLRQ 

\LHOdHd a JHO cRQVLVWLQJ RI 5 �J/PL cROOaJHQ, 1 �J/PL MaWULJHO, aQd 1 �J/PL HA, 

PLPLcNLQJ a SUHYLRXV VWXd\ LQYHVWLJaWLQJ WKH HIIHcW RI K\dURJHO IRUPXOaWLRQ RQ aVWURc\WH 

VSUHadLQJ (POacRQH HW aO., 2015). AIWHU PL[LQJ, WKH K\dURJHO ZaV addHd WR WKH aVWURc\WH 

cHOO SHOOHW aQd WKHQ LQMHcWHd LQWR WKH K\dURJHO UHVHUYRLU RI WKH dHYLcH. TZR 180-�P-

dLaPHWHU acXSXQcWXUH QHHdOHV (DBC) ZHUH LQVHUWHd LQWR WKH QHHdOH JXLdHV RI WKH dHYLcH, 

aQd WKH aVVHPbO\ ZaV SOacHd aW 37�C IRU WHQ PLQXWHV WR IacLOLWaWH SRO\PHUL]aWLRQ. 

AVWURc\WH JURZWK PHdLXP ZaV WKHQ SLSHWWHd RQ WKH SRUWV RI WKH K\dURJHO UHVHUYRLU WR 

SUHYHQW dU\LQJ RI WKH K\dURJHO aQd SURYLdH QXWULHQWV IRU WKH VHHdHd aVWURc\WHV. AIWHU 1-2 

K RI LQcXbaWLRQ, WKH QHHdOHV ZHUH SXOOHd IURP WKH K\dURJHO WR cUHaWH c\OLQdULcaO YRLdV 

(CKURbaN HW aO., 2006). HXPaQ cHUHbUaO PLcURYaVcXOaU HQdRWKHOLaO cHOOV KCMEC/D3 

(WHNVOHU HW aO., 2005), cXOWXUHd RQ JHOaWLQ-cRaWHd SOaWHV XVLQJ EQdRWKHOLaO CHOO BaVaO 

MHdLXP (EBM-2, PURPRCHOO) VXSSOHPHQWHd ZLWK 5 ȝJ/PL aVcRUbLc acLd (SLJPa), 1 

QJ/PL KXPaQ baVLc ILbURbOaVW JURZWK IacWRU (SLJPa), 1/100 cKHPLcaOO\ dHILQHd OLSLd 
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cRQcHQWUaWH (TKHUPR FLVKHU), 5% IHWaO bRYLQH VHUXP (VWR LLIH ScLHQcH), 10 PM 

HEPES (QXaOLW\ BLRORJLcaO), 1.4 ȝM K\dURcRUWLVRQH (SLJPa), aQd 1% SHQLcLOOLQ-

VWUHSWRP\cLQ (CRUQLQJ);  ZH KHUHaIWHU UHIHU WR WKLV PHdLXP aV PRdLILHd HQdRWKHOLaO 

JURZWK PHdLXP (PEGM). TKH cHOOV ZHUH LQMHcWHd LQWR RQH RI WKH cKaQQHOV aW a dHQVLW\ RI 

3-5 PLOOLRQ cHOOV SHU PL. TKH cKaQQHO ZaV WKHQ LQcXbaWHd IRU WHQ PLQXWHV SULRU WR a 

VHcRQd LQMHcWLRQ RI KCMEC/D3 cHOOV, aQd aQ addLWLRQaO WHQ-PLQXWH LQcXbaWLRQ LQ aQ 

LQYHUWHd SRVLWLRQ WR IacLOLWaWH IXOO cRYHUaJH RI WKH c\OLQdULcaO YRLd.  

 3.1.1.3 MHFKaQLFaO VWLPXOaWLRQ.  

 3.1.1.3.1 LXPHQ VKHDU VWUHVV DQG SUHVVXUH-GULYHQ UDGLDO VWUDLQ. CHOO-VHHdHd 

cKaQQHOV ZHUH cXOWXUHd LQ 10 PL RI PEGM aQd SOacHd LQ WKH LQcXbaWRU IRU IRXU da\V RI 

HLWKHU VWaWLc RU SHUIXVHd cRQdLWLRQV. FRU VWaWLc cRQWUROV, WKH cKaQQHOV UHPaLQHd ZLWKLQ WKH 

VaPH YROXPH RI cXOWXUH PHdLXP dXULQJ WKH IRXU-da\ WLPH SHULRd. FRU cKaQQHOV H[SRVHd WR 

VKHaU VWUHVV, WKH LQSXW SRUW IRU WKH cHOO-VHHdHd cKaQQHO ZaV aWWacKHd WR a 10 PL SOaVWLc 

V\ULQJH (BD) VHcXUHd WR a GHQLHTRXcK OLQHaU V\ULQJH SXPS (KHQW ScLHQWLILc). TKH V\ULQJH 

SXPS dHOLYHUHd a 2.4 �L/PLQ YROXPHWULc IORZ UaWH, ZKLcK H[HUWHd aSSUR[LPaWHO\ 0.7 

d\QHV/cP2 RI VKHaU VWUHVV RQ WKH HQdRWKHOLXP ZLWKLQ WKH cKaQQHO aVVXPLQJ IXOO\ 

dHYHORSHd PRLVHXLOOH IORZ JRYHUQHd b\ ETXaWLRQ 1: 

௩(௥ሻ
௩೘ೌೣ

= 1 − ቀ௥
ோ

ቁ
ଶ
                                                          (2) 

ZKHUH U LV WKH UadLaO cRRUdLQaWH aQd 𝑣௠௔௫ LV WKH YHORcLW\ aW WKH cHQWHUOLQH, aQd R LV WKH 

180-�P dLaPHWHU RI WKH cKaQQHO. FRU cKaQQHOV H[SRVHd WR c\cOLc VWUHWcK, WKH cKaQQHOV 

ZHUH ILUVW LQcXbaWHd LQ VWaWLc cRQdLWLRQV IRU WKUHH da\V. OQ WKH WKLUd da\, bRWK WKH LQSXW 

aQd RXWSXW SRUWV RI RQH cKaQQHO ZHUH aWWacKHd WR 10 PL V\ULQJHV ILOOHd ZLWK PEGM, aQd 

VLOLcRQH JUHaVH (Ba\HU) ZaV aSSOLHd WR WKH RSHQLQJ RI WKH QHHdOH JXLdH WR SUHYHQW OHaNaJH. 
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TKH V\ULQJHV ZHUH IL[Hd WRJHWKHU aQd VHcXUHd WR WKH SOaWIRUP RI a URcNLQJ SOaWIRUP 

(VWR- 82007-202). A YLdHR RI WKH URcNHU PRWLRQ ZaV caSWXUHd aQd aQaO\]Hd LQ IPaJHJ 

WR dHWHUPLQH WKH KHLJKW aV a IXQcWLRQ RI WLPH WR dHWHUPLQH WKH K\dURVWaWLc SUHVVXUH H[HUWHd 

RQ WKH OXPHQ RI WKH cKaQQHO. C\cOLc SUHVVXUH ZaV aSSOLHd WR WKH OXPHQ IRU aSSUR[LPaWHO\ 

18 KRXUV SULRU WR SHUPHabLOLW\ WHVWLQJ.  

 3.1.1.4 BaUULHU LQWHJULW\ YHULILFaWLRQ.  

 3.1.1.4.1 DH[WUDQ WUDQVSRUW DVVD\. CKaQQHOV ZHUH UHPRYHd IURP WKHLU UHVSHcWLYH 

WHVWLQJ cRQdLWLRQV (VWaWLc, VKHaU, RU VWUHWcK) aQd SOacHd RQ WKH VWaJH RI aQ LQYHUWHd 

HSLIOXRUHVcHQcH PLcURVcRSH (ZHLVV A[LRVWaU 10). TKH dHYLcHV ZHUH SHUIXVHd ZLWK 4-NDa 

FITC-dH[WUaQ (SLJPa-AOdULcK) aW a IORZ UaWH RI 5 �L/PLQ. IPaJHV ZHUH WaNHQ aW 10-V 

LQWHUYaOV aQd WKHQ LPSRUWHd LQWR IPaJHJ IRU aQaO\VLV. QXaQWLILcaWLRQ RI SHUPHabLOLW\ 

cRHIILcLHQW ZaV dHWHUPLQHd XVLQJ a PHWKRd dHVcULbHd LQ a SUHYLRXV VWXd\ (AdaPVRQ, 

LHQ], & CXUU\, 1994). TKH cRHIILcLHQW, P, ZaV dHWHUPLQHd b\ cRUUHOaWLQJ dH[WUaQ 

cRQcHQWUaWLRQ WR IOXRUHVcHQW LQWHQVLW\ aQd XVLQJ WKH PHaVXUHPHQWV ZLWK WKH IROORZLQJ 

HTXaWLRQ 2:  

𝑃 = ௗூ
ௗ௧

௥
ଶூ೚

                                                                 (2) 

ZKHUH  ௗூ
ௗ௧

 LV WKH cKaQJH LQ IOXRUHVcHQW LQWHQVLW\ LQ a UHJLRQ RI LQWHUHVW RXWVLdH WKH OXPHQ, U 

LV WKH cKaQQHO UadLXV (aSSUR[LPaWHO\ 90 �P), aQd I0 LV WKH Pa[LPXP LQWHQVLW\ LQ OXPHQ 

dXULQJ WKH dXUaWLRQ RI WKH WHVW (aSSUR[LPaWHO\ 5 PLQXWHV).  

3.1.1.4.2 IPPXQRc\WRcKHPLVWU\ 

DHYLcHV ZHUH IL[Hd LQ 3.7% SaUaIRUPaOdHK\dH IRU 20 PLQXWHV aW URRP 

WHPSHUaWXUH. AIWHU IL[aWLRQ, WKH K\dURJHOV ZHUH UHPRYHd IURP WKH dHYLcH UHVHUYRLU aQd 

SOacHd LQ a 100-�L cHQWULIXJH WXbH. PHUPHabLOL]aWLRQ ZaV cRPSOHWHd b\ addLWLRQ RI 0.2% 
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TULWRQ X-100 IRU 30 PLQXWHV aW URRP WHPSHUaWXUH. AIWHU SHUPHabLOL]aWLRQ WKH K\dURJHOV 

ZHUH bORcNHd LQ HLWKHU 5% dRQNH\ VHUXP RU 3% bRYLQH VHUXP aObXPLQ (BSA) IRU 30 

PLQXWHV aW 37�C. H\dURJHOV ZHUH WKHQ LQcXbaWHd RYHUQLJKW aW 4�C ZLWK RQH RU PRUH RI WKH 

IROORZLQJ: 1:100 aQWL-OaPLQLQ Vc-59980 (SaQWa CUX]), 1:100 aQWL-GFAP Vc-33673 (SaQWa 

CUX]), RU 1:250 aQWL-ZO-1 D7D12 (CHOO SLJQaOLQJ). AIWHU ZaVKLQJ ZLWK PBS, WKH 

K\dURJHOV ZHUH LQcXbaWHd ZLWK 1:500-1:1000 RI WKH VHcRQdaU\ aQWLbRd\, 1 PJ/PL RI 

DAPI, aQd 1:30 RI TH[aV RHd-cRQMXJaWHd SKaOORLdLQ IRU RQH KRXU aW 37�C. IPaJHV ZHUH 

acTXLUHd RQ aQ EcOLSVH TL-E LQYHUWHd PLcURVcRSH ZLWK aQ LQWHJUaWHd C2 OaVHU VcaQQLQJ 

cRQIRcaO V\VWHP RU aQ AI cRQIRcaO PLcURVcRSH (NLNRQ). 

 3.1.1.4.3 7UDQVPLVVLRQ HOHFWURQ PLFURVFRS\ (7EM). DHYLcHV ZHUH IL[Hd LQ a 

VROXWLRQ cRQWaLQLQJ 4% IRUPaOdHK\dH aQd 2.5% JOXWaUaOdHK\dH IRU 30 PLQXWHV aW URRP 

WHPSHUaWXUH. SaPSOHV ZHUH WUaQVSRUWHd WR WKH EOHcWURQ MLcURVcRS\ CRUH aW WKH UQLYHUVLW\ 

RI PHQQV\OYaQLa, ZKHUH VaPSOHV ZHUH SRVWIL[Hd LQ RVPLXP WHWUR[LdH aQd HPbHddHd LQ 

aPbHU. TKLQ VHcWLRQV ZHUH WKHQ PRXQWHd RQWR JULdV IRU H[aPLQaWLRQ LQ WKH TEM aW WKH 

cRUH.  

 
 3.1.1.5 IPSHGaQFH VSHFWURVFRS\ aQG WUaQVHQGRWKHOLaO HOHFWULFaO UHVLVWaQFH 
(TEER) PHaVXUHPHQW . 
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IPSHdaQcH PHaVXUHPHQWV ZHUH SHUIRUPHd XVLQJ a SWULQJUa\ DS1M12 USB 

RVcLOORVcRSH adaSWHU (USB IQVWUXPHQWV). TKH cLUcXLW dLaJUaP LV VKRZQ LQ FLJXUH 3. UVLQJ 

WKH DS1M12 EaV\ScRSH II VRIWZaUH, WKH RXWSXW YROWaJH (OHad C) ZaV VHW WR a VLQH ZaYH 

ZLWK 220-PV aPSOLWXdH aQd YaU\LQJ IUHTXHQc\, ZLWK HOHcWURdHV LQVHUWHd LQWR WKH LQSXW 

SRUWV RI WKH dHYLcH VR WKaW WKH PHaVXUHd cXUUHQW SaVVHd acURVV WKH HQdRWKHOLXP. TKH OHadV 

RI LQSXW A PHaVXUHd WKH YROWaJH LQ OHad C WR PRQLWRU WKH RXWSXW RI WKH RVcLOORVcRSH. TKH 

OHadV RI LQSXW B PHaVXUHd WKH YROWaJH acURVV WKH UHIHUHQcH UHVLVWRU WR dHWHUPLQH WKH 

cXUUHQW SaVVLQJ WKURXJK WKH dHYLcH. TKH IUHTXHQc\ RI WKH RXWSXW YROWaJH ZaV VZHSW IURP 

15 H] WR 15.6 NH], ZLWK LQWHUPHdLaWH YaOXHV RI 50 H], 105 H], 558 H], aQd 3,906 H], WR 

aVVXUH WKaW WKH LPSHdaQcH IROORZHd a cKaUacWHULVWLc IUHTXHQc\ dHSHQdHQcH IRU cHOO 

PRQROa\HU PHaVXUHPHQWV (BHQVRQ, CUaPHU, & GaOOa, 2013). TKH LPSHdaQcH ZaV 

cKaUacWHUL]Hd b\ caOcXOaWLQJ WKH UaWLR RI aPSOLWXdHV bHWZHHQ WKH aSSOLHd YROWaJH aQd 

PHaVXUHd cXUUHQW. IPSHdaQcH ZaV dHILQHd aV Z = V/I ZKHUH V LV WKH YROWaJH PaJQLWXdH 

 
FLJXUH 3. CLUcXLW dLaJUaP IRU TEER PHaVXUHPHQWV. LHad A PHaVXUHV WKH RXWSXW RI 
WKH RVcLOORVcRSH. LHad B PHaVXUHV WKH YROWaJH acURVV WKH UHIHUHQcH UHVLVWRU. LHad C 
LV WKH RXWSXW YROWaJH. RUHI= 460ȍ. 
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aQd I LV WKH cXUUHQW PaJQLWXdH. TEER YaOXHV ZHUH dHWHUPLQHd b\ WaNLQJ WKH dLIIHUHQcH LQ 

LPSHdaQcH aW 15 H], ZKHUH WKH caSacLWaQcH RI WKH HOHcWURdHV dRPLQaWHV WKH RYHUaOO 

LPSHdaQcH, aQd 15,600 H], ZKHUH WKH UHVLVWaQcH RI WKH cXOWXUH PHdLXP LV WKH SULPaU\ 

cRPSRQHQW RI WKH LPSHdaQcH. TKHVH TEER YaOXHV ZHUH WKHQ VXbWUacWHd b\ WKH LPSHdaQcH 

dLIIHUHQcH PHaVXUHd bHWZHHQ WKH LQOHW aQd RXWOHW RI WKH bOaQN acHOOXOaU dHYLcH cRQWaLQLQJ 

RQO\ a K\dURJHO ZLWK c\OLQdULcaO YRLdV.   

 3.1.1.6 MLFUR-SaUWLFOH LPaJH YHORFLPHWU\. FRU IORZ YLVXaOL]aWLRQ VWXdLHV, 1-�P 

bHadV WaJJHd WR IOXRUHVcH aW VHYHUaO ZaYHOHQJWKV ZHUH LQMHcWHd LQWR WKH cKaQQHOV. A 

WULJJHUHd LED OLJKW VRXUcH ZaV XVHd WR LOOXPLQaWH WKH bHadV ZLWKLQ WKH cKaQQHO aW 

SUHdHILQHd SXOVHV. TKH H[SHULPHQWV ZHUH cRQdXcWHd RQ WKH VWaJH RI aQ LQYHUWHd EcOLSVH 

TL-E PLcURVcRSH (NLNRQ). IPaJHV ZHUH WaNHQ aW 2000 ISV, aQd IPaJHJ ZaV XVHd WR 

TXaQWLI\ bHad YHORcLW\ aV ZHOO aV ZaOO VWUaLQ. VLdHRV RI WKH bHad WUacNLQJ caQ bH IRXQd LQ 

WKH VLdHRV aWWacKHd WR WKLV WKHVLV.  

 3.1.1.7. FRSGFP WUaQVIHFWLRQ. HCMEC/D3 ZHUH LQcXbaWHd RYHUQLJKW ZLWK 

OHQWLYLUaO SaUWLcOHV cRQWaLQLQJ cRSGFP aQd a SXURP\cLQ-UHVLVWaQcH cRdLQJ cRQVWUXcWV 

XVLQJ aQ MOI RI 1 RYHUQLJKW. TKH IROORZLQJ da\, WKH cHOOV ZHUH ZaVKHd ZLWK PBS aQd 

LQcXbaWHd IRU a da\ LQ EGM. 10 PJ/PL SXURP\cLQ ZaV WKHQ addHd WR WKH cHOOV IRU aQ 

addLWLRQaO WKUHH da\V. AW da\ 4 RI SXURP\cLQ WUHaWPHQW, JUHaWHU WKaQ aSSUR[LPaWHO\ 90% 

RI WKH cHOOV H[SUHVVHd GFP.  

3.1.2 Self-assembled microvasculature.  

 3.1.2.1 MLFURIOXLGLF GHYLFH IabULFaWLRQ. MLcURIOXLdLc dHYLcHV ZHUH IabULcaWHd 

XVLQJ VRIW OLWKRJUaSK\ LQ WKH VaPH PaQQHU aV IRU WKH SUH-SaWWHUQHd YaVcXOaWXUH dHVcULbHd 

LQ VHcWLRQ 3.1.1.1. HHUH, WZR dLIIHUHQcHV ZHUH LQ WKH dHVLJQ RI WKH dHYLcH WR accRPPRdaWH 
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LQWHUVWLWLaO IOXLd IORZ SHUIXVLRQ aQd WKH IabULcaWLRQ RI WKH cHQWUaO cKaPbHU WR a KHLJKW RI 2 

PP. TKLV dHYLcH VcKHPaWLc LV VKRZQ LQ VHcWLRQ 4.2.1.  

 3.1.2.2 CROOaJHQ/K\aOXURQaQ K\GURJHO IRUPaWLRQ. MLcURYHVVHOV ZHUH IRUPHd LQ 

cROOaJHQ aQd K\aOXURQaQ (HA) cRPSRVLWH K\dURJHOV SRO\PHUL]Hd LQVLdH PDMS-baVHd 

PLcURIOXLdLc dHYLcHV. PaVVaJH 20-23 KCMEC/D3 aQd SaVVaJH 7-15 GFP-OabHOHd KBVP 

(NHXURPLcV) ZHUH VHHdHd LQ WKH K\dURJHOV aW dHQVLWLHV RI 2 M/PL aQd 0.4 M/PL, 

UHVSHcWLYHO\. TKHVH UaWLRV ZHUH RbWaLQHd IURP a SUHYLRXV VWXd\ WKaW XVHd cR-cXOWXUHV RI 

KXPaQ bORRd RXWJURZWK HQdRWKHOLaO cHOOV aQd KXPaQ SHULc\WHV WR IRUP PLcURYaVcXOaWXUH 

QHWZRUNV (RLHPHQVcKQHLdHU HW aO., 2016). KCMEC/D3 ZHUH cXOWXUHd LQ PEGM aQd KBVP 

ZHUH cXOWXUHd LQ DMEM (CRUQLQJ) VXSSOHPHQWHd ZLWK 10% FBS, 1% SHQLcLOOLQ- 

VWHSWRP\cLQ, aQd 1X MEM APLQR AcLd SROXWLRQ (TKHUPR FLVKHU). H\dURJHOV ZHUH 

baWKHd LQ PEGM aQd WKH ILQaO K\dURJHO IRUPXOaWLRQ cRQcHQWUaWLRQV cRQVLVWHd RI 3 

PJ/PL HA (SLJPa), 5 PJ/PL cROOaJHQ W\SH I (MP BLRPHdLcaO), aQd 0.85-1 PJ/PL 

MaWULJHO (CRUQLQJ). TKHVH UHaJHQWV ZHUH cRPbLQHd ZLWK 0.1 M VRdLXP K\dUR[LdH 

(NaOH) aQd 10[ SKRVSKaWH bXIIHU VROXWLRQ (PBS) WR IacLOLWaWH SRO\PHUL]aWLRQ aQd 

PaLQWaLQ SK\VLRORJLcaO SH.  

 3.1.2.3 MHFKaQLFaO VWLPXOaWLRQ 

 3.1.2.3.1 IQWHUVWLWLDO IOXLG IORZ. FRU cRQWURO H[SHULPHQWV, WKH cHOO-VHHdHd 

cROOaJHQ/HA JHOV ZHUH baWKHd LQ 8 PL RI PEGM aQd SOacHd LQ WKH LQcXbaWRU IRU ILYH 

da\V LQ VWaWLc cRQdLWLRQV. FRU JHOV H[SRVHd WR LQWHUVWLWLaO IOXLd IORZ, WKH LQSXW IORZ SRUW RI 

WKH PLcURIOXLdLc dHYLcH ZaV aWWacKHd WR a 5 PL SOaVWLc V\ULQJH (BD) VHcXUHd WR a 

GHQLHTRXcK OLQHaU V\ULQJH SXPS (KHQW ScLHQWLILc). TKH V\ULQJH SXPS ZaV VHW WR dHOLYHU 

0.72 �L/PLQ YROXPHWULc IORZ UaWH, HTXLYaOHQW WR a bXON 3-�P/V LQWHUVWLWLaO IOXLd IORZ 
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YHORcLW\, IRU a WRWaO RI ILYH da\V, WR PaWcK SUHYLRXV aOLJQPHQW VWXdLHV (PROacKHcN HW aO., 

2011).  

 3.1.2.4 BaUULHU LQWHJULW\ YHULILFaWLRQ. 

 3.1.2.4.1 DH[WUDQ H[FOXVLRQ SHUPHDELOLW\ DVVD\. MLcURIOXLdLc dHYLcHV RI da\ 5 

VaPSOHV ZHUH VHcXUHd WR a 22 PP [ 40 PP cRYHU VOLS ZLWK VXSHU JOXH aQd WUaQVIHUUHd WR 

WKH VWaJH RI WKH cRQIRcaO PLcURVcRSH. MLcURYaVcXOaU VWUXcWXUHV ZLWKLQ WKH K\dURJHO ZHUH 

ORcaWHd XVLQJ WKH bULJKWILHOd SULRU WR SHUIXVLRQ ZLWK 4-NDa FITC-dH[WUaQ (1:250) aW a IORZ 

UaWH RI 2 ȝL/PLQ. IQdLYLdXaO cRQIRcaO VOLcHV ZHUH caSWXUHd HYHU\ PLQXWH aW aSSUR[LPaWHO\ 

8-10 dLIIHUHQW UHJLRQV ZLWKLQ WKH K\dURJHO. IPaJHV ZHUH SURcHVVHd XVLQJ IPaJHJ VRIWZaUH 

ZKHUH WKH SHUPHabLOLW\ ZaV caOcXOaWHd XVLQJ ETXaWLRQ 2 ZLWK a IHZ PRdLILcaWLRQV. TR 

accRPPRdaWH IRU LQWHUVWLWLaO dH[WUaQ SHUIXVLRQ LQVWHad RI LQWUaOXPLQaO, WKH cKaQJH LQ 

IOXRUHVcHQW LQWHQVLW\  ௗூ
ௗ௧

  ZaV PHaVXUHd LQVLdH WKH OXPHQ aQd WKH Pa[LPXP LQWHQVLW\ I0 

ZaV PHaVXUHd RXWVLdH WKH OXPHQ. TR SHUIRUP a QHJaWLYH cRQWURO, 10 U/PL WKURPbLQ 

(CaObLRcKHP) ZaV addHd WR WKH 4-NDa dH[WUaQ VROXWLRQ SHUIXVLQJ WKH VaPSOHV IRU 30 

PLQXWHV.  

 3.1.2.4.2 IPPXQRF\WRFKHPLVWU\. TR YLVXaOL]H WKH SUHVHQcH RI WLJKW MXQcWLRQV, 

VaPSOHV ZHUH bORcNHd LQ 3% BSA IRU 30 PLQXWHV aW URRP WHPSHUaWXUH. TKHQ WKH VaPSOHV 

ZHUH LQcXbaWHd aW 4 �C RYHUQLJKW ZLWK 1:250 SULPaU\ aQWLbRd\ ZO-1 (CHOO SLJQaOLQJ). 

TKH QH[W da\ K\dURJHOV ZHUH LQcXbaWHd aW 37�C ZLWK 1:500 VHcRQdaU\ aQWLbRd\ C\-3 IRU 

1 KRXU aQd YLVXaOL]Hd ZLWK WKH cRQIRcaO PLcURVcRSH. 

 3.1.2.5 QXaQWLILFaWLRQ RI aOLJQPHQW, OHQJWK, aQG GLaPHWHU. FRU K\dURJHOV 

cRQWaLQLQJ VHOI-aVVHPbOHd YaVcXOaWXUH, VaPSOHV ZHUH IL[Hd aW URRP WHPSHUaWXUH IRU 20 

PLQXWHV ZLWK 4% SaUaIRUPaOdHK\dH, SHUPHabLOL]Hd ZLWK 0.2% TULWRQ X- 100 IRU 20 
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PLQXWHV, aQd WKHQ VWaLQHd ZLWK 1:100 TH[aV RHd-SKaOORLdLQ (BLRWLXP) aQd 1:500 DAPI. 

SaPSOHV ZHUH LPaJHd ZLWK a OaVHU VcaQQLQJ cRQIRcaO PLcURVcRSH (NLNRQ C2), ZKLcK ZaV 

XVHd WR JHQHUaWH ]-VWacNV WKaW ZHUH WKHQ aQaO\]Hd ZLWK NLNRQ EOHPHQWV AQaO\VLV 

VRIWZaUH. MLcURYHVVHOV ZHUH LdHQWLILHd b\ WKH SUHVHQcH RI a dLVWLQcW, WKUHH-dLPHQVLRQaO 

OXPHQ. MLcURYHVVHO OHQJWK ZaV PHaVXUHd b\ cRPSaULQJ WKH Pa[LPXP SURMHcWLRQ aQd 3D 

YROXPH YLHZV WR dHWHUPLQH WKH bHJLQQLQJ aQd HQd PLcURYHVVHO SRVLWLRQV. MLcURYHVVHO 

aOLJQPHQW ZaV PHaVXUHd XVLQJ WKH UHIHUHQcH aQJOH WRRO (LQ WKH NLNRQ EOHPHQWV AQaO\VLV 

VRIWZaUH) ZLWK WKH UHIHUHQcH aQJOH dLcWaWHd b\ WKH dLUHcWLRQ RI WKH aSSOLHd LQWHUVWLWLaO IORZ.  

 3.1.2.6 FG44 NQRFNGRZQ aQG TXaQWLILFaWLRQ. HCAM VLRNA (SaQWa CUX] 

BLRWHcKQRORJ\) ZaV XVHd WR NQRcN dRZQ cd44 LQ WKH KCMEC/D3 cHOO OLQH. KCMEC/D3 

cHOOV ZHUH VHHdHd aW a dHQVLW\ RI 2 [105 cHOOV SHU ZHOO LQ a VL[ ZHOO SOaWH aQd WKHQ JURZQ 

XQWLO cRQIOXHQW. TZR VROXWLRQV ZHUH SUHSaUHd, VROXWLRQ A ZLWK 8 �L VLRNA dXSOH[ dLOXWHd 

LQ 100 �L VLRNA WUaQVIHcWLRQ PHdLXP aQd VROXWLRQ B ZLWK 8 �L RI VLRNA WUaQVIHcWLRQ 

UHaJHQW dLOXWHd LQ 100 �L VLRNA WUaQVIHcWLRQ PHdLXP. TKH VLRNA dXSOH[ VROXWLRQ ZaV 

WKHQ PL[Hd ZLWK WKH dLOXWH WUaQVIHcWLRQ UHaJHQW aQd LQcXbaWHd aW 15 PLQXWHV aW URRP 

WHPSHUaWXUH.  0.8 PL RI VLRNA WUaQVIHcWLRQ PHdLXP ZaV addHd WR WKH VLRNA WUaQVIHcWLRQ 

UHaJHQW PL[WXUH aQd WKHQ WKLV VROXWLRQ ZaV addHd WR cHOOV WKaW ZHUH ZaVKHd RQcH ZLWK 2 

PL RI VLRNA WUaQVIHcWLRQ PHdLXP. TKH cHOOV ZHUH LQcXbaWHd IRU 5 KRXUV aW 37�C LQ a 5% 

CO2 LQcXbaWRU aIWHU ZKLcK 1 PL RI EGM cRQWaLQLQJ 2% SHQLcLOOLQ/VWUHSWRP\cLQ aQd 10% 

IHWaO bRYLQH VHUXP ZaV addHd ZLWKRXW UHPRYLQJ WKH WUaQVIHcWLRQ PL[WXUH. TKH cHOOV ZHUH 

LQcXbaWHd IRU aQ addLWLRQaO 18 KRXUV aIWHU ZKLcK WKH\ ZHUH XVHd IRU H[SHULPHQWV. TR 

YHULI\ NQRcNdRZQ, cHOOXOaU SURWHLQ ZaV LVROaWHd XVLQJ dLJHVWLRQ LQ VaPSOH bXIIHU ZLWK 

UHdXcLQJ aJHQW, aQd VHSaUaWHd XVLQJ SDS-PAGE. FROORZLQJ WUaQVIHU, 0.45 �P PVDF 
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bORWV ZHUH LQcXbaWHd ZLWK aQ aQWL-cd44 SULPaU\ (1:50) aQd KRUVHUadLVK SHUR[LdaVH-

cRQMXJaWHd VHcRQdaU\ (1:4000) ZLWKLQ aQ LBLQd FOH[ WHVWHUQ DHYLcH (TKHUPR ScLHQWLILc). 

BORWV ZHUH LPaJHd LQ a cKHPLOXPLQHVcHQW LPaJHU. TR SURYLdH a ORadLQJ cRQWURO, JHOV 

ZHUH LQcXbaWHd LQ CRRPaVVLH BOXH IRU 30 PLQXWHV IROORZLQJ WKH WUaQVIHU aQd 

UHSUHVHQWaWLYH baQdV ZHUH XVHd WR QRUPaOL]H bORW VLJQaOV.  

 3.1.2.7 SHHGLQJ K\GURJHOV ZLWK QHXUaO SURJHQLWRU FHOOV. 

RaW-dHULYHd E14 QHXUaO SURJHQLWRU cHOOV (NPC) ZHUH VHHdHd ZLWKLQ WKH cR-cXOWXUH 

RI WKH GFP-OabHOHd KBVP aQd KCMEC/D3 aW a UaWLR RI 1:2 ZLWK KCMEC/D3. NPC 

LVROaWLRQ aQd cXOWXUH ZaV SHUIRUPHd aW DUH[HO UQLYHUVLW\. NPCV ZHUH dHULYHd IURP E14 

WUaQVJHQLc FLVcKHU 344 UaWV WKaW H[SUHVV KXPaQ SOacHQWaO AP PaUNHU. EPbU\RQLc cRUdV 

ZHUH dLVVHcWHd aQd dLVVRcLaWHd LQ 0.05% WU\SVLQ IRU 20 PLQXWHV aW 37�C. CHOOV ZHUH 

cXOWXUHd IRU 3-10 da\V, SULRU WR XVLQJ IRU H[SHULPHQWV, LQ DMEM VXSSOHPHQWHd ZLWK 1 

PJ/PO BSA (SLJPa A9418), 20 �L/PL B27 (LLIH THcK. 12587-010), 10 QJ/PL bGFG 

(PHSUR THcK. 100-18B), 10 �L/PL N-2 (LLIH THcK. 17502-048) , aQd 10 QJ/PL NT-3 

(PHSUR THcK. 450-03) RQ SRO\-O-O\VLQH aQd OaPLQLQ cRaWHd dLVKHV (MHdaOKa, JLQ, 

YaPaJaPL, HaaV, & FLVcKHU, 2014). H\dURJHOV ZHUH SHUIXVHd ZLWK PEGM VXSSOHPHQWHd 

ZLWK 20 ȝJ/PL NT-3 JURZWK IacWRU (PHSURTHcK) WR PaLQWaLQ WKH YLabLOLW\ RI NPCV aQd 

IacLOLWaWH WKHLU dLIIHUHQWLaWLRQ WR QHXURQaO UHVWULcWHd SUHcXUVRUV (NRP), dLVWLQJXLVKHd b\ 

SRVLWLYH VWaLQLQJ IRU TXM-1.  

H\dURJHOV VHHdHd ZLWK UaW-dHULYHd QHXUaO SURJHQLWRU cHOOV (NPC) ZHUH VWaLQHd WR 

YLVXaOL]H bRWK WKH HQdRWKHOLaO WLJKW MXQcWLRQV aQd a[RQV. AOO WKH IROORZLQJ VWHSV ZHUH 

dRQH aW URRP WHPSHUaWXUH. H\dURJHOV ZHUH bORcNHd LQ 10% QRUPaO dRQNH\ VHUXP (NDS) 

IRU 10 PLQXWHV IROORZHd b\ LQcXbaWLRQ ZLWK 1:500 TXM-1 801201 (BLROHJHQd), 1:250 ZO-
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1, aQd 2% NDS IRU 2 KRXUV. H\dURJHOV ZHUH WKHQ LQcXbaWHd ZLWK 1:500 D\LLJKW 650 

cRQMXJaWH, 1:500 C\-3, aQd 2% NDS IRU 1 KRXU. PRVLWLYH bUaQcKHV H[WHQdLQJ IURP HacK 

TXM-SRVLWLYH a[RQ ZHUH LdHQWLILHd b\ VXbWUacWLQJ WKH 640 QP C\5 VLJQaO (TXM-1) IURP bRWK 

WKH 561 QP TRITC (ZO-1) aQd WKH 488 QP GFP VLJQaOV. TKHVH bUaQcKHV ZHUH WKHQ 

WRWaOHd XVLQJ WKH cRXQWHU RSWLRQ LQ WKH NLNRQ EOHPHQWV VRIWZaUH aQd cRPSaUHd bHWZHHQ 

IORZ aQd VWaWLc VaPSOHV. 

 3.1.2.8 SFaIIROG WUaQVSOaQWaWLRQ LQ YLYR. 

 3.1.2.8.1 HHPLVHFWLRQ VSLQDO FRUG LQMXU\ PRGHO. FRU WKH LQ YLYR WUaQVSOaQWaWLRQ, 

WKH cROOaJHQ cRQcHQWUaWLRQ ZaV UHdXcHd WR 2.5 PJ/PL WR LQcUHaVH a[RQ SHUPLVVLYLW\. Da\ 

2 VcaIIROdV (HLWKHU H[SRVHd WR IORZ RU VWaWLc cRQdLWLRQV) ZHUH WUaQVSOaQWHd LQWR acXWH 

aQLPaO KHPLVHcWLRQ VSLQaO cRUd LQMXU\ PRdHO b\ aVSLUaWLRQ aW WKH OHYHO RI WKH IRXUWK 

cHUYLcaO YHUWHbUaH RI WKH VSLQaO cRUd 1-PP OaWHUaO RI WKH PLdOLQH IURP WKH SRVWHULRU VLdH. 

IQ WRWaO, 4 IHPaOH adXOW SSUaJXH-DaZOH\ UaWV (225-250 J) ZHUH XVHd. SXUJHULHV ZHUH 

cRQdXcWHd aW WKH DUH[HO UQLYHUVLW\ QXHHQ LaQH MHdLcaO CaPSXV LQ accRUdaQcH ZLWK WKH 

IACUC aJUHHPHQW, ZKLcK ZaV aSSURYHd b\ WKH DUH[HO CROOHJH RI MHdLcLQH IQVWLWXWLRQaO 

RHYLHZ BRaUd. AQLPaOV ZHUH adPLQLVWHUHd c\cORVSRULQH WKUHH da\V SULRU WR VXUJHU\ aQd 

dXULQJ WKH 3-ZHHN H[SHULPHQW aV a PHaQV WR PLQLPL]H KRVW LQIOaPPaWRU\ UHVSRQVH. 

FROORZLQJ WUaQVSOaQWaWLRQ, aQLPaOV ZHUH caJHd LQ WKHLU QRUPaO HQYLURQPHQWV ZLWK QRUPaO 

IRRd aQd ZaWHU LQWaNH. AQLPaOV ZHUH VacULILcHd WKUHH ZHHNV aIWHU WUaQVSOaQWaWLRQ aQd 

LPPXQRKLVWRcKHPLVWU\ ZaV SHUIRUPHd WR SURcHVV WKH daWa XVLQJ VHULaO 8-ȝP VaJLWWaO 

VHcWLRQV. TKHVH VHcWLRQV ZHUH VWaLQHd XVLQJ 1:250 aQWL-ZO-1 D7D12 (CHOO SLJQaOLQJ), 

1:1000 aQWL-GFAP (CKHPLcRQ), 1:500 aQWL-RECA (AbD SHURWHc), aQd 1:20000 aQWL-5-HT 

(IPPXQRVWaU).  TKHVH VHcWLRQV ZHUH WKHQ YLVXaOL]Hd LQ a cRQIRcaO PLcURVcRSH, aQd VWacNV 
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ZHUH cRQcaWHQaWHd WR IRUP a WKUHH-dLPHQVLRQaO UHQdHULQJ RI WKH WUaQVSOaQW. TKHVH 3D 

UHQdHULQJV ZHUH XVHd WR PHaVXUH bRWK PLcURYHVVHO aQd a[RQ OHQJWK WR accRXQW IRU 

H[WHQVLRQV RXW-RI-SOaQH IURP VLQJOH VaJLWWaO VHcWLRQV aQd WR aVVXUH WKaW WKH PHaVXUHPHQWV 

ZHUH UHSUHVHQWaWLYH RI WKHLU IXOO OHQJWKV.  

3.1.3 Vasculari]ed self-assembling peptide h\drogels. 

 3.1.3.1 MLFURIOXLGLF GHYLFH IabULFaWLRQ. TKH IabULcaWLRQ RI WKH PLcURIOXLdLc 

dHYLcH LQYROYHd XVLQJ a UHcWaQJXOaU PDMS VWaPS WKaW Kad UHcWaQJXOaU 4 PP [ 6 PP 

dLPHQVLRQV aQd a WKLcNQHVV RI 0.5 PP. TKH SRVLWLYH-IHaWXUHd VWaPS ZaV cRYHUHd ZLWK 1 

PL RI XQcXUHd PDMS. ALU bXbbOHV ZHUH UHPRYHd XVLQJ a dHVLccaWRU XQdHU YacXXP IRU 5 

PLQXWHV. TKH XQcXUHd PDMS-cRYHUHd VWaPS ZaV WKHQ LQYHUWHd RQWR a 4 cP b\ 6 cP JOaVV 

VOLdH ZLWK a WKLQ Oa\HU RI PDMS cUHaWHd b\ VSLQQLQJ aW 1,000 USP IRU 15 VHcRQdV aQd 

baNHd aW 150�C IRU 3 PLQXWHV. TKH LQYHUWHd PDMS cRYHUHd VWaPS RQ WKH JOaVV VOLdH ZaV 

baNHd aW 150�C IRU 7 PLQXWHV. AIWHU JHQWO\ SHHOLQJ WKH VWaPS IURP WKH JOaVV VOLdH, WKH 

QHJaWLYH PROd IRU WKH SHSWLdH K\dURJHO ZaV SOaVPa R[LdL]Hd aW 25% SRZHU IRU 20 

VHcRQdV. TKLV R[LdL]Hd QHJaWLYH PROd ZaV WKHQ SOacHd RQ aQ aSSUR[LPaWHO\ 100-�P WKLcN 

PDMS cRYHUHd 4 cP b\ 6 cP JOaVV VOLdH WKaW Kad bHHQ SUHSaUHd LQ WKH IROORZLQJ Za\. 

TKH PDMS Oa\HU ZaV VSXQ aW 1,000 USP IRU 15 VHcRQdV aQd baNHd aW 150�C IRU 3 PLQXWHV. 

AddLWLRQaO PDMS ZaV addHd RQ WRS RI WKH cXUHd PDMS Oa\HU aQd VSXQ aW 1,000 USP IRU 

15 VHcRQdV. TKH QRQ-cXUHd VHcRQd PDMS Oa\HU PadH dLUHcW cRQWacW ZLWK WKH R[LdL]Hd 

QHJaWLYH PROd ZKLcK ZaV baNHd aW 150�C IRU 7 PLQXWHV. AW WKLV VWaJH WKH PDMS dHYLcH 

Kad a cORVHd cHQWUaO cKaPbHU WKaW ZaV LQYHUWHd RQWR a 22 PP b\ 22 PP cRYHU VOLS aQd 

baNHd aW 150�C IRU 30 PLQXWHV. AIWHU cRPSOHWH SRO\PHUL]aWLRQ RI WKH PDMS dHYLcH, QLQH 

SRUWV ZHUH SXQcWXUHd LQ WKH WKLQ PDMS Oa\HU abRYH WKH cHQWUaO cKaPbHU WR IacLOLWaWH 
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K\dURJHO JHOaWLRQ. TKH VaPH SURWRcRO dHVcULbHd LQ VHcWLRQ 3.1.1 ZaV XVHd WR IacLOLWaWH JHO 

aWWacKPHQW: 10-N VXOIXULc acLd ZaV LQMHcWHd LQWR WKH cHQWUaO cKaPbHU IRU 90 PLQXWHV aQd 

WKHQ ZaVKHd 5 WLPHV ZLWK dLVWLOOHd ZaWHU SULRU WR WKH addLWLRQ RI dLOXWHd cROOaJHQ. 

 3.1.3.2 RADA 16-I SHSWLGH K\GURJHO IRUPaWLRQ. MLcURYHVVHOV ZHUH IabULcaWHd LQ 

RADA 16-I VHOI-aVVHPbOLQJ V\QWKHWLc SHSWLdH K\dURJHOV ZLWKLQ PDMS-baVHd 

PLcURIOXLdLc dHYLcHV. PaVVaJH 20-23 KCMEC/d3 aQd SaVVaJH 7-15 GFP-OabHOHd KBVP 

ZHUH VHHdHd aW WKH VaPH dHQVLWLHV RI 2 M/PL aQd 0.4 M/PL, UHVSHcWLYHO\ (VaPH dHQVLWLHV 

aV ZLWKLQ WKH cROOaJHQ/HA-baVHd K\dURJHOV). IQ addLWLRQ, IRU VRPH H[SHULPHQWV RQO\ 

SaVVaJH 20-23 GFP-OabHOHd KCMEC/d3 ZHUH VHHdHd ZLWKLQ WKH SHSWLdH K\dURJHOV. TKH 

dHVLUHd cHOO VHHdLQJ dHQVLW\ ZaV VXVSHQdHd LQ 20% cHOO VXcURVH VROXWLRQ ZKLcK ZaV 

PL[Hd ZLWK aQ HTXaO YROXPH RI 2 PJ/PL SHSWLdH (1:1 UaWLR). TKH ILQaO K\dURJHO 

IRUPXOaWLRQ cRQVLVWHd RI 10 % VXcURVH aQd 1 PJ/PL SHSWLdH. TKLV VROXWLRQ ZaV LQMHcWHd 

LQWR WKH PLcURIOXLdLc cHQWUaO cKaPbHU IROORZHd b\ WKH caUHIXO addLWLRQ RI 8 PL PEGM 

cRQWaLQLQJ 10 % FBS aQd WUaQVIHUUHd WR a 37�C LQcXbaWRU. AIWHU 1 KRXU WKH EGM ZaV 

UHSOacHd ZLWK 8 PL PEGM cRQWaLQLQJ 100 QJ/PL VEGF aQd 50 QJ/PL PMA. TKH cHOO 

VHHdHd SHSWLdH K\dURJHOV ZHUH VWRUHd aW 37�C IRU 5 da\V.   

 3.1.3.3 BaUULHU LQWHJULW\ YHULILFaWLRQ. 

 3.1.3.3.1 DH[WUDQ H[FOXVLRQ SHUPHDELOLW\ DVVD\. TR aVVHVV baUULHU IXQcWLRQ ZLWKLQ 

WKH YaVcXOaU VWUXcWXUHV, 500 �L RI 2-MDa dH[WUaQ ZaV SLSHWWHd RQ WKH VXUIacH RI WKH 

PLcURIOXLdLc dHYLcH cRQWaLQLQJ WKH cHOOXOaU SHSWLdH JHO WR WHVW WKH LQWHJULW\ RI WLJKW 

MXQcWLRQV RI HQdRWKHOLaO cHOOV. IPaJHV ZHUH WaNHQ RQ a NLNRQ A1 cRQIRcaO PLcURVcRSH aW 

LQWHUYaOV RI 10 VHcRQdV IRU 15 PLQXWHV aW dLIIHUHQW ] dHSWKV. TKH LPaJHV ZHUH WKHQ 

LPSRUWHd WR IPaJHJ IRU aQaO\VLV. TKH SHUPHabLOLW\ cRHIILcLHQWV ZHUH TXaQWLILHd XVLQJ a 
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PRdLILHd YHUVLRQ RI ETXaWLRQ 2. BULHIO\, aVVXPLQJ WKH dH[WUaQ cRQcHQWUaWLRQ UHPaLQV 

cRQVWaQW LQ WKH VXUURXQdLQJV aQd WKH c\OLQdULcaO JHRPHWU\ RI WKH YHVVHOV, SHUPHabLOLW\ 

cRHIILcLHQWV caQ bH caOcXOaWHd IURP WKH IOX[ RI VROXWH acURVV aQ aUHa RI WKH caSLOOaU\ XVLQJ 

FLcN¶V FLUVW LaZ RI DLIIXVLRQ. HHUH, aVVXPLQJ a IL[Hd cRQcHQWUaWLRQ RXWVLdH WKH YHVVHOV, 

WKH dH[WUaQ cRQcHQWUaWLRQ ZaV dLUHcWO\ cRUUHOaWHd ZLWK IOXRUHVcHQW LQWHQVLW\ \LHOdLQJ WKH 

IROORZLQJ HTXaWLRQ IRU SHUPHabLOLW\ cRHIILcLHQW: 𝑃 =  ௥
ଶூ೚

ௗூ
ௗ௧

, ZKHUH dI/dW LV WKH cKaQJH RI 

IOXRUHVcHQW LQWHQVLW\ LQVLdH WKH OXPHQ, U LV WKH UadLXV RI WKH YHVVHO, aQd IR
 LV WKH Pa[LPXP 

LQWHQVLW\ WKURXJK WKH dXUaWLRQ RI WKH H[SHULPHQW. 

 3.1.3.3.2 IPPXQRF\WRFKHPLVWU\. DHYLcHV ZHUH IL[Hd LQ 4% SaUaIRUPaOdHK\dH aW 

URRP WHPSHUaWXUH IRU 20 PLQXWHV. AIWHUZaUdV, cHOOXOaU SHSWLdH K\dURJHOV ZHUH 

SHUPHabLOL]Hd ZLWK RI 0.2% TULWRQ X-100 (SLJPa) IRU 30 PLQXWHV aW URRP WHPSHUaWXUH. 

PHSWLdH K\dURJHOV ZHUH WKHQ UHPRYHd IURP WKH cHQWUaO cKaPbHU RI WKH dHYLcHV aQd 

bORcNHd b\ HLWKHU JRaW RU dRQNH\ VHcRQdaU\ aQWLbRdLHV LQ 5% dRQNH\ VHUXP RU 3% bRYLQH 

VHUXP aObXPLQ (BSA) IRU 30 PLQXWHV aW 37ႏ.  TKHVH SHUPHabLOL]Hd K\dURJHOV ZHUH 

LQcXbaWHd ZLWK 1:250 aQWL-ZO-1 (CHOO SLJQaOLQJ) RYHUQLJKW aW 4ႏ.  TKHVH JHOV ZHUH WKHQ 

ZaVKHd WKRURXJKO\ LQ PBS aQd LQcXbaWHd ZLWK 1:500 DAPI aQd 1:10 AOH[a FOXRU 

SKaOORLdLQ aW 37ႏ IRU RQH KRXU.  IPaJHV ZHUH acTXLUHd RQ a NLNRQ A1 OaVHU VcaQQLQJ 

cRQIRcaO PLcURVcRSH 

 3.1.3.4 SFaIIROG WUaQVSOaQWaWLRQ LQ YLYR.  

 3.1.3.4.1 CRPSUHVVLRQ VSLQDO FRUG LQMXU\ PRGHO. FLUVW, LVRIOXUaQH ZaV XVHd WR 

aQHVWKHWL]H HLJKW 250-250J IHPaOH SSUaJXH DaZOH\ UaWV aIWHU ZKLcK a OaPLQHcWRP\ ZaV 

SHUIRUPHd aW WKH C4-C5 cHUYLcaO VHJPHQWV. TKHQ, a IRUcH RI 150,000 D\QHV ZaV aSSOLHd 

XVLQJ WKH IH IQILQLW\ HRUL]RQWaO IPSacWRU (LH[LQJWRQ) aIWHU ZKLcK a VLQJOH bOacN VXWXUH 
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ZaV addHd QH[W WR WKH cRQWXVLRQ HSLcHQWHU WR HaVLO\ ORcaWH WKH OHVLRQ VLWH dXULQJ WKH 

SHSWLdH LQMHcWLRQ RQH ZHHN OaWHU.  TKH PXVcOH aQd VNLQ Oa\HUV ZHUH cORVHd LQ Oa\HUV 

IROORZHd b\ 8-10 VWaSOHV WR WKH dHUPLV. OQH ZHHN OaWHU WKH aQLPaOV ZHUH SOacHd LQ a 

VWHUHRWa[Lc IUaPH aQd WKH cRPSUHVVHd VSLQaO cRUd ZaV H[SRVHd. UVLQJ WKH MLcUR S\ULQJH 

PXPS (MLcUR4), 10 XL RI KCMEC/d3 aQd KBVP cHOOV aW a UaWLR RI 5:1 ZHUH LQMHcWHd LQWR 

WKH OHVLRQHd VSLQaO cRUd LQ a ILQaO PaWUL[ cRPSRVLWLRQ RI 1 PJ/PL RADA-16-I SHSWLdH 

aQd 10% VXcURVH. TKH VXUJLcaO V\ULQJH Kad a 30G QHHdOH aQd WKH IORZ UaWH RI WKH LQMHcWLRQ 

ZaV 100 QL/V. TKH QHHdOH WLS ZaV OHIW LQVLdH WKH VSLQaO cRUd IRU 1 PLQXWH aIWHU WKH 

cRQWHQWV ZHUH cRPSOHWHO\ LQMHcWHd. IQ addLWLRQ, 20 �L MaWULJHO ZaV LQMHcWHd RQ WKH dXUa 

RYHU WKH LQMHcWLRQ ORcaWLRQ WR aVVXUH WKaW WKH SHSWLdH K\dURJHO UHPaLQHd LQ WKH VSLQaO cRUd 

SaUHQcK\Pa. AQLPaOV ZHUH VacULILcHd WZR ZHHNV aIWHU LQMHcWLRQV aQd 

LPPXQRKLVWRcKHPLVWU\ ZaV SHUIRUPHd RQ WKH VSLQaO cRUdV XVLQJ VHULaO 8-�P VaJLWWaO 

VHcWLRQV.  DHWaLOHd SURWRcRO caQ bH IRXQd LQ VHcWLRQ 6.1.18. 

3.1.4 Statistics. 

TKH RSHQ VRXUcH VWaWLVWLcV SacNaJH, R, ZaV XVHd WR SHUIRUP aOO VWaWLVWLcaO 

caOcXOaWLRQV. SWaWLVWLcaO VLJQLILcaQcH ZaV caOcXOaWHd XVLQJ WHOcK TZR SaPSOH W-WHVW, 

XQOHVV RWKHUZLVH VSHcLILHd.  TZR VaPSOH W-WHVWV ZHUH XVHd WR cRPSaUH PHaVXUHPHQWV RI 

SHUPHabLOLW\ cRHIILcLHQWV, aQd RQH-Za\ ANOVAV ZLWK SRVW-KRc TXNH\ WHVWV ZHUH XVHd WR 

dHWHUPLQH VWaWLVWLcaO VLJQLILcaQcH IRU WKH TEER PHaVXUHPHQWV. SWaWLVWLcaO VLJQLILcaQcH RI 

WKH PLcURYHVVHO aOLJQPHQW daWa ZaV caOcXOaWHd XVLQJ RQH-Za\ ANOVA aQd SRVW-KRc 

TXNH\¶V HSD WHVWV. SWaWLVWLcaO VLJQLILcaQcH ZaV dHQRWHd ZLWK S-YaOXHV OHVV WKaQ 0.05. 

EacK LQ YLYR cRQdLWLRQ (IRXU aQLPaOV WRWaO) LV aYHUaJHd IURP aW OHaVW 5 KLVWRORJLcaO 
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VHcWLRQV SHU cRQdLWLRQ. FLJXUH caSWLRQV cRQWaLQ WKH VaPSOH QXPbHU IRU WKH LQ YLWUR 

PHaVXUHPHQWV.  
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Chapter IV 

Results 

4.1 Fabrication and Initial Transplantation Attempts of Compliant 3D Models of 

the Blood-Brain Barrier 

 4.1.1 Fabrication of a compliant 3D in vitro model of CNS vasculature. 

 

 

A PLcURIOXLdLc dHYLcH ZaV cRQVWUXcWHd WR IabULcaWH a 3D YaVcXOaU VWUXcWXUH 

H[KLbLWLQJ baUULHU LQWHJULW\ aSSURSULaWH IRU WKH CNS. FLJ. 4A VKRZV a VcKHPaWLc RI WKH 

dHYLcH aQd WKH ORcaWLRQ RI WKH HQdRWKHOLaO cKaQQHO (KHUHLQ UHIHUUHd WR aV a YHVVHO) ZLWKLQ 

WKH K\dURJHO. TKH dHYLcH IHaWXUHd WZR LVROaWHd cRPSaUWPHQWV, LQdLcaWHd b\ SHUIXVLRQ ZLWK 

d\H (FLJ. 4B). TKH PLcURIOXLdLc dHYLcH aOORZHd IRU aSSOLcaWLRQ RI PHcKaQLcaO VWLPXOaWLRQ. 

FOXLd IORZ aQd K\dURVWaWLc SUHVVXUH-dULYHQ c\cOLc VWUaLQ ZHUH aSSOLHd b\ PRdXOaWLQJ WKH 

SUHVVXUH aW WKH LQOHW aQd RXWOHW RI WKH dHYLcH (FLJ. 4C,L aQd LL). AddLWLRQaOO\, LPSHdaQcH 

VSHcWURVcRS\ QRQ- LQYaVLYHO\ PHaVXUHd WUaQVHQdRWKHOLaO HOHcWULcaO UHVLVWaQcH (TEER) 

YaOXHV WKURXJK WKH LQOHW SRUWV (FLJ. 4C,LLL).  

 
FLJXUH 4. CNS YHVVHO PRdHO. A) ScKHPaWLc RI PLcURIOXLdLc dHYLcH dHWaLOLQJ WKH ORcaWLRQ 
RI LQOHW/RXWOHW SRUWV aV ZHOO aV SRUWV WR ILOO WKH K\dURJHO UHVHUYRLU. B) PLcWXUH RI WKH dHYLcH 
ZLWK IRRd d\H LQMHcWHd LQWR WKH WZR cKaQQHOV. C) THVWLQJ cRQILJXUaWLRQV L) aSSOLcaWLRQ RI 
IOXLd IORZ, LL) c\cOLc VWUaLQ VWLPXOaWLRQ aQd LLL) TEER PHaVXUHPHQWV.  
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A K\dURJHO IRUPXOaWLRQ cRQWaLQLQJ cROOaJHQ W\SH I, K\aOXURQaQ, aQd MaWULJHO 

VKRZQ WR IacLOLWaWH aVWURc\WH PLJUaWLRQ aQd VSUHadLQJ (POacRQH HW aO., 2015) ZaV XVHd WR 

LQcUHaVH WKH IUHTXHQc\ RI LQWHUacWLRQV bHWZHHQ WKH aVWURc\WHV aQd HQdRWKHOLXP. FLJ. 3 

LQdLcaWHV WKaW SUHVHQcH RI K\aOXURQaQ LQ WKH PaWUL[ VXbVWaQWLaOO\ aXJPHQWV aVWURc\WH 

VSUHadLQJ LQ WKH baVH cROOaJHQ PaWUL[ (FLJ. 5A aQd B). IQcXbaWLRQ ZLWK PEGM 

VXbVWaQWLaOO\ LQcUHaVHd WKH acWLYaWLRQ RI aVWURc\WHV, aV HYLdHQcHd b\ VWaLQLQJ IRU JOLaO 

ILbULOOaU\ acLdLc SURWHLQ (GFAP) LQ FLJ. 5C, cRPSaUHd WR aVWURc\WH JURZWK PHdLXP.  

 

 
FLJXUH 5. AVWURc\WH VSUHadLQJ LQ dLIIHUHQW K\dURJHO IRUPXOaWLRQV aQd cXOWXULQJ 
cRQdLWLRQV. A) AVWURc\WHV HPbHddHd LQ 5 PJ/PL cROOaJHQ aQd cXOWXUHd LQ AGM 
PHdLXP. B) AVWURc\WHV HPbHddHd LQ 5 PJ/PL cROOaJHQ, 1 PJ/PL HA, aQd 1 PJ/PL 
MaWULJHO aQd cXOWXUHd LQ AGM PHdLXP. C) AVWURcW\HV HPbHddHd LQ WKH VaPH K\dURJHO 
IRUPXOaWLRQ XVHd LQ (B) bXW cXOWXUHd LQ PEGM PHdLXP. GUHHQ: aQWL-GFAP, UHd: 
SKaOORLdLQ. ScaOH = 50 �P IRU aOO LPaJHV.  
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FRUPaWLRQ RI WKH HQdRWKHOLaO PRQROa\HU aQd LWV LQLWLaO LQWHUacWLRQ ZLWK 

VXUURXQdLQJ aVWURc\WHV RccXUUHd ZLWKLQ VHYHUaO KRXUV RI cR-cXOWXUH, aV LQdLcaWHd b\ WLPH 

OaSVH LPaJHV LQ FLJ. 6A. CRQIRcaO PLcURVcRS\ dHPRQVWUaWHd a dLVcUHWH OXPHQ VXUURXQdHd 

b\ aVWURc\WH SURcHVVHV, ZKLcK LV HYLdHQW LQ WKH cRQIRcaO VWacN VKRZQ LQ FLJ. 6B. 

TUaQVIHcWLQJ WKH HCMEC/D3 cHOOV WR H[SUHVV cRSGFP cRQILUPHd WKaW WKH HQdRWKHOLaO 

cHOOV OLQHd WKH VXUIacH RI WKH OXPHQ (FLJ. 6C). AIWHU IRXU da\V LQ cXOWXUH, WKH SUHVHQcH RI a 

VHcUHWHd baVaO OaPLQa ZaV aSSaUHQW LQ cRQIRcaO LPaJHV RI OaPLQLQ LPPXQRVWaLQLQJ (FLJ. 

6D) aV ZHOO aV LQ WUaQVPLVVLRQ HOHcWURQ PLcURVcRS\ (TEM) PLcURJUaSKV (FLJ. 6E). 

 
 
FLJXUH 6. 3D PRdHO RI WKH QHXURYaVcXOaU PRdHO. A,L-LLL) BULJKWILHOd WLPH OaSVH RI 
HQdRWKHOLaO YHVVHO IRUPaWLRQ, VcaOH: 100 �P. B) CRQIRcaO VWacN RI SKaOORLdLQ aQd 
DAPI VWaLQ VKRZLQJ cOHaU OXPHQ ZLWKLQ WKH HQdRWKHOLaO PRQROa\HU ZLWK VXUURXQdLQJ 
aVWURc\WHV, VcaOH: 100 �P. C) CRQIRcaO VWacN ZLWK GFP-SRVLWLYH HCMEC/D3, VcaOH: 
100 �P. D) CRQIRcaO VWacN dHPRQVWUaWLQJ SRVLWLYH OaPLQLQ VWaLQLQJ aURXQd WKH 
HQdRWKHOLaO cKaQQHO aIWHU IRXU da\V LQ cXOWXUH, VcaOH: 100 �P. E) TEM PLcURJUaSK 
dHPRQVWUaWLQJ WKH SUHVHQcH RI a baVHPHQW PHPbUaQH RQ WKH baVaO VLdH RI WKH 
HQdRWKHOLXP (ZKLWH aUURZ) VXUURXQdHd b\ VWULaWHd cROOaJHQ ILbULOV (bOacN aUURZ), VcaOH: 
500 QP. F) CRQIRcaO VWacN VKRZLQJ SUHVHQcH RI aVWURc\WHV (VWaLQHd JUHHQ ZLWK aQWL-
GFAP) VXUURXQdLQJ WKH HQdRWKHOLaO PRQROa\HU dLVSOa\LQJ WLJKW MXQcWLRQV (UHd LV aQWL-
ZO-1), VcaOH: 50 �P. G) TEM VKRZLQJ PLcURVWUXcWXUH RI LQWHUacWLRQ bHWZHHQ 
aVWURc\WH aQd WKH HQdRWKHOLaO PRQROa\HU, VcaOH: 2 �P.  
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VHVVHOV aOVR H[KLbLWHd VXbVWaQWLaO aVWURc\WH cRQWacW aQd BBB IXQcWLRQ aV HYLdHQcHd b\ 

VWaLQLQJ IRU GFAP aQd ]RQXOa RccOXdHQV-1 (ZO-1) (FLJ. 6F). TEM aOVR dHPRQVWUaWHd WKH 

PLcURVWUXcWXUH RI WKH aVWURc\WH/HQdRWKHOLaO LQWHUacWLRQ. AVWURc\WH HQdIHHW aSSURacKHd 

ZLWKLQ a100 QP RI WKH baVaO VLdH RI WKH HQdRWKHOLaO PRQROa\HU (FLJ. 6G). TKHVH UHVXOWV 

dHPRQVWUaWH WKH abLOLW\ RI WKH PRdHO WR PLPLc IXQcWLRQaO cRPSRQHQWV RI WKH bORRd- bUaLQ 

baUULHU LQcOXdLQJ a WLJKW MXQcWLRQ-dLVSOa\LQJ HQdRWKHOLXP, URbXVW baVHPHQW PHPbUaQH, 

aQd LQWHUacWLRQ ZLWK VXUURXQdLQJ aVWURc\WHV. DXH WR WKH dLaPHWHU RI WKHVH LQ YLWUR YHVVHOV, 

UaQJLQJ IURP 180 WR 220 �P, aQd OacN RI VPRRWK PXVcOH cHOOV LQ WKHLU ZaOOV, WKH PRdHO 

UHSUHVHQWV a PHUJHU bHWZHHQ a VPaOO aUWHULROH aQd OaUJH caSLOOaU\ LQ WKH cHQWUaO QHUYRXV 

V\VWHP.  

4.1.2 Flow distribution characteri]ation using microparticle image 

velocimetr\.  
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TKH cRQILJXUaWLRQ RI WKH dHYLcH aOORZHd IRU aSSOLcaWLRQ RI VHYHUaO IORZ UHJLPHV WR 

WKH LQ YLWUR BBB. TR IacLOLWaWH VWHad\ IORZ, a cRQVWaQW SUHVVXUH ZaV aSSOLHd VROHO\ WR WKH 

LQOHW (FLJ. 7A,L). TKLV cRQdLWLRQ JHQHUaWHd OaPLQaU IORZ ZLWKLQ WKH YHVVHO; PLcURSaUWLcOH 

LPaJH YHORcLPHWU\ (�PIV) YHULILHd WKH SUHVHQcH RI a SaUabROLc YHORcLW\ SURILOH (FLJ. 7B,L) 

aQd a VKHaU UaWH cRUUHVSRQdLQJ WR 0.5 d\Q/ cP2 RI VKHaU VWUHVV, cRQVLVWHQW ZLWK WKH 

 
 
FLJXUH 7. SKHaU aQd VWUHWcK aSSOLcaWLRQ. A) PUHVVXUH SURILOH aW WKH LQOHW SRUW IRU L) 
VWHad\ VKHaU, LL) c\cOLc VWUHWcK, aQd LLL) SXOVaWLOH IORZ cRQdLWLRQV. B) VHORcLW\ SURILOH 
ZLWKLQ WKH OXPHQ RI WKH YHVVHO PHaVXUHd b\ PLcURSaUWLcOH LPaJH YHORcLPHWU\ (PPIV) 
IRU L) VWHad\ VKHaU, LL) c\cOLc VWUHWcK, aQd LLL) SXOVaWLOH IORZ. C) RadLaO VWUaLQ aW WZR 
a[LaO ORcaWLRQV RI WKH ZaOO IRU L) VWHad\ VKHaU, LL) c\cOLc VWUHWcK, aQd LLL) SXOVaWLOH IORZ.  
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PaJQLWXdH SUHdLcWHd b\ PRLVHXLOOH'V LaZ. AV H[SHcWHd, WKH VWHad\ aSSOLcaWLRQ RI IOXLd 

IORZ dLd QRW UHVXOW LQ aQ\ PHaVXUabOH UadLaO VWUaLQ LQ WKH YHVVHO ZaOO (FLJ. 7C,L). A YLdHR 

RI WKH IORZ JHQHUaWHd b\ cRQVWaQW SUHVVXUH caQ bH IRXQd LQ VLdHR 1.  

IQ RUdHU WR dLVWLQJXLVK WKH HIIHcW RI c\cOLc VWUHWcK IURP VKHaU VWUHVV, WKH LQOHW aQd 

RXWOHW SUHVVXUHV ZHUH baOaQcHd VR WKaW QR SUHVVXUH JUadLHQW ZaV aSSOLHd aORQJ WKH OHQJWK 

RI WKH YHVVHO. FLJ. 7A,LL LQdLcaWHV WKH SUHVVXUH aW WKH LQOHW aQd RXWOHW dXULQJ c\cOLc VWUaLQ 

aSSOLcaWLRQ. DXH WR a QHJOLJLbOH SUHVVXUH JUadLHQW aORQJ WKH OHQJWK RI WKH YHVVHO, �PIV 

PHaVXUHd PLQLPaO IOXLd IORZ (FLJ. 7B,LL). TKH UadLaO VWUaLQ YaULHd bHWZHHQ 0 aQd 7.8 � 

0.4% aW WKH VaPH IUHTXHQc\ RI WKH aSSOLHd SUHVVXUH (FLJ. 7C,LL). TKH OacN RI IOXLd IORZ 

dXULQJ VWUaLQ aSSOLcaWLRQ caQ bH VHHQ LQ VLdHR 2. TKH daWa aOVR LQdLcaWHd QR SKaVH cKaQJH 

LQ WKH VWUaLQ ZaYHIRUP RI WZR a[LaO SRVLWLRQV aORQJ WKH YHVVHO, VXJJHVWLQJ KRPRJHQHRXV 

c\cOLc VWUaLQ ZLWK ]HUR SXOVH ZaYH SURSaJaWLRQ.  

ASSOLcaWLRQ RI SXOVaWLOH SUHVVXUH WR WKH LQOHW IacLOLWaWHd IOXLd IORZ cRPbLQHd ZLWK 

VWUaLQ (FLJ. 7A,LLL). TKLV cRQdLWLRQ JHQHUaWHd WKH TXaVL-VWHad\ OaPLQaU IORZ SURILOH 

dHSLcWHd LQ FLJ. 7B,LLL. MHaVXULQJ WKH VWUaLQ ZaYHIRUPV aW WZR dLIIHUHQW a[LaO ORcaWLRQV 

UHYHaOHd RXW- RI-SKaVH VWUaLQ SURILOHV, LQdLcaWLYH RI a SXOVH ZaYH WUaYHOLQJ a[LaOO\ aORQJ 

WKH YHVVHO (FLJ. 7C,LLL). VLdHR 3 SURYLdHV YLVXaO HYLdHQcH RI WKH SXOVaWLOH IORZ ILHOd. TKH 

aYHUaJH VSHHd RI WKH SXOVH ZaYH ZaV caOcXOaWHd WR bH 0.95 � 0.51 PP/V. AddLWLRQaOO\, WKH 

caOcXOaWHd WRPHUVOH\ QXPbHU ZaV 0.004, cRPSaUabOH WR caSLOOaU\ OHYHOV LQ YLYR (KaVVab, 

LH, & FXQJ, 1999).  
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 4.1.3 Vessel permeabilit\ characteri]ation in response to mechanical 

stimulation.  

 
 
FLJXUH 8. EIIHcW RI PHcKaQLcaO VWLPXOaWLRQ RQ bORRd-bUaLQ baUULHU IRUPaWLRQ. A) IPaJHV 
dHPRQVWUaWLQJ WKH PHaVXUHPHQW RI YHVVHO SHUPHabLOLW\ XVLQJ 4 NDa FITC-dH[WUaQ aQd 
WKH HIIHcW RI WKH LQIOaPPaWRU\ c\WRNLQH, TNF- α. B) TEER PHaVXUHPHQWV IRU cKaQQHOV 
H[SRVHd WR VWaWLc aQd VKHaU WHVWLQJ cRQdLWLRQV IRU IRXU da\V, * S < 0.05C) PHUPHabLOLW\ 
cRHIILcLHQW PHaVXUHd IURP dH[WUaQ H[SHULPHQWV IRU HQdRWKHOLaO cKaQQHOV H[SRVHd WR 
VKHaU ZLWK aQd ZLWKRXW aVWURc\WHV, aQd HQdRWKHOLaO cHOO/aVWURc\WH cXOWXUHV H[SRVHd WR 
c\cOLc VWUHWcK. D) PHUPHabLOLW\ cRHIILcLHQW IRU VWaWLc cKaQQHOV cRQWaLQLQJ HQdRWKHOLaO 
cHOOV aQd aVWURc\WHV, aV ZHOO aV cKaQQHOV H[SRVHd WR IORZ aQd TNF- α. E) ZO-1 VWaLQLQJ 
RI WKH HQdRWKHOLaO ZaOO (L) ZLWK VKHaU aQd (LL) LQ VWaWLc cRQdLWLRQV, VcaOH: 10 PP. F) TEM 
dHPRQVWUaWLQJ WKH WLJKWQHVV RI HQdRWKHOLaO cHOO-cHOO MXQcWLRQV H[SRVHd WR VKHaU IRU 4 
da\V (bOacN aUURZV LQdLcaWH adMacHQW cHOO PHPbUaQHV LQ cRQWacW), VcaOH: 50 QP.  
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HaYLQJ dHPRQVWUaWHd WKH abLOLW\ WR aSSO\ cRQWUROOHd OHYHOV RI VKHaU VWUHVV aQd 

c\cOLc VWUHWcK, H[SHULPHQWV ZHUH cRQdXcWHd WR aVVHVV KRZ WKHVH PHcKaQLcaO VWLPXOL 

aIIHcWHd BBB IRUPaWLRQ aQd LWV VWUXcWXUaO aQd IXQcWLRQaO LQWHJULW\. IQLWLaO baUULHU 

IXQcWLRQaO aVVHVVPHQW XWLOL]Hd SHUIXVLRQ RI 4 NDa FITC-dH[WUaQ XVLQJ a SUHYLRXVO\ 

dHVcULbHd WHcKQLTXH IRU TXaQWLI\LQJ YHVVHO SHUPHabLOLW\ LQ 3D (BaJOH\ HW aO., 2015; SPLWK 

HW aO., 2016). FLJ. 8A dHPRQVWUaWHV WKH abLOLW\ RI WKLV PHWKRd WR caSWXUH WKH baUULHU-

dLVUXSWLQJ HIIHcW RI 20 QJ/PL WLVVXH QHcURVLV IacWRU a (TNF- α), a SRWHQW LQIOaPPaWRU\ 

c\WRNLQH, LQ cKaQQHOV H[SRVHd WR VKHaU VWUHVV IRU IRXU da\V SULRU WR TNF-α WUHaWPHQW. IQ 

RUdHU WR dHWHUPLQH WKH PLQLPaO LQcXbaWLRQ WLPH UHTXLUHd WR WHVW SHUPHabLOLW\, TEER 

YaOXHV ZHUH PHaVXUHd LQ YHVVHOV HLWKHU LQcXbaWHd XQdHU VWaWLc cRQdLWLRQV RU H[SRVHd WR 

0.5 d\Q/cP2 VKHaU VWUHVV. IQ YHVVHOV H[SRVHd WR VKHaU VWUHVV, WKH TEER YaOXHV bHJaQ WR 

VLJQLILcaQWO\ LQcUHaVH cRPSaUHd WR VWaWLc OHYHOV b\ da\ 3 (FLJ. 8B). TKHVH TEER YaOXHV 

H[cHHdHd SUHYLRXV PHaVXUHPHQWV RI LQ YLWUR PRQROa\HUV b\ QHaUO\ RQH RUdHU RI 

PaJQLWXdH, SRVVLbO\ dXH WR WKH addLWLRQaO LPSHdaQcH JHQHUaWHd b\ WKH K\dURJHO. FLJ. 8C 

SURYLdHV WKH UHVXOWV RI WKH dH[WUaQ SHUPHabLOLW\ WHVWLQJ IRU WKH YaULRXV WHVWLQJ cRQdLWLRQV 

aW da\ 4. BRWK VKHaU VWUHVV aQd c\cOLc VWUHWcK VLJQLILcaQWO\ dHcUHaVHd WKH baUULHU 

SHUPHabLOLW\ cRPSaUHd WR VWaWLc cRQWUROV WR YaOXHV cRQVLVWHQW ZLWK RWKHU 3D PRdHOV 

(HHUOaQd HW aO., 2016), aQd RQ WKH RUdHU RI PaJQLWXdH RI PHaVXUHPHQWV PadH LQ aQLPaO 

PRdHOV (YXaQ HW aO., 2006). FXUWKHUPRUH, VKHaU VWUHVV dHcUHaVHd WKH SHUPHabLOLW\ RI WKH 

HQdRWKHOLXP LQ WKH abVHQcH RI aVWURc\WHV LQ WKH K\dURJHO, VXJJHVWLQJ WKaW aVWURc\WLc 

HQdIHHW aUH QRW UHTXLUHd IRU BBB IXQcWLRQ. TUHaWPHQW ZLWK TNF- α LQcUHaVHd baUULHU 

SHUPHabLOLW\ WR OHYHO cRPSaUabOH WR WKH VWaWLc cRQdLWLRQ, ZLWK RU ZLWKRXW WKH SUHVHQcH RI 

aVWURc\WHV (FLJ. 8D).  
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FLJ. 8E H[KLbLWV cRQIRcaO LPaJH VWacNV RI WKH YHVVHO ZaOO H[SRVHd WR VKHaU aQd 

VWaWLc cRQdLWLRQV. IQ YHVVHOV H[SRVHd WR VKHaU VWUHVV, ZO-1 cR-ORcaOL]Hd SULPaULO\ WR WKH 

OaWHUaO cHOO PHPbUaQHV LQdLcaWLQJ aQ LQWacW HQdRWKHOLaO baUULHU. IQ cRQWUaVW, WKH ZO-1 

VWaLQLQJ ZaV PRUH dLIIXVH LQ WKH VWaWLc VaPSOH aQd UHYHaOHd IHQHVWUaWLRQ-OLNH JaSV aORQJ 

WKHVH HQdRWKHOLaO PHPbUaQHV. FLJ. 8F SURYLdHV IXUWKHU cRQILUPaWLRQ RI aQ LQWacW 

PHPbUaQH baUULHU b\ dHPRQVWUaWLQJ WLJKW MXQcWLRQV aORQJ WKH OaWHUaO cHOO PHPbUaQHV 

XVLQJ TEM. TKH JaS bHWZHHQ adMacHQW HQdRWKHOLaO cHOOV ZaV RQ WKH VcaOH RI 10 QP aORQJ 

WKH OHQJWK RI WKHVH MXQcWLRQV, ZKLcK LV VXbVWaQWLaOO\ VPaOOHU WKaQ JaSV PHaVXUHd LQ 

SUHYLRXV PRdHOV XVLQJ QRQ-cHUHbUaO HQdRWKHOLaO cHOOV (GaOLH HW aO., 2014).  

 

  

 
FLJXUH 9. BORRd YHVVHO LQILOWUaWLRQ ZLWKLQ WUaQVSOaQWV RI SUH-YaVcXOaUL]Hd VcaIIROdV. 
RECA-1: KRVW bORRd YHVVHO. GFP: WUaQVSOaQWHd KCMEC/d3 cHOOV. GFAP: JOLaO VcaUULQJ. 
DAPI: cHOO QXcOHL.  
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 4.1.4 Transplantation of pre-patterned vasculature. A SLORW VWXd\ ZaV 

cRQdXcWHd WR dHWHUPLQH WKH HIIHcWLYHQHVV RI JXLdLQJ KRVW a[RQV XVLQJ SUH-SaWWHUQHd 

YaVcXOaU VcaIIROdV LQ a SCI LQMXU\ PRdHO.  180-�P dLaPHWHU YHVVHOV ZHUH IabULcaWHd 

ZLWKLQ cROOaJHQ/HA baVHd VcaIIROdV aQd WUaQVSOaQWHd aW da\ 5 LQ YLWUR XQWLO BBB-LQWHJULW\ 

YaVcXOaWXUH ZaV HVWabOLVKHd. TKUHH ZHHNV aIWHU WUaQVSOaQWaWLRQV WKH UaWV ZHUH VacULILcHd 

aQd IHC VWaLQLQJ ZaV RbWaLQHd ZLWK WKH UHVXOWV VKRZQ LQ FLJXUHV 9 aQd 10. IQVWHad RI 

VHUYLQJ aV aQ a[RQ JXLdaQcH cKaQQHO aQd a YaVcXOaWXUH PRdHO caSabOH RI aQaVWRPRVLQJ 

ZLWK WKH KRVW YHVVHOV, WKH UHVXOWV LQdLcaWHd WKaW bRWK a[RQV (SCG-10 aQd GAP-43 SRVLWLYH) 

aQd bORRd YHVVHOV (RECA-1) LQILOWUaWHd WKH 180-�P dLaPHWHU YHVVHOV. TKHVH UHVXOWV 

VXJJHVWHd WKaW WKH 180-�P dLaPHWHU YHVVHOV Kad a dLaPHWHU WKaW ZaV WRR OaUJH WR bH 

cRPSaWLbOH ZLWK WKH aSSUR[LPaWHO\ 25-�P KRVW YHVVHOV.  

 

 
FLJXUH 10. A[RQ LQILOWUaWLRQ ZLWKLQ WUaQVSOaQWV RI SUH-YaVcXOaUL]Hd VcaIIROdV. 
SCG-10: UHJHQHUaWLQJ VHQVRU\ a[RQV. GAP-43: a[RQaO UHJHQHUaWLRQ SURWHLQ. 
DAPI: cHOO QXcOHL.  
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 4.2 Control of Neurovascular Interaction to Guide A[on Growth. 

 4.2.1 3D in vitro microvessel formation and alignment. 

 

HaYLQJ RbVHUYHd WKaW WKH SUH-SaWWHUQHd YHVVHOV dLd QRW UHPaLQ YLabOH LQ YLYR, 

H[SHULPHQWV ZHUH cRQdXcWHd WR IRUP PLcURYaVcXOaU VWUXcWXUHV ZLWKLQ cROOaJHQ-baVHd 

K\dURJHOV. CRPSRVLWH K\dURJHOV cRQVLVWLQJ RI 5-PJ/PL W\SH 1 cROOaJHQ aQd 3-PJ/PL 

K\aOXURQaQ ZHUH SRO\PHUL]Hd ZLWKLQ a SHUIXVabOH PLcURIOXLdLc dHYLcH (FLJ. 11A-B). TKH 

dHYLcHV ZHUH cRQQHcWHd WR a V\ULQJH SXPS aQd VXbPHUVHd LQ a ZHOO SOaWH ILOOHd ZLWK 

cXOWXUH PHdLXP (FLJ. 11C). AIWHU 2-3 da\V LQ cXOWXUH, WKH cR-cXOWXUH RI SHULc\WHV aQd 

 
FLJXUH 11. 3D LQ YLWUR PLcURYHVVHO IRUPaWLRQ. MLcURIOXLdLc dHYLcH A) SKRWRJUaSK, B) 
VcKHPaWLc, aQd C) VHWXS IRU IORZ. D) MLcURYHVVHO H[SRVHd WR LQWHUVWLWLaO IOXLd IORZ 
(dLUHcWLRQ dHQRWHd b\ ZKLWH aUURZ) ZLWK cURVV VHcWLRQ (ZKLWH daVKHd OLQH) VKRZLQJ 
OXPHQ (LL). EL) MLcURYHVVHO IURP VWaWLc cRQWURO ZLWK cURVV VHcWLRQ VKRZLQJ OXPHQ 
(aUURZ) (LL). F-G) MLcURYHVVHO OHQJWK aQd dLaPHWHU aV a IXQcWLRQ RI WLPH. GFP KBVP 
(JUHHQ), PKaOORLdLQ-TH[aV RHd (UHd), aQd DAPI (bOXH). ScaOH baUV, 50 ȝP. DaWa aUH 
SUHVHQWHd aV PHaQ � V.H.P. LHQJWK YaOXHV (Q = 15) aQd dLaPHWHU YaOXHV (Q = 5) aUH 
IURP VLQJOH K\dURJHO VaPSOHV SHU cRQdLWLRQ.  
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cHUHbUaO-dHULYHd HQdRWKHOLaO cHOOV IRUPHd PXOWL- cHOOXOaU VWUXcWXUHV ZLWKLQ WKH K\dURJHO LQ 

bRWK SHUIXVHd (3 ȝP/V LQWHUVWLWLaO IORZ YHORcLW\) aQd VWaWLc cRQdLWLRQV (FLJ. 11DL-EL). 

BHWZHHQ da\V 3 aQd 5, WKHVH PXOWL-cHOOXOaU VWUXcWXUHV dLVSOa\Hd cRQWLQXRXV OXPHQV YLVLbOH 

dXULQJ cRQIRcaO LPaJLQJ (FLJ. 11DLL-ELL), aQd aUH KHUHaIWHU UHIHUUHd WR aV PLcURYHVVHOV. 

MHaVXUHPHQWV LQdLcaWHd WKaW aSSOLcaWLRQ RI LQWHUVWLWLaO IOXLd IORZ dLd QRW KaYH a 

VLJQLILcaQW HIIHcW RQ HLWKHU WKH OHQJWK (FLJ. 11F) RU dLaPHWHU (FLJ. 11G) RI WKH 

PLcURYHVVHOV. AIWHU ILYH da\V, WKH PLcURYHVVHO OHQJWK H[WHQdHd WR aSSUR[LPaWHO\ 200-250 

ȝP. TKH OXPHQ dLaPHWHU UaQJHd IURP 12-13 ȝP, ZKLcK LV ZLWKLQ WKH UaQJH RI 

SK\VLRORJLcaO YaOXHV IRU PLcURYaVcXOaWXUH (MaVORY, ZKaQJ, HX, & WaQJ, 2008).  

 

 
 
FLJXUH 12. 3D MLcURYHVVHO aOLJQPHQW ZLWK LQWHUVWLWLaO IOXLd IORZ. MLcURYHVVHO 
aOLJQPHQW ZLWK IORZ (dLUHcWLRQ dHQRWHd b\ ZKLWH aUURZ) aW da\ 3 (A), da\ 4 (B), aQd 
da\ 5 (C). MLcURYHVVHO RULHQWaWLRQ LQ VWaWLc cRQdLWLRQV IRU da\ 3 (D), da\ 4 (E), aQd 
da\ 5 (F). MLcURYHVVHO aOLJQPHQW SORWV RYHU WLPH IRU da\ 3 (G), da\ 4 (H), aQd da\ 5 
(I). GFP KBVP (JUHHQ), PKaOORLdLQ-TH[aV RHd (UHd), aQd DAPI (bOXH). ScaOH baUV, 50 
ȝP. DaWa aUH SUHVHQWHd aV PHaQ � V.H.P. **P<0.01, ***P<0.001; VWaWLVWLcaO 
VLJQLILcaQcH ZaV caOcXOaWHd XVLQJ ANOVA aQd SRVW-KRc TXNH\¶V HSD WHVW. AOLJQPHQW 
YaOXHV (Q = 30) aUH IURP VLQJOH K\dURJHO VaPSOHV SHU cRQdLWLRQ.  
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HaYLQJ dHPRQVWUaWHd WKH abLOLW\ WR cUHaWH caSLOOaU\-VcaOH PLcURYHVVHOV ZLWKLQ WKH 

VcaIIROd, H[SHULPHQWV ZHUH cRQdXcWHd WR dHWHUPLQH WKH HIIHcW RI LQWHUVWLWLaO IORZ RQ 

aOLJQPHQW. WH RbVHUYHd WKaW aSSOLcaWLRQ RI LQWHUVWLWLaO IOXLd IORZ Kad a VLJQLILcaQW HIIHcW 

RQ YaVcXOaU aOLJQPHQW. FLJXUH 12AL-LLL VKRZV PLcURYHVVHO RULHQWaWLRQ ZLWKLQ K\dURJHOV 

H[SRVHd WR IORZ bHWZHHQ da\V 3 aQd da\ 5, aQd FLJXUH 12BL-LLL VKRZV YHVVHOV H[SRVHd WR 

VWaWLc cRQdLWLRQV RYHU WKaW WLPHVSaQ. MLcURYHVVHOV H[SRVHd WR IORZ Kad VLJQLILcaQWO\ 

KLJKHU OHYHOV RI aOLJQPHQW LQ WKH IORZ dLUHcWLRQ. QXaQWLILcaWLRQ RI WKH aQJOH bHWZHHQ WKH 

ORQJ a[LV RI WKH PLcURYHVVHO aQd WKH IORZ dLUHcWLRQ (FLJ. 12C-E) LQdLcaWHd WKaW aOLJQPHQW 

RI YHVVHOV H[SRVHd WR IORZ ZaV VLJQLILcaQWO\ KLJKHU aW da\ 5 cRPSaUHd WR da\ 3. A 

VLJQLILcaQW dLIIHUHQcH bHWZHHQ IORZ aQd VWaWLc cRQdLWLRQV ZaV aOVR RbVHUYHd aW da\ 4 aQd 

da\ 5.  

4.2.2 Disruption of flow-mediated alignment b\ disrupting cd44. 
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 IQ RUdHU WR SURYLdH addLWLRQaO cRQWURO RYHU YaVcXOaU aOLJQPHQW, H[SHULPHQWV ZHUH 

cRQdXcWHd WR LdHQWLI\ WKH PHcKaQLVPV XQdHUO\LQJ IORZ-LQdXcHd aOLJQPHQW. PHUIXVLRQ 

ZLWK LQWHUVWLWLaO IOXLd IORZ H[HUWV a VKHaU VWUHVV RQ WKH HQdRWKHOLaO cHOOV, VR ZH 

LQYHVWLJaWHd SRWHQWLaO PHcKaQRVHQVRUV WKaW cRXOd PHdLaWH WKH PRUSKRORJLcaO UHVSRQVH. 

GLYHQ WKaW K\aOXURQaQ LV a SULPaU\ cRPSRQHQW RI WKH VcaIIROd aQd WKaW SUHYLRXV VWXdLHV 

KaYH LdHQWLILHd LWV SULPaU\ UHcHSWRU, cd44, aV a cRQWULbXWRU WR VKHaU VWUHVV 

PHcKaQRWUaQVdXcWLRQ (GaOLH, YaQ ORVWHQ, CKHQ, & JaQPH\, 2015), VLRNA ZaV XVHd WR 

 
FLJXUH 13. DLVUXSWLRQ RI 3D PLcURYHVVHO aOLJQPHQW. AL) Da\ 5 VcaIIROd H[SRVHd WR 
LQWHUVWLWLaO IOXLd IORZ (dLUHcWLRQ dHQRWHd b\ ZKLWH aUURZ) ZLWK KCMEC/D3 cd44KD 
cHOOV aQd PLcURYHVVHO aOLJQPHQW SORW (LL). BL) Da\ 5 K\dURJHO H[SRVHd WR LQWHUVWLWLaO 
IOXLd IORZ ZLWK 0.5 ȝM bOHbbLVWaWLQ aQd PLcURYHVVHO aOLJQPHQW SORW (LL). GFP KBVP 
(JUHHQ), PKaOORLdLQ-TH[aV RHd (UHd), aQd DAPI (bOXH). ScaOH baUV, 100 ȝP. C) WHVWHUQ 
bORW RI cd44 SURWHLQ H[SUHVVLRQ OHYHOV IURP da\ 1 aIWHU WUaQVIHcWLRQ WR da\ 7 
(QRUPaOL]Hd WR da\ 7 YaOXHV). CRRPaVVLH bOXH ZaV XVHd WR cRQWURO IRU JHO ORadLQJ. 
DaWa aUH SUHVHQWHd aV PHaQ � V.H.P. *P<0.05, ***P<0.001; VWaWLVWLcaO VLJQLILcaQcH ZaV 
caOcXOaWHd XVLQJ WHOcK TZR SaPSOH W-WHVW. AOLJQPHQW YaOXHV (Q = 30) aUH IURP VLQJOH 
VaPSOHV SHU cRQdLWLRQ.  
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NQRcNdRZQ cd44 H[SUHVVLRQ OHYHOV LQ WKH HQdRWKHOLaO cHOOV. KQRcNdRZQ RI cd44 

(cd44KD) UHVXOWHd LQ dLVUXSWLRQ RI WKH aOLJQPHQW RI PLcURYHVVHOV H[SRVHd WR LQWHUVWLWLaO 

IOXLd IORZ IRU ILYH da\V (FLJ. 13A,L). FLJXUH 13A,LL SURYLdHV TXaQWLILcaWLRQ RI WKH 

aOLJQPHQW. TR IXUWKHU LPSOLcaWH cd44, ZKLcK LV NQRZQ WR acW WKURXJK RKR/ROCK 

VLJQaOLQJ (KRYacV, TRWK, HHWHQ\L, MaOQaVL-CVL]PadLa, & SHOOHUV, 2004; LLX HW aO., 2010), 

WKH HIIHcW RI ORZ cRQcHQWUaWLRQV RI bOHbbLVWaWLQ (0.5 ȝM) RQ aOLJQPHQW ZaV HYaOXaWHd. 

CRQIRcaO LPaJLQJ VKRZHd dLVUXSWLRQ RI aOLJQPHQW aIWHU aWWHQXaWLQJ P\RVLQ II-PHdLaWHd 

cRQWUacWLOLW\ (FLJ. 13B,L). FLJXUH 13B,LL LQdLcaWHV WKaW bOHbbLVWaWLQ WUHaWPHQW aOVR UHVXOWHd 

LQ VLJQLILcaQW dHcUHaVHV LQ PLcURYHVVHO aOLJQPHQW LQ UHVSRQVH WR LQWHUVWLWLaO IOXLd IORZ. 

NHLWKHU WKH cd44KD RU WKH bOHbbLVWaWLQ cRQdLWLRQV aIIHcWHd WKH PLcURYHVVHO OHQJWK (FLJ. 

14AL) cRPSaUHd WR QRUPaO cRQdLWLRQV SHUIXVHd ZLWK IORZ. HRZHYHU, WKH PLcURYHVVHO 

RXWHU dLaPHWHU IRU WKH bOHbbLVWaWLQ cRQdLWLRQ aQd WKH LQQHU dLaPHWHU IRU bRWK WKH cd44KD 

aQd bOHbbLVWaWLQ cRQdLWLRQV ZHUH VLJQLILcaQWO\ ORZHU (FLJ. 14LL). TKH d\QaPLcV aQd 

YaOLdaWLRQ RI WKH cd44 NQRcNdRZQ ZHUH HYaOXaWHd XVLQJ WHVWHUQ bORWWLQJ (FLJ. 13CL), 

ZKLcK LQdLcaWHd WKaW WKH KLJKHVW NQRcNdRZQ (a40% RI Da\ 7 YaOXH) RccXUUHd aW da\ 3 

(FLJ. 13CLL), ZKLcK LV cRQVLVWHQW ZLWK WKH ILQdLQJ WKaW aOLJQPHQW RccXUV bHWZHHQ da\V 3 

aQd 5.  

 4.2.3 Blood-spinal cord barrier-integrit\ evaluation. 
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FLJXUH 14. MLcURYaVcXOaU PRUSKRORJ\ LQ WKH cd44KD aQd bOHbbLVWaWLQ cRQdLWLRQV 
cRPSaUHd WR cRQWUROV. AL) CRPSaULVRQ RI PLcURYHVVHO OHQJWK aQd ALL) PLcURYHVVHO 
dLaPHWHU RI cd44KD aQd bOHbbLVWaWLQ cRQdLWLRQV WR QRUPaO da\ 5 SHUIXVHd K\dURJHOV. 
DaWa aUH SUHVHQWHd aV PHaQ � V.H.P. *P<0.05; VWaWLVWLcaO VLJQLILcaQcH ZaV caOcXOaWHd 
XVLQJ WHOcK TZR SaPSOH W-WHVW. LHQJWK YaOXHV (Q=15) aQd dLaPHWHU YaOXHV (Q = 5) aUH 
IURP VLQJOH K\dURJHO VaPSOHV SHU cRQdLWLRQ.  
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FLJXUH 15. BORRd-VSLQaO cRUd baUULHU HYaOXaWLRQ. A) Da\ 5 VcaIIROd 
H[KLbLWLQJ ZO-1 (UHd) ORcaOL]aWLRQ WR WKH cHOO- cHOO MXQcWLRQV, SHULc\WHV 
(GFP), aQd QXcOHL (DAPI) IRU IORZ (L) aQd VWaWLc (LL) cRQdLWLRQV. B) 4-NDa 
FITC- dH[WUaQ SHUPHabLOLW\ WHVW IRU VWaWLc cRQdLWLRQ aW L) 1 PLQ, LL) 12 PLQ, 
aQd LLL) 30 PLQ. C) 4-NDa FITC-dH[WUaQ SHUIXVHd ZLWK WKURPbLQ IRU VWaWLc 
cRQdLWLRQ aW L) 1 PLQ, LL) 12 PLQ, aQd LLL) 30 PLQ. D) PHUPHabLOLW\ YaOXHV. 
ScaOH baUV, 20 ȝP (A) aQd 50 ȝP (B-C). DaWa aUH SUHVHQWHd aV PHaQ � 
V.H.P. *P<0.05, **P<0.01; VWaWLVWLcaO VLJQLILcaQcH ZaV caOcXOaWHd XVLQJ 
WHOcK TZR SaPSOH W-WHVW.  
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TKH PLcURYHVVHO baUULHU LQWHJULW\ ZaV HYaOXaWHd XVLQJ bRWK LPPXQRVWaLQLQJ RI 

WLJKW MXQcWLRQ SURWHLQV aQd a dH[WUaQ dLIIXVLRQ aVVa\ dHYHORSHd IRU WKLV VWXd\. FLJXUH 15A 

dHPRQVWUaWHV WKaW WKH WLJKW MXQcWLRQ VcaIIROdLQJ SURWHLQ, ]RQXOa-RccOXdLQ-1 (ZO-1), 

ORcaOL]Hd WR WKH cHOO-cHOO MXQcWLRQV RI HQdRWKHOLaO cHOOV ZLWKLQ WKH PLcURYHVVHOV. TKH ZO-1 

VWaLQLQJ ORcaOL]Hd WR WKH cHOO-cHOO MXQcWLRQV UHJaUdOHVV RI ZKHWKHU WKH PLcURYHVVHOV ZHUH 

cXOWXUHd XQdHU SHUIXVHd RU VWaWLc cRQdLWLRQV. TR SURYLdH a PRUH TXaQWLWaWLYH PHaVXUH RI 

WKH baUULHU LQWHJULW\ RI WKH YHVVHOV, 4-NDa FITC-dH[WUaQ ZaV SHUIXVHd WKURXJK WKH bXON RI 

WKH K\dURJHOV aQd KLJK VcaQ-UaWH cRQIRcaO PLcURVcRS\ ZaV XVHd WR PHaVXUH dH[WUaQ 

H[cOXVLRQ IURP WKH YHVVHO OXPHQV (FLJ. 15B). DXULQJ WKH cRXUVH RI WKH 30-PLQXWH 

SHUIXVLRQ, dH[WUaQ ZaV PRVWO\ H[cOXdHd IURP WKH PLcURYHVVHO OXPHQ (FLJ. 15BL-LLL). TR 

SURYLdH a QHJaWLYH cRQWURO, FITC-dH[WUaQ ZaV SHUIXVHd ZLWK 10 U/PL WKURPbLQ (FLJ. 

15C) WR dLVUXSW baUULHU LQWHJULW\. TKH WKURPbLQ HYHQWXaOO\ UHVXOWHd LQ cRPSOHWH VaWXUaWLRQ 

RI WKH YHVVHO OXPHQ ZLWK FITC-dH[WUaQ dXULQJ WKH VaPH 30- PLQXWH VSaQ (FLJ. 15CL-LLL). 

FLJXUH 15D VKRZV WKH SHUPHabLOLW\ YaOXHV caOcXOaWHd IURP WKHVH PHaVXUHPHQWV, XVLQJ WKH 

dH[WUaQ IOXRUHVcHQcH LQWHQVLW\ aV aQ LQdLcaWLRQ RI cRQcHQWUaWLRQ. TKH PHaVXUHd YaOXHV Kad 

PaJQLWXdHV cRQVLVWHQW ZLWK LQ YLYR PHaVXUHPHQWV (YXaQ HW aO., 2006). AV H[SHcWHd IURP 

WKH UHVXOWV RI WKH LPPXQRIOXRUHVcHQcH VWXdLHV, QR VLJQLILcaQW dLIIHUHQcH ZaV RbVHUYHd 

bHWZHHQ WKH SHUPHabLOLW\ RI PLcURYHVVHOV H[SRVHd WR SHUIXVHd aQd VWaWLc cRQdLWLRQV.  
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FLJXUH 16. PaWWHUQHd PLcURYHVVHOV JXLdH a[RQV IURP NPCV LQ YLWUR AL) Da\ 4 a[RQ 
aOLJQPHQW ZLWK PLcURYHVVHOV (dLUHcWLRQ dHQRWHd b\ ZKLWH aUURZ), LL) ZO-1 WLJKW 
MXQcWLRQ VWaLQ (UHd), aQd LLL) a[RQV OabHOHd ZLWK TXM (c\aQ) IRU IORZ cRQdLWLRQ. B) 
HLJKHU PaJQLILcaWLRQ LPaJHV IURP A. CL) Da\ 4 cd44KD ZLWK IORZ cRQdLWLRQ, LL) ZO-
1 WLJKW MXQcWLRQ VWaLQ (UHd), aQd LLL) TXM-SRVLWLYH a[RQV (c\aQ), GFP KBVP (JUHHQ), 
DAPI (bOXH). D) HLJKHU PaJQLILcaWLRQ LPaJHV IURP C. E-F) A[RQ aQd YHVVHO 
aOLJQPHQW TXaQWLILcaWLRQ IRU IORZ aQd cd44KD cRQdLWLRQV. G-H) A[RQ OHQJWK aQd 
bUaQcK QXPbHU IRU bRWK IORZ aQd cd44KD cRQdLWLRQV. ScaOH baUV, 50 ȝP. DaWa aUH 
SUHVHQWHd aV PHaQ � V.H.P. *P<0.05 cRPSaUHd WR XQWUHaWHd IORZ cRQdLWLRQ. AOLJQPHQW 
YaOXHV (Q = 30), a[RQ OHQJWK YaOXHV (Q = 15), aQd bUaQcK QXPbHU/ a[RQ YaOXHV (Q = 5) 
aUH IURP VLQJOH K\dURJHO VaPSOHV SHU cRQdLWLRQ.  
 



www.manaraa.com

62 

 4.2.4 Patterned microvessels guide a[ons from neural progenitor cells 

(NPCs). TR HYaOXaWH WKH abLOLW\ RI SaWWHUQHd PLcURYHVVHOV WR aOLJQ a[RQ JURZWK aORQJ a 

SUHVcULbHd dLUHcWLRQ, aQ LQLWLaO LQ YLWUR H[SHULPHQW ZaV cRQdXcWHd b\ VHHdLQJ NPCV 

ZLWKLQ WKH VcaIIROd cRQWaLQLQJ SHULc\WHV aQd cHUHbUaO-dHULYHd HQdRWKHOLaO cHOOV. IQWHUVWLWLaO 

IOXLd IORZ cRQWaLQLQJ QHXURWURSKLQ-3 (NT-3) ZaV aSSOLHd WR aOLJQ WKH PLcURYHVVHOV LQ WKH 

LQWHQdHd dLUHcWLRQ RI a[RQ JURZWK aQd VWLPXOaWH NPC dLIIHUHQWLaWLRQ WR a QHXURQaO 

SKHQRW\SH. AIWHU IRXU da\V RI SHUIXVLRQ, TXM-SRVLWLYH a[RQV IURP WKH NPCV H[WHQdHd 

aORQJ WKH IORZ dLUHcWLRQ, SaUaOOHO WR WKH ORQJ a[LV RI aOLJQHd PLcURYHVVHOV. FLJXUH 16A 

SURYLdHV a ORZ-PaJQLILcaWLRQ LPaJH RI WKH aOLJQHd YHVVHOV OabHOHd ZLWK ZO-1 adMacHQW WR 

TXM- SRVLWLYH a[RQV H[WHQdLQJ IURP dLIIHUHQWLaWHd NPCV. FLJXUH 16B IRcXVHV RQ RQH 

VHJPHQW LQdLcaWLQJ WKaW WKH a[RQV aOLJQHd ZLWK WKH PLcURYHVVHOV LQ WKH dLUHcWLRQ RI 

SHUIXVLRQ. IQ FLJXUH 16C, K\dURJHOV VHHdHd ZLWK cd44 NQRcNdRZQ HQdRWKHOLaO cHOOV ZHUH 

aOVR H[SRVHd WR LQWHUVWLWLaO IOXLd IORZ. DXH WR WKH dLVUXSWLRQ RI cd44-PHdLaWHd VLJQaOLQJ, 

WKH IORZ-LQdXcHd aOLJQPHQW ZaV QHJaWHd aQd WKH TXM-SRVLWLYH a[RQV QR ORQJHU RULHQWHd LQ 

WKH dLUHcWLRQ RI SHUIXVLRQ. FLJXUH 16D SURYLdHV a KLJKHU PaJQLILcaWLRQ LPaJH RI WKLV 

cRQdLWLRQ, LQdLcaWLQJ WKaW WKH a[RQV VWLOO H[KLbLWHd cORVH SUR[LPLW\ WR WKH PLcURYHVVHOV, 

IXUWKHU VXJJHVWLQJ WKaW PLcURYHVVHOV dLcWaWH a[RQ RULHQWaWLRQ UHJaUdOHVV RI aOLJQPHQW. 

QXaQWLILcaWLRQ RI bRWK YHVVHO aQd a[RQ RULHQWaWLRQ (FLJ. 16E- F) LQdLcaWHd VLJQLILcaQWO\ 

KLJKHU aOLJQPHQW LQ WKH dLUHcWLRQ RI IORZ LQ cHOOV ZLWKRXW cd44 NQRcNdRZQ. AddLWLRQaOO\, 

WKH OHQJWK RI TXM-SRVLWLYH a[RQV aQd WKH QXPbHU RI bUaQcKHV SHU a[RQ ZHUH QRW 

VLJQLILcaQWO\ aIIHcWHd b\ cd44 NQRcNdRZQ (FLJ. 16G-H).  
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 4.2.5 Patterned microvessels guide host a[ons in an acute spinal cord injur\  

(SCI) model.  

 
 
FLJXUH 17. TUaQVSOaQWaWLRQ RI a VcaIIROd cRQWaLQLQJ 5 PJ/PL cROOaJHQ dHQVLW\. A) 
LRZ PaJQLWXdH LPaJH VKRZLQJ a OacN RI a[RQ LQILOWUaWLRQ LQ WKH ORcaWLRQ RI WKH 
WUaQVSOaQW IROORZLQJ KHPLVHcWLRQ LQMXU\. ScaOH = 500 ȝP. B) A PaJQLILHd LPaJH RI 
WKH ORcaWLRQ dHQRWHd ZLWK dRWWHd OLQHV LQ SaQHO A. WKLWH aUURZV VKRZ aWWHQXaWHd 
QHXULWH LQILOWUaWLRQ OabHOOHd b\ bRWK TXM aQd RT97 VWaLQLQJ. ScaOH = 100 ȝP. 
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HaYLQJ dHPRQVWUaWHd WKaW aOLJQHd PLcURYHVVHOV JXLdH WKH dLUHcWLRQ RI a[RQV LQ 

YLWUR, aQ LQ YLYR VWXd\ ZaV cRQdXcWHd WR HYaOXaWH WKH HIILcac\ RI YaVcXOaU-JXLdHd a[RQ 

JURZWK LQ a UaW PRdHO RI SCI. CHUHbUaO-dHULYHd HQdRWKHOLaO cHOOV aQd SHULc\WHV ZHUH 

OabHOHd ZLWK GFP WR IacLOLWaWH WUacNLQJ aIWHU WUaQVSOaQWaWLRQ. AQ LQLWLaO aWWHPSW ZLWK a 

VcaIIROd cRQWaLQLQJ 5 PJ/PL cROOaJHQ \LHOdHd OLWWOH WR QR a[RQ LQILOWUaWLRQ (FLJXUH 17). 

TKHUHIRUH, WKH VcaIIROd cRPSRVLWLRQ XVHd IRU WKLV VWXd\ cRQVLVWHd RI 2 PJ/PL cROOaJHQ, 3 

PJ/PL K\aOXURQaQ, aQd 1 PJ/PL MaWULJHO. TKHVH VcaIIROdV ZHUH H[SRVHd WR HLWKHU IORZ 

RU VWaWLc cRQdLWLRQV aQd dHOLYHUHd LQWR aQ acXWH cHUYLcaO KHPLVHcWLRQ LQMXU\, ZLWK WKH IORZ 

dLUHcWLRQ aOLJQHd ZLWK WKH URVWUaO-caXdaO a[LV RI WKH cRUd (FLJ. 18AL-LLL). TKUHH ZHHNV 

aIWHU WUaQVSOaQWaWLRQ, LPPXQRKLVWRcKHPLVWU\ ZaV XVHd WR HYaOXaWH WKH YLabLOLW\ aQd 

aOLJQPHQW RI WKH WUaQVSOaQWHd PLcURYHVVHOV aV ZHOO aV WKH SUHVHQcH aQd dLUHcWLRQ RI KRVW 

a[RQV LQILOWUaWLQJ WKH VcaIIROd. VLdHR 4 VKRZV a cRQIRcaO VWacN RI VHYHUaO KLVWRORJLcaO 

VHcWLRQV, LQdLcaWLQJ WKH LQcRUSRUaWLRQ RI WKH WUaQVSOaQWHd VcaIIROd. TKH PLcURYHVVHOV 

aOLJQHd ZLWK IORZ UHPaLQHd aOLJQHd LQ WKH URVWUaO-caXdaO a[LV aIWHU 3 ZHHNV (FLJ. 18BL-LL). 

AddLWLRQaOO\, FLJXUH 18B,LLL VKRZV WKaW TXM-SRVLWLYH KRVW a[RQV LQILOWUaWHd WKH VcaIIROd 

aORQJ PLcURYHVVHOV LQ WKH URVWUaO-caXdaO dLUHcWLRQ. IQ RUdHU WR dHWHUPLQH LI WKH KRVW a[RQ 

LQILOWUaWLRQ ZLWKLQ WKH VcaIIROd ZaV UHJHQHUaWLQJ RU VSaUHd a[RQV, WKH VSLQaO cRUd VHcWLRQV 

ZHUH VWaLQHd ZLWK CGRP. PRVLWLYH CGRP a[RQV ZHUH LdHQWLILHd ZLWKLQ WKH WUaQVSOaQWV 

WKUHH ZHHNV aIWHU adPLQLVWUaWLRQ RI WKH VcaIIROdV (FLJXUH 19), ZKLcK VXJJHVWV WKaW WKH 

a[RQV ZLWKLQ WKH VcaIIROd ZHUH UHJHQHUaWLQJ aQd QRW VSaUHd a[RQV.  
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FLJXUH 18. A[RQ JXLdaQcH aW WKH VLWH RI a cHUYLcaO VSLQaO cRUd LQMXU\ LQ a UaW PRdHO. 
AL) ScKHPaWLc LOOXVWUaWLQJ WUaQVSOaQWaWLRQ RI VcaIIROd LQWR a C-4 KHPLVHcWLRQ. TKH 
LQMXU\ caYLW\ LV VKRZQ SULRU WR (LL) aQd LPPHdLaWHO\ IROORZLQJ (LLL) WUaQVSOaQWaWLRQ. BL) 
ScaIIROd cRQdLWLRQHd ZLWK IORZ H[KLbLWV YLabOH GFP-OabHOHd PLcURYHVVHOV (JUHHQ) (LL) 
aQd aOLJQPHQW RI KRVW a[RQV (PaJHQWa) LQILOWUaWLQJ WKH VcaIIROd LQ WKH URVWUaO-caXdaO 
dLUHcWLRQ (JUH\ aUURZ). C) ScaIIROd cRQdLWLRQHd LQ VWaWLc cRQdLWLRQV VKRZLQJ dLVUXSWHd 
aOLJQPHQW RI bRWK PLcURYHVVHOV (LL) aQd KRVW a[RQV (LLL). D-F) MLcURYHVVHO aQd a[RQ 
SORWV VKRZLQJ aOLJQPHQW (D,E) aQd OHQJWK (F). ScaOH baUV, 1 PP (ALL,ALLL) aQd 50 ȝP 
(B-C). DaWa aUH SUHVHQWHd aV PHaQ � V.H.P. ***P<0.001; VWaWLVWLcaO VLJQLILcaQcH ZaV 
caOcXOaWHd XVLQJ WHOcK TZR SaPSOH W-WHVW. WKLWH aUURZV dHQRWH SUR[LPLW\ RI a[RQV 
ZLWK PLcURYHVVHOV. MLcURYHVVHO aOLJQPHQW YaOXHV (Q = 30), a[RQ aOLJQPHQW YaOXHV (Q 
= 30), PLcURYHVVHO OHQJWK YaOXHV (Q=15), aQd a[RQ OHQJWK YaOXHV (Q = 15) aUH IURP 
VLQJOH K\dURJHO VaPSOHV SHU cRQdLWLRQ.  
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IQ cRQWUaVW, PLcURYHVVHOV LQ WKH VcaIIROd H[SRVHd WR VWaWLc cRQdLWLRQV H[KLbLWHd 

UaQdRP aOLJQPHQW (FLJ. 18CL-LL) aIWHU WUaQVSOaQWaWLRQ. TKRXJK WKH VcaIIROd LQVWLJaWHd 

a[RQ LQJURZWK, WKHUH ZaV QR VLJQLILcaQW aOLJQPHQW RI WKH LQILOWUaWLQJ a[RQV ZLWK WKH 

URVWUaO-caXdaO dLUHcWLRQ (FLJ. 18C,LLL). IQ bRWK caVHV, WKH a[RQV cORVHO\ LQWHUacWHd ZLWK WKH 

PLcURYHVVHOV ZLWK a KLJK dHJUHH RI VSaWLaO SUR[LPLW\, VLPLOaU WR WKH LQ YLWUR NPC 

H[SHULPHQWV. QXaQWLILcaWLRQ LQdLcaWHd a VLJQLILcaQW LQcUHaVH LQ aOLJQPHQW ZLWK WKH URVWUaO-

caXdaO dLUHcWLRQ LQ WKH SHUIXVHd VcaIIROdV cRPSaUHd WR VWaWLc cRQWUROV (FLJ. 18D-E), 

WKRXJK WKHUH ZaV QR dLIIHUHQcH LQ OHQJWK RI WKH PLcURYHVVHOV aQd a[RQV bHWZHHQ WKH IORZ 

aQd VWaWLc cRQdLWLRQV (FLJ. 18F). TKHVH UHVXOWV XQdHUVcRUH WKH cORVH LQWHUacWLRQ bHWZHHQ 

YaVcXOaWXUH aQd QHXUaO cHOOV, aQd dHPRQVWUaWH WKaW SaWWHUQLQJ PLcURYHVVHOV ZLWK LQWHUVWLWLaO 

IORZ caQ bH XVHd WR dLcWaWH WKH RULHQWaWLRQ RI a[RQ JURZWK LQ YLYR.  

 
 
FLJXUH 19. A) RHJHQHUaWLQJ a[RQ (CGRP-SRVLWLYH) LQILOWUaWLRQ LQWR WKH WUaQVSOaQW WKUHH 
ZHHNV aIWHU WUaQVSOaQWaWLRQ. B) LRZ PaJQLWXdH LPaJH VKRZLQJ WKH RULHQWaWLRQ RI WKH 
WUaQVSOaQW UHOaWLYH WR KRVW WLVVXH. ScaOH baUV, 50 ȝP (A) aQd 200 ȝP (B).  
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4.3 Self-Assembled Peptide H\drogels Containing CNS Vasculature 

TKH SULPaU\ OLPLWaWLRQ RI WKH cROOaJHQ-baVHd VcaIIROd LV LWV OacN RI LQcRUSRUaWLRQ 

LQWR WKH KRVW WLVVXH aQd LWV OHYHO RI SHUPLVVLYLW\ WR KRVW a[RQV. IQ RUdHU WR addUHVV WKHVH 

caYHaWV, WKH VcaIIROd PaWHULaO ZaV cKaQJHd WR a QaQRILbHU VHOI-aVVHPbOLQJ SHSWLdH. TKH 

RADA-16I VHOI-aVVHPbOLQJ SHSWLdH ZaV cKRVHQ dXH WR SUHYLRXV VWXdLHV dHPRQVWUaWLQJ LWV 

SHUPLVVLYLW\ WR LQILOWUaWLQJ a[RQV LQ CNS LQMXU\ PRdHOV (EOOLV-BHKQNH HW aO., 2006). TKH 

IROORZLQJ VHcWLRQ dHVcULbHV bRWK LQ YLWUR aQd LQ YLYR VWXdLHV LQYROYLQJ WKH RADA-16I 

VHOI-aVVHPbOLQJ SHSWLdH.  

 4.3.1 H\drogel microstructural anal\sis and storage modulus values. 
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TKUHH K\dURJHO IRUPXOaWLRQV XVHd LQ H[SHULPHQWV KaYH bHHQ aQaO\]Hd 

PLcURVWUXcWXUaOO\ aQd WKHLU VWLIIQHVV YaOXHV ZHUH dHWHUPLQHd XVLQJ a UKHRPHWHU. TKH 

K\dURJHO PLcURVWUXcWXUH XVHd IRU LQ YLWUR H[SHULPHQWV caQ bH VHHQ LQ FLJXUH 20AL, ZLWK a 

KLJKHU PaJQLILcaWLRQ LPaJH VKRZLQJ VWUXcWXUH dHWaLO LQ FLJXUH 20ALL. TKLV K\dURJHO 

H[KLbLWHd WKH VWLIIHVW VWRUaJH PRdXOXV YaOXHV RI aSSUR[LPaWHO\ 800 PaVcaO¶V cRPSaUHd 

ZLWK WKH RWKHU WZR cRQdLWLRQV. TKHVH K\dURJHO SURSHUWLHV ZHUH HVWabOLVKHd WR SUHYHQW 

 
FLJXUH 20. H\dURJHO PLcURVWUXcWXUaO aQd UKHRORJLcaO aQaO\VLV. AL) LRZ PaJQLILcaWLRQ 
RI 5-PJ/PL cROOaJHQ / 3-PJ/PL HA K\dURJHO PLcURVWUXcWXUH. ALL) HLJK PaJQLILcaWLRQ 
LPaJH VKRZLQJ K\dURJHO SRURVLW\. BL) LRZ PaJQLILcaWLRQ RI 2.5-PJ/PL cROOaJHQ / 3-
PJ/PL HA K\dURJHO PLcURVWUXcWXUH. BLL) HLJK PaJQLILcaWLRQ LPaJH VKRZLQJ K\dURJHO 
SRURVLW\. CL) LRZ PaJQLILcaWLRQ RI 1-PJ/PL SHSWLdH K\dURJHO PLcURVWUXcWXUH. CLL) 
HLJK PaJQLILcaWLRQ LPaJH VKRZLQJ K\dURJHO SRURVLW\. D) SWRUaJH PRdXOL IRU HacK 
K\dURJHO IRUPXOaWLRQ. ScaOH baUV, 10 �P IRU AL, BL, CL, aQd 2 �P IRU ALL, BLL, CLL. 
EUURU baUV dHQRWH VWaQdaUd HUURU RI PHaQ. RKHRORJ\ daWa VaPSOH VL]H LV Q=3 IRU 5-
PJ/PL cROOaJHQ / 3-PJ/PL HA K\dURJHO, Q=3 IRU 2.5-PJ/PL cROOaJHQ / 3-PJ/PL HA 
K\dURJHO, aQd Q =1 IRU WKH 1 PJ/PL SHSWLdH.  
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K\dURJHO cROOaSVH dXULQJ LQ YLWUR H[SHULPHQWV. TKH VHcRQd K\dURJHO IRUPXOaWLRQ WKaW ZaV 

XVHd IRU WKH KHPLVHcWLRQ SCI aQLPaO PRdHO WUaQVSOaQWaWLRQV LV VKRZQ LQ FLJXUH 20BL, BLL. 

TKLV K\dURJHO IRUPXOaWLRQ Kad a ILQaO 2.5 PJ/PL cROOaJHQ cRQcHQWUaWLRQ cRPSaUHd ZLWK 

WKH ILQaO 5 PJ/PL cROOaJHQ IRUPXOaWLRQ XVHd IRU LQ YLWUR H[SHULPHQWV. TKH ORZHU cROOaJHQ 

cRQcHQWUaWLRQ UHVXOWHd LQ a OHVV VWLII K\dURJHO ZLWK VWRUaJH PRdXOXV YaOXHV RI 135 

PaVcaO¶V. TKH VRIWHU K\dURJHO ZaV VHOHcWHd WR SURYLdH a PRUH SHUPLVVLYH HQYLURQPHQW IRU 

KRVW a[RQ LQILOWUaWLRQ LQ YLYR. TKH OaVW K\dURJHO ZaV PadH RI a RADA-16I SHSWLdH ZLWK a 

ILQaO cRQcHQWUaWLRQ RI 1 PJ/PL SHSWLdH (FLJXUH 20CL,CLL). TKLV K\dURJHO ZaV XVHd IRU WKH 

cRPSUHVVLRQ SCI VWXdLHV aQd WKLV K\dURJHO Kad WKH ORZHVW VWRUaJH PRdXOXV YaOXHV RI 32 

PaVcaO¶V cRPSaUHd WR WKH RWKHU WZR cRQdLWLRQV WKaW Kad cROOaJHQ/HA-baVHd IRUPXOaWLRQV. 

 

4.3.2 In vitro RADA-16I peptide e[periments. 

  

 
FLJXUH 21. LacN RI PLcURYHVVHO IRUPaWLRQ LQ 5 PJ/PL SHSWLdH. A) Da\ 4 SHUIXVHd 
SHSWLdH ZLWK a 5:1 UaWLR RI KCMEC/d3 aQd GFP-KBVP cRcXOWXUH. BL,LL) HLJK 
PaJQLILcaWLRQ RI a PXOWLcHOOXOaU VWUXcWXUH ZLWK a cURVV VHcWLRQ WKaW VKRZV OacN RI 
OXPHQ (ZKLWH aUURZ). GUHHQ: KBVP. RHd: TH[aV-RHd PKaOORLdLQ. BOXH: DAPI. ScaOH 
baUV, A) 100 XP, B) 50 XP.  
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 4.3.2.1 EQGRWKHOLaO-RQO\ VHOI-aVVHPbOHG YHVVHOV. SHHdLQJ a 5:1 cRcXOWXUH RI 

KCMEC/D3 aQd KBVP ZLWKLQ a 5 PJ/PL SHSWLdH IaLOHd WR \LHOd PLcURYHVVHO IRUPaWLRQ. 

CHOO-VHHdHd 5 PJ/PL SHSWLdH JHOV ZHUH LQMHcWHd LQWR WKH K\dURJHO UHVHUYRLU RI WKH VaPH 

PLcURIOXLdLc dHYLcH dHVLJQ aV IRU WKH PLcURYHVVHO IRUPaWLRQ ZLWKLQ WKH cROOaJHQ/HA 

VcaIIROdV (FLJXUH 21). TKLV ILQaO SHSWLdH cRQcHQWUaWLRQ ZaV VHOHcWHd WR SURYLdH VcaIIROd 

VWUXcWXUaO LQWHJULW\ IRU WUaQVSOaQWaWLRQV LQWR a VSLQaO cRUd LQMXU\ aQLPaO PRdHO aIWHU a IHZ 

da\V cXOWXUH LQ YLWUR.  AIWHU SHSWLdH LQMHcWLRQ, WKH PLcURIOXLdLc dHYLcHV ZHUH LQcXbaWHd 

ZLWK 8 PL RI EGM VXSSOHPHQWHd ZLWK JURZWK IacWRUV aW 37�C IRU IRXU da\V SULRU WR 

IL[aWLRQ. IPPXQRIOXRUHVcHQcH ZLWK TH[aV-RHd PKaOORLdLQ aQd DAPI VKRZHd QXPHURXV 

PXOWLcHOOXOaU VWUXcWXUHV ZLWKLQ WKH SHSWLdH VcaIIROd dHQRWHd b\ WKH cHOO acWLQ aQd cHOO 

QXcOHL VWaLQLQJ (FLJXUH 21A). A KLJK PaJQLILcaWLRQ RI a cURVV VHcWLRQ RI WKLV PXOWLcHOOXOaU 

VWUXcWXUH VKRZHd a OacN RI OXPHQ (FLJXUH 21BLL). TKH OacN RI OXPHQ IRUPaWLRQ cRXOd bH 

aWWULbXWabOH WR VHHdLQJ WKH cHOOV LQ a 5 PJ/PL SHSWLdH cRQcHQWUaWLRQ.  
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RHdXcLQJ WKH SHSWLdH cRQcHQWUaWLRQ WR 1-PJ/PL aQd VXSSOHPHQWLQJ ZLWK WKH 

JURZWK PHdLXP 50 �J/PL aQd 50 �J/PL PMA ZaV VWLOO LQVXIILcLHQW WR IRUP 

PLcURYHVVHOV. TKH addLWLRQ RI WKHVH IacWRUV PLUURUHd a SUHYLRXV VWXd\ (SLHPLQVNL HW aO., 

2007) WKaW dHPRQVWUaWHd WKH IRUPaWLRQ RI PLcURYHVVHOV ZLWKLQ 1 PJ/PL SHSWLdH VcaIIROdV 

XVLQJ KXPaQ XPbLOLcaO YaVcXOaU HQdRWKHOLaO cHOOV (KUVEC). DXH WR WKH ORZHU PHcKaQLcaO 

LQWHJULW\ RI WKH 1-PJ/PL SHSWLdH VcaIIROd, a PLcURIOXLdLc dHYLcH ZaV dHVLJQHd ZLWK a WKLQ 

PDMS PHPbUaQH WR VHSaUaWH WKH K\dURJHO IURP WKH cXOWXUH PHdLXP dXULQJ JHOaWLRQ 

(FLJXUH 22A-B ).  

 

 
 
FLJXUH 22. MLcURIOXLdLc dHYLcH IRU 1 PJ/PL SHSWLdH VcaIIROd. A) ScKHPaWLc 
VKRZLQJ WKH cHQWUaO cKaPbHU, cHOO VHHdLQJ ORcaWLRQ, SHSWLdH K\dURJHO, aQd RSHQ 
SRUWV. B) PKRWRJUaSK RI WKH dHYLcH ZLWK IRRd d\H VKRZLQJ cHQWUaO cKaPbHU.  
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AIWHU ILYH da\V RI cXOWXUH LQ 8 PL PEGM, WKH VWUXcWXUH IRUPaWLRQ UHVHPbOHd WKH 

cHOOV LQ WKH 5 PJ/PL VcaIIROd (FLJXUH 23AL, ALL). TKH addLWLRQ RI 50 QJ/PL VEGF aQd 50 

QJ/PL PMA WR WKH cXOWXUHd EGM UHVXOWHd LQ a PXOWLcHOOXOaU VWUXcWXUHV ZLWK QXPHURXV 

cHOO QXcOHL VWUXQJ WRJHWKHU aIWHU 5 da\V (FLJXUH 23BL). HRZHYHU, dHVSLWH WKH VWURQJ 

PXOWLcHOOXOaU aSSHaUaQcH, a cURVV VHcWLRQ RI WKLV VWUXcWXUH UHYHaOHd a OacN RI OXPHQ, 

VLPLOaU WR WKRVH IRUPHd LQ WKH 5 PJ/PL SHSWLdH-VcaIIROdV (FLJXUH 23BLL). TKLV VXJJHVWHd 

WKaW WKH addLWLRQ RI 50 QJ/PL VEGF aQd 50 QJ/PL PMA Kad a VWURQJ HIIHcW RQ WKH 

IRUPaWLRQ RI PXOWLcHOOXOaU VWUXcWXUHV ZLWKLQ WKH 1 PJ/PL SHSWLdH. 

 

 

 

 
FLJXUH 23. LacN RI PLcURYHVVHO IRUPaWLRQ LQ 1 PJ/PL SHSWLdH aW da\ 5 ZLWKRXW RU ZLWK 50 
QJ/PL VEGF. AL) 1 PJ/PL SHSWLdH ZLWKRXW VEGF RU PMA VXSSOHPHQWaWLRQ. ALL) CURVV 
VHcWLRQ RI PXOWLcHOOXOaU VWUXcWXUH VKRZV OacN RI OXPHQ (ZKLWH aUURZ). BL) 1 PJ/PL SHSWLdH 
ZLWK 50 QJ/PL VEGF aQd 50 QJ/PL PMA VXSSOHPHQWaWLRQ. BLL) CURVV VHcWLRQ RI 
PXOWLcHOXOaU VWUXcWXUH VKRZV SaUWLaO OXPHQ (ZKLWH aUURZ). GUHHQ: KBVP. RHd: PKaOORLdLQ. 
BOXH: DAPI. ScaOH baUV aUH 100 �P.   
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SLQcH VEGF LV UHVSRQVLbOH IRU WKH IRUPaWLRQ RI WXbH-OLNH VWUXcWXUHV aQd PMA 

VLPSO\ LQcUHaVHV WKH TXaQWLW\ RI WXbH-OLNH VWUXcWXUHV, VEGF cRQcHQWUaWLRQ ZaV WR acKLHYH 

PaWXUH PLcURYHVVHO IRUPaWLRQ. KCMEC/d3 aQd KBVP ZHUH cRcXOWXUHd aW a UaWLR RI 5:1 

aQd VHHdHd aW a ILQaO dHQVLW\ RI 5 PLOOLRQ cHOOV SHU PL. TKH cXOWXUHd 8 PL RI PEGM SHU 

SHSWLdH JHO ZaV VXSSOHPHQWHd ZLWK 100 QJ/PL VEGF aQd 50 QJ/PL PMA. AW da\ WKUHH, 

WKH SHSWLdH JHO ZaV IL[Hd aQd VWaLQHd aIWHU LdHQWLILcaWLRQ RI a PXOWLcHOOXOaU-OLNH VWUXcWXUH 

XQdHU WKH bULJKWILHOd PLcURVcRSH. IPPXQRIOXRUHVcHQcH ZLWK TH[aV-RHd PKaOORLdLQ aQd 

 
FLJXUH 24. LacN RI PLcURYHVVHO IRUPaWLRQ ZLWK 100 QJ/PL VEGF IRU 
HQdRWKHOLaO/SHULc\WH cRcXOWXUH aW da\ 3. AL) MXOWLcHOOXOaU VWUXcWXUH ZLWKLQ 1 
PJ/PL SHSWLdH. ALL) CURVV VHcWLRQ RI WKH PXOWLcHOOXOaU VWUXcWXUH VKRZV 
cRPSOHWH OacN RI OXPHQ IRUPaWLRQ (ZKLWH aUURZ).  GUHHQ: KBVP. RHd: 
PKaOORLdLQ. BOXH: DAPI. ScaOH baU LV 100 �P.   
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DAPI VKRZHd PXOWLcHOOXOaU VWUXcWXUH ZLWK cHOO QXcOHL VWUXQJ WRJHWKHU VXUURXQdHd b\ GFP-

OabHOHd KBVP (FLJXUH 24AL). HRZHYHU, a cURVV VHcWLRQ RI WKLV PXOWLcHOOXOaU VWUXcWXUH 

IaLOHd WR VKRZ aQ\ SRWHQWLaO IRUPaWLRQ RI a PLcURYHVVHO ZLWK a OXPHQ cHQWHU (FLJXUH 

24ALL). DXH WR WKH OacN RI PLcURYHVVHO IRUPaWLRQ ZLWKLQ WKLV 1 PJ/PL SHSWLdH 

VXSSOHPHQWHd ZLWK 100 QJ/PL VEGF, a dLIIHUHQW PRdHO RI VHHdLQJ HQdRWKHOLaO cHOOV RQO\ 

ZaV SXUVXHd.  

 

  IQ RUdHU WR LVROaWH WKH HIIHcW RI VEGF aQd PMA RQ WKH HQdRWKHOLaO cHOOV, SHULc\WHV 

ZHUH QRW VHHdHd ZLWKLQ WKH 1 PJ/PL VcaIIROdV. KCMEC/d3 ZHUH VHHdHd aW a dHQVLW\ RI 5 

M/PL VXSSOHPHQWHd ZLWK 100 QJ/PL VEGF aQd 50 QJ/PL PMA. AIWHU WKUHH da\V LQ 

cXOWXUH, a PXOWLcHOOXOaU QHWZRUN cRXOd bH RbVHUYHd ZLWKLQ WKH 1 PJ/PL SHSWLdH VcaIIROd 

(FLJXUH 25AL). HRZHYHU, a cURVV VHcWLRQ RI WKLV PXOWLcHOOXOaU QHWZRUN aW WKLV WLPH SRLQW 

 
FLJXUH 25. MLcURYHVVHO IRUPaWLRQ ZLWKLQ 1 PJ/PL SHSWLdH ZLWK 100 QJ/PL VEGF aQd 
50 QJ/PL PMA VXSSOHPHQWaWLRQ. AL) Da\ 3 PXOWLcHOOXOaU QHWZRUN ZLWKLQ a 1 PJ/PL 
SHSWLdH. ALL) CURVV VHcWLRQ RI WKH PXOWLcHOOXOaU VWUXcWXUH VKRZV aOPRVW cRPSOHWH OXPHQ 
IRUPaWLRQ (ZKLWH aUURZ). BL,LL) Da\ 4 PXOWLcHOOXOaU VWUXcWXUH ZLWKLQ 1 PJ/PL SHSWLdH 
VKRZV cRPSOHWH OXPHQ IRUPaWLRQ (ZKLWH aUURZ). RHd: TH[aV RHd PKaOORLdLQ. BOXH: 
DAPI. ScaOH baU LV 100 �P.   
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dLd QRW VKRZ cRPSOHWH OXPHQ IRUPaWLRQ (FLJXUH 25ALL). HRZHYHU, aW da\ IRXU RI cXOWXUH 

PLcURYHVVHOV (FLJXUH 25BL) aSSHaUHd ZLWK cRPSOHWH OXPHQ IRUPaWLRQ (FLJXUH 25BLL). 

SKRZLQJ WKH abLOLW\ IRU PLcURYHVVHOV WR IRUP ZLWKLQ WKH SHSWLdH VcaIIROd LQ YLWUR LV a 

cUXcLaO SUHUHTXLVLWH SULRU WR WUaQVSOaQWaWLRQ. 

 

 

IQ addLWLRQ WR dHPRQVWUaWLQJ OXPHQ IRUPaWLRQ, WKH LQWHJULW\ RI WKH baUULHU ZaV aOVR 

aVVHVVHd. AIWHU ILYH da\V LQ cXOWXUH JHOV ZHUH IL[Hd aQd VWaLQHd ZLWK ZO-1 aQWLbRd\ WR 

dHWHUPLQH WKH SUHVHQcH RI WLJKW MXQcWLRQ IRUPaWLRQ ZLWKLQ WKH PLcURYHVVHOV. MHUJHd 

LPaJH bHWZHHQ SKaOORLdLQ-FITC, ZO-1, aQd DAPI UHYHaOHd PLcURYaVcXOaWXUH ZLWK a 

cRORcaOL]Hd WLJKW MXQcWLRQ VWaLQLQJ WR WKH cHOO PHPbUaQHV (FLJXUH 26A). MHUJHd LPaJH 

 
FLJXUH 26. Da\ 5 baUULHU HYaOXaWLRQ ZLWKLQ 1 PJ/PL SHSWLdH VXSSOHPHQWHd ZLWK 100 
QJ/PL VEGF aQd 50 QJ/PL PMA. A) MHUJHd LPaJH VKRZLQJ cHOO acWLQ (JUHHQ 
SKaOORLdLQ), SXQcWaWH WLJKW MXQcWLRQ VWaLQLQJ (UHd), aQd cHOO QXcOHL (bOXH). B) IVROaWHd 
WLJKW MXQcWLRQ VWaLQLQJ VKRZLQJ SXQcWaWH VWaLQLQJ (ZKLWH aUURZ).  ScaOH baUV aUH 100 
�P.   
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bHWZHHQ ZO-1 aQd DAPI VKRZHd cOHaU SXQcWaWH WLJKW MXQcWLRQ VWaLQLQJ LQdLcaWLYH RI a 

BSCB-LQWHJULW\ IRUPaWLRQ (FLJXUH 26B). AIWHU SURYLQJ WKH abLOLW\ RI WKH PLcURYaVcXOaWXUH 

ZLWKLQ WKH 1 PJ/PL SHSWLdH WR IRUP BSCB-LQWHJULW\ PLcURYHVVHOV, ZH QH[W WUaQVSOaQWHd 

WKHVH cHOOXOaU SHSWLdHV LQWR a VSLQaO cRUd LQMXU\ cRQWXVLRQ UaW aQLPaO PRdHO WR dHWHUPLQH 

WKH PaWUL[ SHUPLVVLYLW\ WR KRVW a[RQ LQILOWUaWLRQ.  

 4.3.3 In vivo spinal cord injur\ contusion rat animal model. 

 

 

IQ YLYR SHSWLdH WUaQVSOaQWaWLRQ H[SHULPHQWV ZHUH cRQdXcWHd XVLQJ WKH VSLQaO cRUd 

LQMXU\ cRQWXVLRQ UaW aQLPaO PRdHO. TKH RYHUYLHZ RI WKH H[SHULPHQWaO WLPHOLQH ZLWK HacK 

VWHS LV VKRZQ LQ FLJXUH 27A. OQ da\ ]HUR, SSUaJXH DaZOH\ UaWV XQdHUZHQW OaPLQHcWRP\ 

WR H[SRVH cHUYLcaO 4 aQd 5 VSLQaO cRUd YHUWHbUaH ZKHUH a 150,000 D\QH cRPSUHVVLRQ ZaV 

 
FLJXUH 27. SSUaJXH DaZOH\ UaW VSLQaO cRUd cRQWXVLRQ PRdHO. A) E[SHULPHQWaO WLPHOLQH 
ZLWK VWHSV. B) CRQWXVLRQ VHWXS VKRZLQJ H[SRVHd C4-C5 VSLQaO cRUd (bOacN aUURZ). C) 
PHSWLdH LQMHcWLRQ VHWXS (bOacN aUURZ). D) MaWULJHO aSSOLcaWLRQ RYHU WKH LQMHcWLRQ 
ORcaWLRQ WR SUHYHQW SHSWLdH OHaNaJH. MaWULJHO caQ bH VHHQ b\ WUaQVSaUHQW SLQN cRORU 
(bOacN aUURZ). 
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aSSOLHd ZLWK 0 VHcRQd dZHOO WLPH XVLQJ WKH IH IQILQLW\ HRUL]RQWaO IPSacWRU (LH[LQJWRQ, 

MRdHO 0400). ASSOLcaWLRQ RI WKH 150,000 D\QH IRUcH LV cRQVLdHUHd a PRdHUaWH VSLQaO 

cRUd LQMXU\ LQ ZKLcK WKHUH LV a YLVLbOH bHKaYLRUaO dHILcLW. TKH H[SHULPHQWaO VHWXS IRU WKH 

cRPSUHVVLRQ LV VKRZQ LQ FLJXUH 27B, ZKHUH WKH C-4/C-5 VSLQaO cRUd LV H[SRVHd ZLWK WKH 

ZHLJKW aSSaUaWXV LQ SOacH. OQH ZHHN OaWHU WKH aQLPaOV ZHUH LQMHcWHd ZLWK a SHSWLdH baVHd 

VcaIIROd WKaW Kad a UaWLR RI 5:1 KCMEC/d3 WR KBVP cRQdLWLRQV RI WKH IROORZLQJ ILQaO cHOO 

dHQVLWLHV: KLJK cHOOXOaU dHQVLW\ RI 5 M/PL, ORZ cHOOXOaU dHQVLW\ RI 2.4 M/PL, aQd 

acHOOXOaU cRQdLWLRQV. AW WKH WLPH RI WKH cRQWXVLRQ aW da\ ]HUR, a PHdLcaO VXWXUH ZaV SOacHd 

LQ cORVH SUR[LPLW\ WR WKH HSLcHQWHU RI WKH LPSacW LQ RUdHU WR ILQd WKH aSSURSULaWH ORcaWLRQ 

IRU WKH SHSWLdH LQMHcWLRQV. 10 �L SHSWLdH LQMHcWLRQV ZHUH adPLQLVWHUHd aW a IORZ UaWH RI 

100 QL/V XVLQJ a MLcUR-S\ULQJH PXPS CRQWUROOHU (MLcUR4). TKH SHSWLdH LQMHcWLRQ VHWXS LV 

VKRZQ LQ FLJXUH 27C, ZKHUH WKH 30-JaXJH LQMHcWLRQ QHHdOH LV LQ SOacH. IQ RUdHU WR SUHYHQW 

WKH LQMHcWHd SHSWLdH IRUP OHaNLQJ RXW, WKH LQMHcWLRQ QHHdOH ZaV OHIW LQ SOacH IRU aW OHaVW 

WZR PLQXWHV SULRU WR UHPRYaO aQd 20 �L RI MaWULJHO ZaV aSSOLHd RYHU WKH SHSWLdH 

LQMHcWLRQ ORcaWLRQ (FLJXUH 27D). TZR ZHHNV OaWHU aQLPaOV ZHUH VacULILcHd aQd SURcHVVHd 

IRU LPPXQRKLVWRcKHPLVWU\ VWaLQLQJ.   
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FLJXUH 28. GHQHUaO TXM a[RQ LQILOWUaWLRQ ZLWKLQ SHSWLdH WUaQVSOaQWV. AL) HLJK cHOOXOaU 
dHQVLW\ (5 M/PL) WUaQVSOaQW aW a ORZ PaJQLILcaWLRQ VKRZLQJ WUaQVSOaQWHd cHOOV (GFP), 
LQIOaPPaWLRQ (GFAP), KRVW JHQHUaO a[RQV (TXM), aQd cHOO QXcOHL (DAPI). ALL, LLL) IQVHW 
VKRZLQJ PaJQLILHd UHJLRQ IURP AL) (ZKLWH daVKHd OLQH) aQd LVROaWHd cKaQQHO VKRZLQJ 
JHQHUaO a[RQV (TXM). B) LRZ cHOOXOaU dHQVLW\ (5 M/PL) WUaQVSOaQW VKRZLQJ ORZ 
PaJQLILcaWLRQ (BL) aQd PaJQLILHd UHJLRQV (BLL, BLLL). C) AcHOOXOaU WUaQVSOaQW aW ORZ 
PaJQLILcaWLRQ (CL) aQd PaJQLILHd UHJLRQV (CLL, CLLL). GFP KCMEC/d3 aQd GFP KBVP 
(JUHHQ), TXM (UHd), GFAP (c\aQ), DAPI (bOXH). ScaOH baUV, 100 �P IRU AL, BL, aQd CL, 
aOO RWKHUV aUH 50 �P. DaWa aUH SUHVHQWHd aV PHaQ + V.H.P. **P<0.01, ***P<0.001; 
VWaWLVWLcaO VLJQLILcaQcH ZaV caOcXOaWHd XVLQJ WHOcK TZR SaPSOH W-WHVW. IQWHQVLW\ 
YaOXHV (Q=6 SHU cRQdLWLRQ) QRUPaOL]Hd WR HLJK DHQVLW\ cRQdLWLRQ aQd IURP 2 IHC 
VHcWLRQV SHU cRQdLWLRQ. 
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 4.3.3.1 TXM-SRVLWLYH a[RQ LQILOWUaWLRQ. TXM H[SUHVVLRQ ZLWKLQ WKH SHSWLdH 

WUaQVSOaQWV YHULILHV LWV LQcUHaVHd SHUPLVVLYLW\ WR KRVW a[RQV. TKH KLJKHVW KRVW a[RQ 

LQILOWUaWLRQ ZLWKLQ WKH SHSWLdH WUaQVSOaQWV LV VHHQ LQ WKH KLJK cHOOXOaU dHQVLW\ (5M/PL) 

cRQdLWLRQ (FLJXUH 28AL-ALLL), ZKHUHaV WKH ORZ cHOOXOaU dHQVLW\ (2.4 M/PL) cRQdLWLRQ KaV 

IHZHU LQILOWUaWLQJ a[RQV (FLJXUH 28BL-BLLL). SLPLOaU WR WKH ORZ cHOOXOaU dHQVLW\ cRQdLWLRQ, 

WKH acHOOXOaU SHSWLdH cRQdLWLRQ (FLJXUH 28CL-CLLL) VKRZV IHZHU LQILOWUaWLQJ KRVW a[RQV 

cRPSaUHd WR WKH KLJK cHOOXOaU dHQVLW\ cRQdLWLRQ. CRUUHOaWLRQ RI WKH TXM cKaQQHO 

IOXRUHVcHQcH LQWHQVLW\ ZLWK WKH QXPbHU RI LQILOWUaWLQJ KRVW a[RQV, VKRZV WKaW WKH KLJK 

cHOOXOaU dHQVLW\ cRQdLWLRQ KaV a[RQ LQILOWUaWLRQ OHYHOV WKaW aUH VLJQLILcaQWO\ KLJKHU WKaQ WKH 

RWKHU WZR cRQdLWLRQV (FLJXUH 28D), dHPRQVWUaWLQJ a cRUUHOaWLRQ bHWZHHQ HQdRWKHOLaO cHOO 

dHQVLW\ aQd a[RQ LQILOWUaWLRQ.  
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FLJXUH 29. SHURWRQHUJLc OHYHOV ZLWKLQ SHSWLdH WUaQVSOaQWV. AL) HLJK cHOOXOaU dHQVLW\ (5 
M/PL) WUaQVSOaQW aW a ORZ PaJQLILcaWLRQ VKRZLQJ WUaQVSOaQWHd cHOOV (GFP), KRVW bORRd 
YHVVHOV (RECA), KRVW VHURWRQLQ (5-HT), aQd cHOO QXcOHL (DAPI). ALL, LLL) IQVHW VKRZLQJ 
PaJQLILHd UHJLRQ IURP AL) (ZKLWH daVKHd OLQH) aQd LVROaWHd cKaQQHO VKRZLQJ VHURWRQLQ 
(5-HT). B) LRZ cHOOXOaU dHQVLW\ (5 M/PL) WUaQVSOaQW VKRZLQJ ORZ PaJQLILcaWLRQ (BL) 
aQd PaJQLILHd UHJLRQV (BLL, BLLL). C) AcHOOXOaU WUaQVSOaQW aW ORZ PaJQLILcaWLRQ (CL) aQd 
PaJQLILHd UHJLRQV (CLL, CLLL). GFP KCMEC/d3 aQd GFP KBVP (JUHHQ), RECA (UHd), 
5-HT (c\aQ), DAPI (bOXH). ScaOH baUV, 100 �P IRU AL, BL, aQd CL, aOO RWKHUV aUH 50 �P. 
DaWa aUH SUHVHQWHd aV PHaQ  + V.H.P. **P<0.01, ***P<0.001; VWaWLVWLcaO VLJQLILcaQcH 
ZaV caOcXOaWHd XVLQJ WHOcK TZR SaPSOH W-WHVW. IQWHQVLW\ YaOXHV (Q=6 SHU cRQdLWLRQ) 
QRUPaOL]Hd WR LRZ DHQVLW\ cRQdLWLRQ aQd IURP 2 IHC VHcWLRQV SHU cRQdLWLRQ. 
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4.3.3.2 5-H7 VHURWRQLQ LQILOWUDWLRQ. 5-HT SRVLWLYH LQILOWUaWLRQ ZaV RbVHUYHd LQ WKH 

ORZ cHOOXOaU dHQVLW\ cRQdLWLRQ.  TKH SUHVHQcH RI 5-HT SRVLWLYH VWaLQLQJ VXJJHVWHd WKH 

LQYROYHPHQW RI VHURWRQHUJLc QHXURQV, ZKLcK KaYH PaQ\ UROHV LQcOXdLQJ WKH JHQHUaWLRQ RI 

ORcRPRWLRQ (GKRVK & PHaUVH, 2014). TKH KLJK cHOOXOaU dHQVLW\ RI 5 PLOOLRQ cHOOV SHU 

PLOOLOLWHU LQMHcWLRQ (FLJXUH 29AL) UHVXOWHd LQ VLJQLILcaQWO\ KLJKHU SUHVHQcH RI VHURWRQHUJLc 

QHXURQV ZLWKLQ WKH VcaIIROdV cRPSaUHd WR acHOOXOaU cRQWUROV (FLJXUH 29CL). TKH ORZ 

cHOOXOaU dHQVLW\ RI 2.4 PLOOLRQ cHOOV SHU PLOOLOLWHU LQMHcWLRQ (FLJXUH 29BL) Kad WKH KLJKHVW 

OHYHO RI VHURWRQHUJLc QHUXRQV cRPSaUHd WR WKH KLJK cHOOXOaU dHQVLW\ (FLJXUH 29AL) aQd 

acHOOXOaU LQMHcWLRQ (FLJXUH 29CL) cRQdLWLRQV. MaJQLILHd LPaJHV (FLJXUH 29ALL, BLL, CLL) 

aQd LVROaWHd 5-HT IOXRUHVcHQcH LPaJHV (FLJXUH 29ALLL, BLLL, CLLL) IRU HacK cRQdLWLRQ ZHUH 

XVHd WR aQaO\]H WKH UHVXOWV. TKH LQWHQVLW\ RI WKH 5-HT- SRVLWLYH IOXRUHVcHQcH ZaV 

cRUUHOaWHd ZLWK WKH aPRXQW RI VHURWRQHUJLc QHXURQ SUHVHQcH aQd WKH IOXRUHVcHQcH LQWHQVLW\ 

YaOXHV ZHUH QRUPaOL]Hd WR WKH ORZ dHQVLW\ cRQdLWLRQ. QXaQWLILcaWLRQ RI WKLV IOXRUHVcHQcH 

VKRZHd VWaWLVWLcaO dLIIHUHQcH bHWZHHQ HacK cRQdLWLRQ, LQcOXdLQJ a dLIIHUHQcH bHWZHHQ WKH 

KLJK aQd ORZ cHOOXOaU dHQVLW\ LQMHcWLRQV (FLJXUH 29D). TKXV, aOWKRXJK WKH KLJK cHOO 

dHQVLW\ cRQdLWLRQ UHVXOWHd LQ LQcUHaVHd VHURWRQHUJLc OHYHOV, JUHaWHU 5-HT SRVLWLYH OHYHO 

ZaV RbVHUYHd LQ WKH ORZ cHOOXOaU dHQVLW\ cRQdLWLRQ.   
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 4.3.3.3 MLFURYHVVHO IRUPaWLRQ.  

 

 

 

 

 
FLJXUH 30. BORRd-VSLQaO cRUd baUULHU (BSCB)- LQWHJULW\ PLcURYHVVHO IRUPaWLRQ ZLWKLQ 
WUaQVSOaQWV aIWHU WZR ZHHNV LQ YLYR. AL) LRZ cHOOXOaU dHQVLW\ (2.4 M/PL) cRQdLWLRQ 
VKRZLQJ PLcURYHVVHO (GFP), KRVW JHQHUaO a[RQV (TXM), aQd cHOO QXcOHL (DAPI). 
MLcURYHVVHO cURVV VHcWLRQ (daVKHd OLQHV LQ AL) VKRZLQJ a 1.88 �P OXPHQ dLaPHWHU 
(ZKLWH aUURZ). ALL) LRZ cHOOXOaU dHQVLW\ WUaQVSOaQW VKRZLQJ WUaQVSOaQWHd cHOOV (GFP), 
WLJKW MXQcWLRQV (ZO-1), aQd cHOO QXcOHL (DAPI). ALLL) OYHUOa\ bHWZHHQ WLJKW MXQcWLRQV 
aQd cHOO QXcOHL. BL) HLJK cHOOXOaU dHQVLW\ (5 M/PL) cRQdLWLRQ VKRZLQJ PLcURYHVVHO 
(GFP), KRVW JHQHUaO a[RQV (TXM), aQd cHOO QXcOHL (DAPI). MLcURYHVVHO cURVV VHcWLRQ 
VKRZLQJ a 0.90 �P OXPHQ dLaPHWHU (ZKLWH aUURZ). BLL) HLJK cHOOXOaU dHQVLW\ WUaQVSOaQW 
VKRZLQJ WUaQVSOaQWHd cHOOV (GFP), WLJKW MXQcWLRQV (ZO-1), aQd cHOO QXcOHL (DAPI). BLLL) 
OYHUOa\ bHWZHHQ WLJKW MXQcWLRQV aQd cHOO QXcOHL. GUHHQ: KCMEC/d3, KBVP. RHd: TXM. 
BOXH: DAPI. ScaOH baUV aUH 10 �P. 
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TUaQVSOaQWHd HQdRWKHOLaO cHOOV IRUPHd PLcURYHVVHOV ZLWKLQ WKH LQMXU\ VLWH b\ WKH 

WZR-ZHHN VacULILcH. TKH ORZ cHOOXOaU dHQVLW\ cRQdLWLRQ (FLJXUH 30AL) UHVXOWHd LQ PRUH 

PXOWLcHOOXOaU UHVHPbOLQJ VWUXcWXUHV WKaQ ZLWKLQ WKH KLJK cHOOXOaU dHQVLW\ cRQdLWLRQ (FLJXUH 

30BL). HRZHYHU, KLJK PaJQLILcaWLRQ LPaJLQJ VKRZHd WKH SUHVHQcH RI 1.88 �P dLaPHWHU 

OXPHQV (FLJXUH 30AL) ZLWKLQ WKH ORZ dHQVLW\ cHOOXOaU cRQdLWLRQ aQd 0.90 �P dLaPHWHU 

OXPHQV (FLJXUH 30BL) ZLWKLQ WKH KLJK dHQVLW\ cHOOXOaU cRQdLWLRQ. SWaLQLQJ ZLWK a ZO-1 

WLJKW MXQcWLRQ SURWHLQ VKRZHd SRVLWLYH SXQcWaWH cHOO PHPbUaQH ORcaOL]aWLRQ ZLWKLQ WKH ORZ 

dHQVLW\ SHSWLdH cRQdLWLRQ (FLJXUH 30ALL), bXW QRW LQ WKH KLJK dHQVLW\ SHSWLdH cRQdLWLRQ 

(FLJXUH 30BLL). TKHVH UHVXOWV dHPRQVWUaWH WKH IRUPaWLRQ RI PLcURYHVVHOV LQ bRWK cHOOXOaU 

dHQVLW\ cRQdLWLRQV aQd PLcURYHVVHO baUULHU- LQWHJULW\ LQ WKH ORZ cHOO dHQVLW\ cRQdLWLRQ.  
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FLJXUH 31. NHXURYaVcXOaU LQWHUacWLRQV ZLWKLQ WUaQVSOaQWHd VcaIIROdV aIWHU WZR ZHHNV LQ 
YLYR. AL) LRZ PaJQLILcaWLRQ RI KLJK cHOOXOaU dHQVLW\ (5 M/PL) cRQdLWLRQ VKRZLQJ 
KRVW a[RQ LQWHUacWLRQ (TXM) ZLWK WUaQVSOaQWHd PLcURYHVVHOV (GFP). ALL) HLJK 
PaJQLILcaWLRQ RI LQVHW IURP AL) VKRZLQJ QHXURYaVcXOaU LQWHUacWLRQ (ZKLWH aUURZ). BL) 
LRZ PaJQLILcaWLRQ RI ORZ cHOOXOaU dHQVLW\ (2.4 M/PL) cRQdLWLRQ VKRZLQJ KRVW a[RQ 
LQWHUacWLRQ (TXM) ZLWK WUaQVSOaQWHd PLcURYHVVHOV (GFP). BLL) HLJK PaJQLILcaWLRQ RI 
LQVHW IURP BL) VKRZLQJ QHXURYaVcXOaU LQWHUacWLRQ (ZKLWH aUURZ). GUHHQ: KCMEC/d3, 
KBVP. RHd: TXM. C\aQ: GFAP. BOXH: DAPI. ScaOH baUV, 50 �P IRU AL aQd ALL, 20 �P 
IRU ALL aQd BLL. 
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 4.3.3.4 NHXURYaVFXOaU LQWHUaFWLRQ. TUaQVSOaQWHd cHOOV IRUPHd QHXURYaVcXOaU 

LQWHUacWLRQ ZLWK KRVW a[RQV. LRZ PaJQLILcaWLRQV RI KLJK (FLJXUH 31AL) aQd ORZ (FLJXUH 

31BL) cHOOXOaU dHQVLW\ cRQdLWLRQV LQdLcaWHd WKH cORVH SUR[LPLW\ bHWZHHQ TXM-SRVLWLYH KRVW 

a[RQV aQd GFP-OabHOHd WUaQVSOaQWHd cHOOV ZLWKLQ WKH HQWLUH VcaIIROd. RHJLRQV WKaW cOHaUO\ 

VKRZHd WKH QHXURYaVcXOaU LQWHUacWLRQV KaYH bHHQ PaJQLILHd (FLJXUH 31ALL, BLL) WR VKRZ 

JUHaWHU dHWaLO. QXaQWLILcaWLRQ RI WKH QXPbHU RI LQWHUacWLRQV VKRZHd QR VWaWLVWLcaO 

dLIIHUHQcH bHWZHHQ WKH KLJK aQd ORZ cHOOXOaU cRQdLWLRQV (FLJXUH 31C).  TKHVH UHVXOWV 

dHPRQVWUaWH WKaW WKH QHXURYaVcXOaU LQWHUacWLRQ ZaV QRW dHSHQdHQW RQ WKH cHOOXOaU dHQVLW\ 

ZLWKLQ WKH WUaQVSOaQWV.  

   

 

 
FLJXUH 32. QXaQWLILcaWLRQ RI JOLaO VcaU aQd LQIOaPPaWLRQ IROORZLQJ LQMHcWLRQ RI SHSWLdH 
K\dURJHOV. RHacWLYH JOLRVLV LQ UHVSRQVH WR SHSWLdH K\dURJHOV LQ (AL) acHOOXOaU SHSWLdH, 
(ALL) ORZ cHOOXOaU dHQVLW\, aQd (ALLL) KLJK cHOOXOaU dHQVLW\. DAPI (bOXH), GFP (JUHHQ), 
GFAP (PaJHQWa). QXaQWLILcaWLRQ RI aUHa RI JOLRVLV LQ (B). (C) IQIOaPPaWRU\ UHVSRQVH 
WR SHSWLdH LQMHcWLRQV, (CL) acHOOXOaU SHSWLdH, (CLL) ORZ cHOOXOaU dHQVLW\, aQd (CLLL) KLJK 
cHOOXOaU dHQVLW\. (D) IQIOaPPaWLRQ aUHa YaOXHV. DaWa SUHVHQWHd aV PHaQ � V.d. *P < 
0.05. 
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 4.3.3.5 EYaOXaWLRQ RI LQIOaPPaWLRQ aQG JOLaO VFaUULQJ IROORZLQJ 

WUaQVSOaQWaWLRQ. AIWHU dHPRQVWUaWLQJ WKaW WKH SUHVHQcH RI PLcURYHVVHOV VLJQLILcaQWO\ 

LQcUHaVHd WKH a[RQ dHQVLW\ aW WKH LQMXU\ VLWH, ZH LQWHUURJaWHd WKHLU UHVSRQVH RQ 

LQIOaPPaWLRQ aQd VcaUULQJ. AQWLbRdLHV IRU JOLaO ILbULOOaU\ acLdLc SURWHLQ (GFAP) aQd ED-1 

ZHUH XVHd WR aVVHVV WKHVH UHVSRQVHV. FLJXUH 32A LQdLcaWHV WKaW WKH GFAP-SRVLWLYH aUHa 

ZaV VLJQLILcaQWO\ UHdXcHd LQ aQLPaOV UHcHLYLQJ cHOO-VHHdHd SHSWLdH LQMHcWLRQV, WKRXJK 

WKHUH ZaV QR VLJQLILcaQW dLIIHUHQcH bHWZHHQ WKH WZR cHOO dHQVLWLHV (FLJXUH 32B). TKLV 

UHVXOW VXJJHVWV WKaW WKH VL]H RI WKH JOLaO VcaU ZaV UHdXcHd LQ UHVSRQVH WR WKH cHOO-VHHdHd 

VcaIIROd. A VLPLOaU UHVSRQVH ZaV IRXQd ZKHQ XVLQJ ED-1 WR VWaLQ IRU PacURSKaJHV aQd 

PLcURJOLa (FLJXUH 32C). TKH aUHa RI SRVLWLYH-ED-1 VWaLQLQJ LQ WKH acHOOXOaU cRQdLWLRQ ZaV 

SUHVHQW WKURXJKRXW WKH VLWH RI LQMXU\. QXaQWLILcaWLRQ RI WKH SRVLWLYH-ED-1 aUHa LQdLcaWHd a 

VLJQLILcaQW UHdXcWLRQ LQ bRWK cHOO-VHHdHd VcaIIROdV, WKRXJK aJaLQ WKHUH ZaV QR VLJQLILcaQW 

dLIIHUHQcH bHWZHHQ WKH WZR cHOO dHQVLWLHV. TaNHQ WRJHWKHU, WKHVH UHVXOWV VXJJHVW WKaW WKH 

addLWLRQ RI BSCB-LQWHJULW\ PLcURYHVVHOV aWWHQXaWHV LQIOaPPaWLRQ aQd VcaUULQJ, bXW WKH 

HIIHcW LV QRW dHSHQdHQW RQ WKH dHQVLW\ RI WUaQVSOaQWHd cHOOV. 

4.4 Summar\ of Results 

TKH UHVHaUcK SUHVHQWHd KHUH HYaOXaWHd WKH cHQWUaO K\SRWKHVLV WKaW aOLJQHd bORRd 

YHVVHOV SURPRWH aQd JXLdH a[RQ JURZWK ZLWKLQ SHUPLVVLYH VcaIIROdV. TKH cRQVWUXcWLRQ RI 

aQ LQ YLWUR 3D bORRd-bUaLQ baUULHU (3D) VKRZHd WKaW PHcKaQLcaO VWUHVV UHJXOaWHd WKH 

LQWHJULW\ RI WKH baUULHU. TKH IRUPaWLRQ RI baUULHU-cRQWaLQLQJ PLcURYHVVHOV cUHaWHd WKH 

abLOLW\ WR WUaQVSOaQW YaVcXOaUL]Hd VcaIIROdV LQWR a UaW KHPLVHcWLRQ PRdHO RI VSLQaO cRUd 

LQMXU\. FLQaOO\, WKH HIILcac\ RI a VHOI-aVVHPbOLQJ SHSWLdH K\dURJHO WR LQcUHaVH WKH 

SHUPLVVLYLW\ RI WKHVH VcaIIROdV ZaV aVVHVVHd.  
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 TKH RbMHcWLYH RI WKH ILUVW VSHcLILc aLP ZaV WR SaWWHUQ a YHVVHO ZLWKLQ a PLcURIOXLdLc 

dHYLcH WKaW cRQWaLQHd baUULHU-LQWHJULW\ YaVcXOaWXUH. PXOOLQJ aQ acXSXQcWXUH QHHdOH IURP a 

cROOaJHQ-K\aOXURQaQ K\dURJHO cUHaWHd a 180-�P YRLd WKaW cRXOd bH VHHdHd ZLWK 

HQdRWKHOLaO cHOOV. TKH aSSOLcaWLRQ RI OXPLQaO IORZ aSSOLHd VKHaU VWUHVV RQ WKH HQdRWKHOLaO 

OXPHQ WKaW caXVHd HQdRWKHOLaO cHOOV WR IRUP WLJKW MXQcWLRQV. IPPXQRc\WRcKHPLVWU\ aQd 

LPaJLQJ aQaO\VLV YLa a WUaQVPLVVLRQ HOHcWURQ PLcURVcRSH ZaV VXHd WR YLVXaOL]H SURWHLQ 

ORcaOL]aWLRQ aQd PLcURVWUXcWXUH RI WKH MXQcWLRQV. HRZHYHU, aQ LQLWLaO SLORW WUaQVSOaQWaWLRQ 

VWXd\ LQ a SSUaJXH DaZOH\ VSLQaO KHPLVHcWLRQ LQMXU\ PRdHO LQdLcaWHd WKaW WKH HQdRWKHOLaO 

cHOOV ZLWKLQ WKH 180-�P-dLaPHWHU YHVVHOV dLd QRW UHPaLQ YLabOH. IQWHUHVWLQJO\, KRVW a[RQV 

aQd bORRd YHVVHOV LQILOWUaWHd WKH OXPLQaO VLdH RI WKH YHVVHOV, HYHQ WKRXJK WKH HQdRWKHOLaO 

cHOOV ZHUH QRW YLabOH. OYHUaOO, WKHVH LQLWLaO H[SHULPHQWV SURYLdHd LQVLJKW LQWR WKH 

IRUPaWLRQ RI baUULHU IXQcWLRQ LQ YLWUR, bXW LQdLcaWHd WKaW aQ aOWHUQaWLYH aSSURacK ZaV 

QHHdHd IRU LQ YLYR H[SHULPHQWV PRYLQJ IRUZaUd.   

GLYHQ WKH dLVSaULW\ LQ VL]H bHWZHHQ WKH WUaQVSOaQWHd 180-�P-dLaPHWHU YHVVHOV aQd 

WKH KRVW PLcURYaVcXOaWXUH, H[SHULPHQWV ZHUH cRQdXcWHd WR cUHaWH PLcURYaVcXOaWXUH WKaW 

VWLOO IHaWXUHd WLJKW MXQcWLRQV, bXW ZLWK dLaPHWHUV RI aSSUR[LPaWHO\ 30-�P RU OHVV. TR 

accRPSOLVK WKLV JRaO, a cR-cXOWXUH RI HQdRWKHOLaO cHOOV aQd SHULc\WHV IRUPHd PLcURYHVVHOV 

VSRQWaQHRXVO\ ZLWKLQ ILYH da\V RI VHHdLQJ LQWR a cROOaJHQ-K\aOXURQaQ cRPSRVLWH VcaIIROd. 

IQ RUdHU WR aOLJQ WKHVH PLcURYHVVHOV SULRU WR WUaQVSOaQWaWLRQ H[SHULPHQWV, LQWHUVWLWLaO IOXLd 

IORZ ZaV aSSOLHd XVLQJ a cXVWRP-dHVLJQHd PLcURIOXLdLc dHYLcH. TKH ORZ VKHaU VWUHVV 

H[HUWHd RQ WKH PLcURYaVcXOaWXUH ZaV HQRXJK WR VWLPXOaWH aOLJQPHQW ZLWK WKH dLUHcWLRQ RI 

IOXLd IORZ. IQ RUdHU WR YHULI\ baUULHU LQWHJULW\ RI WKH YHVVHOV, WLJKW MXQcWLRQV ZHUH 

YLVXaOL]Hd XVLQJ LPPXQRc\WRcKHPLVWU\ aQd dH[WUaQ H[cOXVLRQ SHUPHabLOLW\ aVVa\V. TKLV 
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aSSURacK SURYLdHd a PHaQV WR WUaQVSOaQW aOLJQHd YaVcXOaWXUH WKaW Kad VLPLOaU dLPHQVLRQV 

WR KRVW YaVcXOaWXUH. 

 TKH RbMHcWLYH RI WKH VHcRQd VSHcLILc aLP ZaV WR H[SORUH LQWULQVLc QHXURYaVcXOaU 

LQWHUacWLRQ bHWZHHQ a[RQV aQd PLcURYHVVHOV WR JXLdH a[RQ JURZWK. PULRU WR 

WUaQVSOaQWaWLRQ, LQLWLaO H[SHULPHQWV ZHUH SHUIRUPHd WR dHWHUPLQH ZKHWKHU a[RQV IURP 

QHXUaO SURJHQLWRU cHOOV (NPC) ZRXOd aOLJQ ZLWK WKH PLcURYHVVHOV LQ YLWUR. TKH LQWHUVWLWLaO 

IOXLd XVHd IRU SHUIXVLRQ RI WKH K\dURJHOV WR LQLWLaWH PLcURYHVVHO aOLJQPHQW ZaV 

VXSSOHPHQWHd ZLWK NT-3 LQ RUdHU WR LQdXcH WKH NPCV WR dLIIHUHQWLaWH LQWR QHXURQaO cHOOV 

LQVWHad RI JOLaO cHOOV.  AIWHU ILYH da\V RI LQWHUVWLWLaO IOXLd SHUIXVLRQ VXSSOHPHQWHd ZLWK 

NT-3, TXM- SRVLWLYH a[RQV ZHUH ORcaOL]Hd aORQJ WKH OHQJWK RI aOLJQHd PLcURYHVVHOV. IQ 

RUdHU WR dHWHUPLQH ZKHWKHU WKH TXM-SRVLWLYH a[RQ aOLJQPHQW ZaV a UHVXOW RI WKH 

QHXURYaVcXOaU LQWHUacWLRQ ZLWK WKH PLcURYHVVHOV RU a IORZ-LQdXcHd HIIHcW, WKH cd44 

UHcHSWRU RQ HQdRWKHOLaO cHOOV ZaV NQRcNHd dRZQ XVLQJ VLRNA. SLQcH cd44 ZaV QHHdHd IRU 

PLcURYHVVHO aOLJQPHQW, UHdXcLQJ WKH H[SUHVVLRQ RI WKLV UHcHSWRU UHVXOWHd LQ PLcURYHVVHOV 

XQcRXSOHd IURP WKH dLUHcWLRQ RI IOXLd IORZ. UVLQJ WKLV WKLV PHWKRd, WKH TXM-a[RQ 

aOLJQPHQW ZaV dHWHUPLQHd WR bH WKH UHVXOW RI WKH QHXURYaVcXOaU LQWHUacWLRQ aQd QRW a IORZ 

PHdLaWHd HIIHcW.  

AIWHU YHULI\LQJ QHXURYaVcXOaU LQWHUacWLRQ LQ YLWUR, VcaIIROdV ZLWK aQd ZLWKRXW 

aOLJQHd PLcURYHVVHOV ZHUH WUaQVSOaQWHd LQWR aQ aQLPaO KHPLVHcWLRQ LQMXU\ PRdHO. IQ 

cRQWUaVW WR WKH 180-�P-dLaPHWHU YHVVHOV, WKH PLcURYHVVHOV UHPaLQHd YLabOH aIWHU WKUHH-

ZHHNV LQ YLYR. IQ YaOLdaWLRQ RI WKH NPC LQ YLWUR H[SHULPHQWV, WKH KRVW a[RQV LQILOWUaWHd 

WKH YaVcXOaUL]Hd VcaIIROd LQ aQ RULHQWaWLRQ dLcWaWHd b\ WKH WUaQVSOaQWHd PLcURYHVVHOV. TKH 

a[RQV WKaW LQILOWUaWHd WKH VcaIIROdV ZHUH JHQHUaO TXM-SRVLWLYH a[RQV aV ZHOO aV CGRP-
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SRVLWLYH UHJHQHUaWLQJ a[RQV, a PaUNHU IRU VHQVRU\ WUacW a[RQV. HRZHYHU, dHVSLWH WKH 

abLOLW\ WR cRQWURO a[RQ dLUHcWLRQ ZLWKLQ WKH VcaIIROdV, WKH QXPbHU RI LQILOWUaWLQJ a[RQV ZaV 

ORZ aQd ZaUUaQWHd a PHWKRd WR LQcUHaVH WKH SHUPLVVLYLW\ RI WKH VcaIIROd LQ RUdHU WR 

IacLOLWaWH IXQcWLRQaO UHcRYHU\.  

 TKH WKLUd aQd ILQaO VSHcLILc aLP IRcXVHd RQ LQcUHaVLQJ KRVW a[RQ SHUPLVVLYLW\ 

ZLWKLQ WKH WUaQVSOaQWHd VcaIIROdV XVLQJ a QaQRILbHU VHOI-aVVHPbOLQJ RADA-16I SHSWLdH. 

IQLWLaO H[SHULPHQWV YHULILHd WKH IRUPaWLRQ RI baUULHU LQWHJULW\ YaVcXOaWXUH ZLWKLQ WKH 

SHSWLdH K\dURJHO LQ YLWUR XVLQJ WKH HQdRWKHOLaO cHOO PHWKRd. A QRYHO PLcURIOXLdLc dHYLcH 

ZaV dHYHORSHd WR accRXQW IRU WKH SH-VHQVLWLYH SRO\PHUL]aWLRQ RI WKH RADA-16I SHSWLdH. 

BaUULHU LQWHJULW\ ZaV aJaLQ YHULILHd XVLQJ LPPXQRc\WRcKHPLVWU\, ZKLcK VKRZHd WKH 

SUHVHQcH RI ORcaOL]Hd WLJKW MXQcWLRQV aW WKH cHOO-cHOO MXQcWLRQV. AddLWLRQaOO\, dH[WUaQ 

H[cOXVLRQ SHUPHabLOLW\ aVVa\V dHPRQVWUaWHd WKaW WKH SHUPHabLOLW\ RI WKH YaVcXOaWXUH ZaV 

cRPSaUabOH WR SXbOLVKHd YaOXHV IRU SHUPHabLOLW\ RI YaVcXOaWXUH LQ WKH cHQWUaO QHUYRXV 

V\VWHP. AIWHU YHULI\LQJ baUULHU LQWHJULW\ LQ YLWUR, cHOO-VHHdHd SHSWLdH VcaIIROdV ZHUH 

LQMHcWHd LQWR a SSUaJXH DaZOH\ PRdHO RI cRPSUHVVLRQ-LQdXcHd VSLQaO cRUd cRQWXVLRQ. A 

cRQWXVLRQ LQMXU\ PRdHO ZaV cKRVHQ VLQcH WKH SHSWLdH ZaV LQMHcWabOH, aQd WKXV PRUH 

UHOHYaQW IRU cOLQLcaO aSSOLcaWLRQV. AW WKUHH ZHHNV SRVW-WUaQVSOaQWaWLRQ, WKHUH ZaV 

VLJQLILcaQWO\ KLJKHU LQILOWUaWLRQ RI bRWK JHQHUaO TXM-SRVLWLYH a[RQV aQd VHURWRQHUJLc 5-HT-

SRVLWLYH a[RQV LQ cRPSaULVRQ WR acHOOXOaU cRQWUROV. IQ addLWLRQ, WKH WUaQVSOaQWHd cHOOV 

IRUPHd PLcURYHVVHOV WKaW H[KLbLWHd CNS-baUULHU LQWHJULW\, aV YHULILHd b\ 

LPPXQRKLVWRcKHPLVWU\ IRU a WLJKW MXQcWLRQ PaUNHU. TKHVH ILQdLQJV dHPRQVWUaWHd WKaW WKH 

RADA-16I VcaIIROd cRXOd LQcUHaVH WKH SHUPLVVLYLW\ RI WKH YaVcXOaUL]Hd VcaIIROd, IXUWKHU 

adYaQcLQJ WKH ILHOd WR a bLRHQJLQHHUHd aSSURacK WR UHSaLULQJ VSLQaO cRUd LQMXU\. 
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Chapter V 

Discussion 

5.1 Application of Mechanical Stress to the 3D Model of the 180-�m Blood-Brain 

Barrier 

TKH LQLWLaO 180-�P-dLaPHWHU SUH-SaWWHUQHd YaVcXOaU VWUXcWXUH HVWabOLVKHV WKH 

abLOLW\ WR IRUP baUULHU IXQcWLRQ LQ YLWUR. IQ addLWLRQ WR bHLQJ WKH ILUVW dHPRQVWUaWLRQ RI a 

3D, dHIRUPabOH PRdHO RI baUULHU IXQcWLRQ, WKH PRdHO aOVR caQ aVVHVV WKH HIIHcW RI 

PHcKaQLcV RQ baUULHU IXQcWLRQ. PUHYLRXV PRdHOV RI WKH CNS YaVcXOaWXUH aUH OLPLWHd WR 

VWXd\LQJ WKH HIIHcW RI VKHaU VWUHVV aSSOLHd WR WKH HQdRWKHOLXP b\ bORRd IORZ, ZKHWKHU LQ 

2D PRdHOV RU 3D PRdHOV WKaW UHO\ RQ XQdHIRUPabOH, V\QWKHWLc PHVKHV RU OacN SHUIXVLRQ. 

YHW WKHUH LV VXbVWaQWLaO HYLdHQcH VXJJHVWLQJ WKaW WKH SXOVaWLOH UadLaO VWUaLQ H[HUWHd b\ 

bORRd IORZ RQ WKH aUWHULaO WUHH LV cUXcLaO IRU QRUPaO caUdLRYaVcXOaU SK\VLRORJ\ (X. GXR & 

KaVVab, 2004). TKH 3D baUULHU PRdHO dHcRXSOHV VKHaU VWUHVV IURP c\cOLc VWUHWcK LQ RUdHU 

WR HOXcLdaWH WKH HIIHcW RI WKHVH PHcKaQLcaO VWLPXOL RQ CNS VWUXcWXUH aQd IXQcWLRQ. TKH 

ILQdLQJV VXJJHVW WKaW bRWK VWUHVV aQd VWUHWcK aUH LPSRUWaQW UHJXOaWRUV RI baUULHU IXQcWLRQ. 

IQ IacW, WKH SHUPHabLOLW\ VWXdLHV LQdLcaWH WKaW PHcKaQLcaO VWLPXOaWLRQ LV HYHQ PRUH cUXcLaO 

IRU baUULHU IRUPaWLRQ WKaQ LQWHUacWLRQ ZLWK aVWURc\WH HQdIHHW, ZKLcK UaLVHV WKH TXHVWLRQ RI 

KRZ cULWLcaO aVWURc\WH HQdIHHW LQWHUacWLRQ ZLWK WKH HQdRWKHOLXP LV IRU CNS IXQcWLRQ. 

CHUWaLQO\, WKHUH aUH OaUJHU cHUHbUaO aUWHULROHV ZLWK a VXbVWaQWLaO PXVcXOaU PHdLa Oa\HU 

VHSaUaWLQJ aVWURc\WH HQdIHHW IURP WKH HQdRWKHOLXP WKaW H[KLbLW IXQcWLRQLQJ CNS. 

AddLWLRQaOO\, WKH OacN RI SHULc\WHV LQ WKH PRdHO aOVR VXJJHVWV WKaW SHULc\WH LQWHUacWLRQ 

ZLWK WKH HQdRWKHOLXP Pa\ QRW bH UHTXLUHd WR IacLOLWaWH a VHcXUH baUULHU IRU WKLV 180-�P 

dLaPHWHU YaVcXOaU PRdHO.  
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TKH 180-�P YaVcXOaU PRdHO KaV a bHQHILW LQ LdHQWLI\LQJ ZaOO VWUaLQ aV a UHJXOaWRU 

RI baUULHU IXQcWLRQ, ZKLcK KaV cOHaU LPSOLcaWLRQV IRU WKH SaWKRJHQHVLV RI QHXURORJLcaO 

dLVHaVHV. TKH SULPaU\ ULVN IacWRU aVVRcLaWHd ZLWK AO]KHLPHU'V aQd RWKHU dHPHQWLaV LV 

LQcUHaVLQJ aJH, ZKLcK LV cKaUacWHUL]Hd b\ VWLIIHQLQJ RI WKH YaVcXOaU ZaOO. IQ IacW, UHVXOWV 

IURP LPPXQRKLVWRcKHPLcaO VWXdLHV VXJJHVW WKaW VPaOO aQd PHdLXP-VL]Hd aUWHULROHV aUH 

WKH SULPaU\ VRXUcH RI OHaNHd SOaVPa cRPSRQHQWV WKaW HQWHU LQWR WKH bUaLQ WLVVXH aV a UHVXOW 

RI CNS cRPSURPLVH, ZKLcK KaV bHHQ caXVaOO\ OLQNHd WR dLVHaVHV VXcK aV AO]KHLPHU'V 

dLVHaVH aQd LQ dHOLULXP aQd SRVW-RSHUaWLYH cRJQLWLYH dHcOLQH LQ WKH HOdHUO\ (AcKaU\a HW aO., 

2015; COLIIRUd HW aO., 2008). VaVcXOaU ZaOO VWUaLQ LV SUHVXPabO\ dHcUHaVHd aV WKH ZaOO 

VWLIIHQV, ZKLcK Pa\ SURYLdH a PHcKaQLcaOO\-LQdXcHd PHcKaQLVP cRQWULbXWLQJ WR CNS 

bUHaNdRZQ. TKH VWUHVV JHQHUaWHd LQ WKH ZaOO VKRXOd bH dLUHcWO\ cRUUHOaWHd WR WKH SUHVVXUH 

ZLWKLQ WKH YHVVHO, VR WKH VWUaLQ LV dHSHQdHQW XSRQ WKH cRPSOLaQcH RI WKH ZaOO. TKLV cRXOd 

aOVR H[SOaLQ ZK\ aUWHULROHV aQd QRW YHQXOHV H[KLbLW SHULYaVcXOaU ³OHaN cORXdV´ UHIOHcWLQJ 

WKH LQIOX[ RI SOaVPa cRPSRQHQWV LQWR WKH bUaLQ SaUHQcK\Pa LQ AO]KHLPHU'V dLVHaVH 

(COLIIRUd HW aO., 2008). TKH PROHcXOaU baVLV IRU VWUHWcK-LQdXcHd baUULHU KRPHRVWaVLV 

SURYLdHV aQ addLWLRQaO aUHa RI IXUWKHU UHVHaUcK. FRUcH-PHdLaWHd cadKHULQ PHPbUaQH 

ORcaOL]aWLRQ KaV bHHQ aVVRcLaWHd LQ HQdRWKHOLaO cHOOV ZLWK a RKR/ROCK- PHdLaWHd 

SaWKZa\ (LLX HW aO., 2010), ZKLcK SURYLdHV a VWaUWLQJ SRLQW IRU LQYHVWLJaWLQJ WKH cHUHbUaO 

YaVcXOaWXUH.  

5.2 Neurovascular Interaction to Guide A[on Growth  

DXH WR WKH LQabLOLW\ RI VcaIIROdV cRQWaLQLQJ 180-ȝP dLaPHWHU YHVVHOV WR UHPaLQ 

YLabOH IROORZLQJ WUaQVSOaQWaWLRQ, aQ aOWHUQaWLYH aSSURacK ZaV XVHd WR IabULcaWH 

PLcURYHVVHOV RQ WKH VaPH VcaOH aV WKH KRVW YaVcXOaWXUH RI a UaW VSLQaO cRUd. PUHYLRXV 
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VWXdLHV KaYH VKRZQ SHULc\WHV RU YaVcXOaU HQdRWKHOLaO JURZWK IacWRUV (VEGF) PXVW bH 

addHd WR IacLOLWaWH VSRQWaQHRXV aVVHPbO\ RI YacXOaU VWUXcWXUHV. EQdRWKHOLaO cHOOV aORQH, 

ZLWKRXW JURZWK IacWRUV, dR QRW VHOI-aVVHPbOH WR IRUP YHVVHOV, bXW addLQJ SHULc\WHV caXVHV 

PLcURYaVcXOaU IRUPaWLRQ. PHULc\WHV KHOS WKH HQdRWKHOLaO cHOOV PaWXUH aQd IRUP YHVVHOV 

WKURXJK dLUHcW SK\VLcaO cRQWacW aQd SaUacULQH VLJQaOLQJ (BHUJHUV & SRQJ, 2005). 

SLPLOaUO\, VEGF dLUHcWO\ VWLPXOaWHV HQdRWKHOLaO cHOO ILORSRdLaV WR H[WHQd WKHLU WLSV aQd 

LQLWLaWH YaVcXORJHQHVLV (GHUKaUdW HW aO., 2003). DXH WR WKH c\WRSURWHcWLYH HIIHcWV RI 

SHULc\WHV aV ZHOO aV UHOHaVH NLQHWLcV RI VEGF, SHULc\WHV aUH XVHd WR cUHaWH baUULHU LQWHJULW\ 

PLcURYHVVHOV IRU WKHVH H[SHULPHQWV. 

TKH PLcURYHVVHOV aUH aOLJQHd b\ IORZ-LQdXcHd VKHaU VWUHVV aSSOLHd WR WKH cHOO-

VHHdHd VcaIIROdV SULRU WR WUaQVSOaQWaWLRQ. TKH aSSOLcaWLRQ RI LQWHUVWLWLaO IOXLd IORZ WKURXJK 

K\dURJHOV H[HUWV a VKHaU VWUHVV RQ WKH PLcURYHVVHOV WKaW acWLYaWHV PHcKaQRVHQVLQJ 

cRPSOH[HV ZLWKLQ WKH cHOOV. OXU H[SHULPHQWV VKRZ WKaW cd44 LV LQYROYHd LQ WKLV 

PHcKaQRWUaQVdXcWLRQ, VLQcH NQRcN-dRZQ H[SHULPHQWV ZLWK VLRNA LQKLbLWHd IORZ-LQdXcHd 

PLcURYHVVHO aOLJQPHQW. IQWHUHVWLQJO\, WKH addLWLRQ RI bOHbbLVWaWLQ, ZKLcK LQKLbLWV P\RVLQ 

II, aOVR LQKLbLWV PLcURYHVVHO aOLJQPHQW, LQdLcaWLQJ WKaW RKR/ROCK VLJQaOLQJ LV aOVR 

LQYROYHd LQ WKH UHVSRQVH RI WKHVH YHVVHOV WR VKHaU VWUHVV. OYHUaOO, WKH abLOLW\ WR dLVUXSW 

aOLJQPHQW ZKLOH aSSO\LQJ LQWHUVWLWLaO IOXLd IORZ LV cULWLcaO LQ dHWHUPLQLQJ ZKHWKHU a[RQ 

aOLJQPHQW LV caXVHd b\ WKH dLUHcWLRQ RI IOXLd IORZ RU WKH RULHQWaWLRQ RI WKH PLcURYHVVHOV.  

E[SORLWLQJ WKH LQWULQVLc LQWHUacWLRQ bHWZHHQ QHXUaO aQd YaVcXOaU cHOOV KROdV JUHaW 

SRWHQWLaO IRU dLUHcWLQJ a[RQ JURZWK LQ UHJHQHUaWLYH aSSOLcaWLRQV dHVLJQHd IRU UHSaLU aQd 

UHVWRULQJ cRQQHcWLYLW\ LQ WKH CNS. WH XVHd LQWHUVWLWLaO IOXLd IORZ WR aOLJQ PLcURYHVVHOV 

H[KLbLWLQJ BSCB-LQWHJULW\ ZLWKLQ WUaQVSOaQWabOH VcaIIROdV, aQd WKHQ LQYHVWLJaWHd WKH 
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abLOLW\ RI WKHVH YHVVHOV WR dLcWaWH a[RQ RULHQWaWLRQ. OXU UHVXOWV dHPRQVWUaWH WKaW 

PLcURYHVVHOV JXLdH a[RQ JURZWK IURP bRWK QHXUaO SURJHQLWRUV LQ YLWUR aQd LQILOWUaWLQJ 

QHXULWHV LQ YLYR. A SURRI-RI-cRQcHSW WUaQVSOaQWaWLRQ VWXd\ LQ a KHPLVHcWLRQ VSLQaO cRUd 

LQMXU\ PRdHO cRUURbRUaWHd WKH LQ YLWUR UHVXOWV b\ dHPRQVWUaWLQJ WKaW a[RQV LQILOWUaWLQJ WKH 

VcaIIROd aOLJQHd ZLWK WKH SaWWHUQHd PLcURYaVcXOaWXUH. DHWHUPLQLQJ WKaW aOLJQHd 

PLcURYHVVHOV JXLdH WKH dLUHcWLRQ RI a[RQ JURZWK KaV LPSRUWaQW LPSOLcaWLRQV IRU 

UHJHQHUaWLYH aSSURacKHV LQ WKH CNS, VSHcLILcaOO\ LQ WKH VSLQaO cRUd ZKHUH WKH aVcHQdLQJ 

aQd dHVcHQdLQJ QHXUaO WUacWV aOLJQ SULPaULO\ aORQJ WKH URVWUaO-caXdaO a[LV aQd WKH 

cKaOOHQJH LV QRW RQO\ WR SURPRWH UHJHQHUaWLRQ, bXW aOVR WR SURYLdH dLUHcWLRQaO cXHV.  

WH RbVHUYHd WKaW VHHdLQJ a cR-cXOWXUH RI YaVcXOaU SHULc\WHV aQd cHUHbUaO 

PLcURYaVcXOaU HQdRWKHOLaO cHOOV ZLWKLQ a cROOaJHQ aQd K\aOXURQaQ cRPSRVLWH VcaIIROd 

VSRQWaQHRXVO\ IRUPHd PLcURYHVVHOV IHaWXULQJ baUULHU SURSHUWLHV. AIWHU VHYHUaO da\V LQ 

cXOWXUH, WKH PLcURYHVVHOV H[KLbLWHd WLJKW MXQcWLRQV aQd ORZ SHUPHabLOLW\ YaOXHV 

cKaUacWHULVWLc RI WKH CNS-YaVcXOaWXUH. TKH baUULHU IRUPHd LQ PLcURYHVVHOV H[SRVHd WR 

bRWK SHUIXVHd aQd VWaWLc cRQdLWLRQV. TKLV UHVXOW aSSHaUV WR cRQWUadLcW RXU SUHYLRXV ILQdLQJ 

LQ WKH 180-�P-dLaPHWHU YaVcXOaU PRdHO WKaW WLJKW MXQcWLRQ IRUPaWLRQ UHTXLUHV aSSOLcaWLRQ 

RI 0.7 d\Q/cP2 RI IOXLd VKHaU VWUHVV WR WKH OXPHQ (PaUW\Na HW aO., 2017). HRZHYHU, WKH 

PRdH aQd PaJQLWXdH RI VKHaU VWUHVV aSSOLHd WR HQdRWKHOLaO cHOOV b\ bXON SHUIXVLRQ dLIIHU 

IURP WKaW H[HUWHd b\ OXPLQaO IORZ, aQd OLNHO\ cKaQJHV aV WKH cHOOV IRUP PLcURYHVVHOV. 

MRUHRYHU, WKH JHRPHWU\ RI RXU SUHYLRXV PRdHO IHaWXUHV a dLaPHWHU RI 180-ȝP, ZKLcK LV 

aQ RUdHU RI PaJQLWXdH JUHaWHU WKaQ WKH a10 ȝP-dLaPHWHU PLcURYHVVHO PRdHO. TKXV, WKH 

dLVSaULW\ UHJaUdLQJ WKH UROH RI IOXLd VKHaU VWUHVV VXJJHVWV WKaW YHVVHO dLaPHWHU aIIHcWV 

baUULHU IXQcWLRQ. A UHcHQW VWXd\ LPSOLcaWLQJ WKH UadLXV RI cXUYaWXUH RI a VXbVWUaWH aV aQ 
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LPSRUWaQW UHJXOaWRU RI cHOO VLJQaOLQJ aQd PRUSKRORJ\ (BadH, KaPLHQ, AVVRLaQ, & SWHbH, 

2017) OHQdV cUHdHQcH WR YHVVHO dLaPHWHU UHJXOaWLQJ baUULHU IRUPaWLRQ. 

AOWKRXJK CNS-YHVVHO LQWHJULW\ LV UHTXLUHd IRU IXQcWLRQaO LQcRUSRUaWLRQ LQWR WKH 

KRVW YaVcXOaU bHd, RXU UHVXOWV dR QRW LQWHUURJaWH ZKHWKHU baUULHU IXQcWLRQ LV UHTXLUHd WR 

JXLdH a[RQ JURZWK. A SUHYLRXV VWXd\ IRcXVHd RQ WKH SHULSKHUaO QHUYRXV V\VWHP VXJJHVWV 

WKaW baUULHU IRUPaWLRQ LV QRW UHTXLUHd IRU a[RQaO JXLdaQcH: QRQ-CNS HQdRWKHOLaO cHOOV 

VWLPXOaWHd aQd dLUHcWHd WKH JURZWK RI a[RQV IURP a dRUVaO URRW JaQJOLRQ WKURXJK VEGF-

PHdLaWHd SaUacULQH VLJQaOLQJ (GUaVPaQ & KaSOaQ, 2017). VEGF LV a JURZWK IacWRU 

aVVRcLaWHd ZLWK WKH JURZWK RI bRWK WKH YaVcXOaU aQd QHXUaO V\VWHPV LQ WKH cHQWUaO QHUYRXV 

V\VWHP (La]aURYLcL, MaUcLQNLHZLc], & LHONHV, 2006), aQd Pa\ cRQWULbXWH WR WKH 

PHcKaQLVP XQdHUO\LQJ WKH YaVcXOaU-JXLdHd a[RQ JURZWK RbVHUYHd KHUH UHJaUdOHVV RI WKH 

baUULHU LQWHJULW\ RI WKH PLcURYHVVHOV. HRZHYHU, LQVSHcWLRQ RI WKH LPPXQRc\WRcKHPLVWU\ 

daWa LQdLcaWHV cORVH SUR[LPLW\ bHWZHHQ a[RQV aQd PLcURYHVVHOV, ZKLcK VXJJHVWV a 

MX[WacULQH VLJQaOLQJ PHcKaQLVP. TKH baVaO OaPLQa, a cUXcLaO cRPSRQHQW RI WKH 

QHXURYaVcXOaU XQLW (dHO ZRSSR, 2010), Pa\ cRQWULbXWH WR WKLV PHcKaQLVP. GLYHQ WKaW 

SUHYLRXV VWXdLHV KaYH IRXQd cROOaJHQ IV aQd OaPLQLQ, PaMRU cRPSRQHQWV RI WKH 

HQdRWKHOLaO baVaO OaPLQa, LQdXcH aQd JXLdH a[RQ JURZWK (YX, DLOORQ, & BHOOaPNRQda, 

1999; ZKX HW aO., 2018), VHcUHWLRQ RI WKHVH SURWHLQV b\ WKH cHUHbUaO HQdRWKHOLaO cHOOV Pa\ 

PHdLaWH QHXURYaVcXOaU LQWHUacWLRQ.  

OXU UHVXOWV dHPRQVWUaWH WKaW SaWWHUQHd YaVcXOaWXUH LQdXcHV a[RQ LQILOWUaWLRQ IURP 

WKH KRVW aQd JXLdHV WKHLU JURZWK, LQdLcaWLQJ WKH SRWHQWLaO RI WKLV VcaIIROd WR VXSSRUW a[RQ 

cRQQHcWLYLW\ aQd XOWLPaWHO\ IXQcWLRQaO bHQHILWV LQ WKH daPaJHd VSLQaO cRUd. SCI cUHaWHV a 

cRPSOH[ aQd LQIOaPPaWRU\ PLcURHQYLURQPHQW WKaW LQKLbLWV a[RQ JURZWK aQd LPSHdHV 
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VSRQWaQHRXV UHJHQHUaWLRQ (SLOYHU & MLOOHU, 2004). TKH LQMXU\ HQYLURQPHQW, ZKLcK OacNV 

SURSHU bORRd VXSSO\, aOVR SUHVHQWV a cKaOOHQJH WR WKH YLabLOLW\ RI cHOOV WUaQVSOaQWHd LQWR 

WKH LQMXU\ VLWH LQ UHJHQHUaWLYH aSSOLcaWLRQV (HLOO HW aO., 2007). PUHYLRXV VWXdLHV LQdLcaWH 

WKaW WUaQVSOaQWLQJ cRQdXLWV ZLWK SURaQJLRJHQLc IacWRUV (BaNVKL HW aO., 2004; SaJOaP HW aO., 

2013; ZHQJ HW aO., 2011) LPSURYHV QHXURUHJHQHUaWLRQ, VXJJHVWLQJ WKH bHQHILW RI dHOLYHULQJ 

R[\JHQ aQd QXWULHQWV WKURXJK YaVcXOaUL]aWLRQ. FXUWKHUPRUH, aQ LPaJLQJ aQaO\VLV RI 

YaVcXOaU aQd a[RQaO QHWZRUNV LQ WKH LQMXUHd VSLQaO cRUd IRXQd WKaW a[RQ JURZWK UaWH ZaV 

VXbVWaQWLaOO\ LQcUHaVHd LQ cORVH SUR[LPLW\ WR YaVcXOaWXUH (C. DUa\, G. RRXJRQ, & F. 

DHbaUbLHX[, 2009). TKHUHIRUH, aOLJQHd PLcURYHVVHOV KaYH WKH dXaO bHQHILW RI SURYLdLQJ 

WKH baVLV IRU a YaVcXOaU bHd ZLWKLQ WKH VcaIIROd WR SURPRWH cHOO VXUYLYaO aQd dLUHcWLQJ WKH 

JURZWK RI UHJHQHUaWLQJ a[RQV.  

5.3 Vasculari]ed RADA 16-I Peptide Scaffold Increases Host A[on Infiltration  

DHVSLWH dHPRQVWUaWLQJ WKaW QHXURYaVcXOaU LQWHUacWLRQ cRXOd bH H[SORLWHd IRU 

UHJHQHUaWLYH aSSURacKHV, WKH cROOaJHQ-K\aOXURQaQ VcaIIROdV dLd QRW acKLHYH a VXIILcLHQW 

aPRXQW RI a[RQ LQILOWUaWLRQ IRU IXQcWLRQaO UHcRYHU\. OQH RI WKH JUHaWHVW cKaOOHQJHV IacLQJ 

VcaIIROdV IRU VSLQaO cRUd UHJHQHUaWLRQ LV WKH LQVXIILcLHQW QXPbHU RI a[RQ LQILOWUaWLRQ 

(KU\cK HW aO., 2009). IQ RUdHU WR LQcUHaVH WKH SHUPLVVLYLW\ RI WKH VcaIIROdV, WKH K\dURJHO 

PaWHULaO ZaV cKaQJHd WR a V\QWKHWLc RADA 16-I QaQRILbHU SHSWLdH. TKLV SHSWLdH KaV bHHQ 

SUHYLRXVO\ dHPRQVWUaWHd KLJK SHUPLVVLYLW\ aQd VWURQJ WLVVXH-VcaIIROd LQWHJUaWLRQ LQ YLYR 

(J. GXR HW aO., 2007). IQ RXU RZQ H[SHULPHQWV, XVLQJ WKLV QHZ PaWUL[ SOaWIRUP, ZH ILQd 

WKaW WKH SHSWLdH bRWK VXSSRUWV WKH JURZWK aQd PaWXULW\ RI YaVcXOaWXUH aQd LQILOWUaWLRQ RI 

LQcUHaVHd a[RQ dHQVLW\. AOWKRXJK SUHYLRXV VWXdLHV KaYH VKRZQ a[RQ LQILOWUaWLRQ XVLQJ 

bRWK acHOOXOaU aQd cHOOXOaU VcaIIROdV (J. GXR HW aO., 2007; SWRNROV & TXV]\QVNL, 2006), 
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RXWJURZWK RI a[RQV IURP a WUaQVSOaQWHd VcaIIROd aQd cRQVHTXHQW V\QaSWRJHQHVLV KaYH \HW 

WR bH RbVHUYHd. VaVcXOaUL]LQJ RADA-16I LV a SURPLVLQJ aSSURacK WR acKLHYH WKLV JRaO.  

OXU UHVXOWV VXJJHVW WKaW WKH IRUPaWLRQ RI BSCB-LQWHJULW\ PLcURYHVVHOV ZLWKLQ a 

VHOI-aVVHPbOLQJ RADA-16I K\dURJHO LQcUHaVHV a[RQ dHQVLW\ aQd UHdXcHV LQIOaPPaWLRQ 

aQd VcaUULQJ aW WKH VLWH RI a cRQWXVLRQ SCI. AOWKRXJK LW¶V XQcOHaU ZKHWKHU WKH a[RQV 

SUHVHQW ZHUH VSaUHd IURP WKH LQLWLaO LQMXU\ RU LQILOWUaWLQJ WKH daPaJHd aUHa, WKH SUHVHQcH 

RI WKH PLcURYHVVHOV Kad a SRVLWLYH HIIHcW b\ HLWKHU VXSSRUWLQJ WKH YLabLOLW\ RI WKH VSaUHd 

a[RQV RU HQcRXUaJLQJ WKH JURZWK RI UHJHQHUaWLQJ a[RQV. GLYHQ WKaW SUHYLRXV VWXdLHV KaYH 

dHPRQVWUaWHd WKH abLOLW\ RI WUaQVSOaQWHd PLcURYHVVHOV WR aQaVWRPRVH ZLWK KRVW 

YaVcXOaWXUH, LW LV SRVVLbOH WKaW WKH PLcURYHVVHOV bHQHILW WKH LQMXU\ VLWH WKURXJK WKH dHOLYHU\ 

RI R[\JHQ aQd QXWULHQWV. RHcHQW VWXdLHV KaYH aOVR VKRZHd WKaW YaVcXOaU cHOOV VHcUHWH 

QHXURSURWHcWLYH IacWRUV (NaNaKaVKL HW aO., 2000), ZKLcK LV aQRWKHU SRVVLbOH PHcKaQLVP b\ 

ZKLcK WKH WUaQVSOaQWHd PLcURYHVVHOV caQ aXJPHQW a[RQ dHQVLW\. RHJaUdOHVV RI WKH 

XQdHUO\LQJ PHcKaQLVP, WKH UHVXOWV RI WKLV VWXd\ HVWabOLVK WKH bHQHILW RI WUaQVSOaQWLQJ 

PLcURYHVVHOV ZLWKLQ a RADA-16I SHSWLdH K\dURJHO. 

PUHYLRXV VWXdLHV KaYH dHPRQVWUaWHd WKH HIIHcWLYHQHVV RI RADA-16I VcaIIROdV WR 

LQcRUSRUaWH ZLWK WKH daPaJHd CNS aQd bH SHUPLVVLYH WR a[RQ JURZWK. IQWHUHVWLQJO\, ZH 

IRXQd WKaW WKH RADA-16I K\dURJHO H[KLbLWV PHcKaQLcaO SURSHUWLHV WKaW VXbVWaQWLaOO\ 

dLIIHU IURP bRWK SK\VLRORJLcaO CNS WLVVXH aQd JOLaO VcaUV. RKHRPHWU\ LQdLcaWHd a ORZHU 

VWRUaJH PRdXOXV WKaQ SUHYLRXV PHaVXUHPHQWV RI bRWK VSLQaO cRUd WLVVXH aQd JOLaO VcaUV 

(MRHHQdaUbaU\ HW aO., 2017). FXUWKHUPRUH, ZLWK a ORVV aQJOH RI RQO\ 2 dHJUHHV, WKH 

K\dURJHO LV PRVWO\ HOaVWLc, ZKLcK LV LQ VWaUN cRQWUaVW WR WKH YLVcRHOaVWLc SURSHUWLHV RI CNS 

WLVVXH (RaPR, TUR\HU, & PXWWOLW], 2018). NRQHWKHOHVV, WKH PHcKaQLcaO SURSHUWLHV aUH 
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VXIILcLHQW WR VXSSRUW WKH IRUPaWLRQ RI PLcURYHVVHOV aQd WKH JURZWK RI adMacHQW KRVW a[RQV. 

AQd RXU UHVXOWV VKRZ WKaW WKHVH PLcURYHVVHOV VLJQLILcaQWO\ LQcUHaVH WKH HIIHcWLYHQHVV RI 

WKH VcaIIROd WR SURPRWH a[RQ JURZWK aQd UHdXcH JOLaO VcaUULQJ aQd LQIOaPPaWLRQ. 

A caYHaW RI WKH aSSURacK dHVcULbHd LQ WKLV VWXd\ LV WKH OacN RI aOLJQPHQW RI WKH 

PLcURYHVVHOV ZLWKLQ WKH VcaIIROd. BHcaXVH WKH PLcURYHVVHOV IRUP LQ WKH VcaIIROd aIWHU 

WUaQVSOaQWaWLRQ, WKH\ caQQRW bH SUH-SaWWHUQHd. TKH UHdXcHd VWRUaJH PRdXOXV RI WKH SHSWLdH 

K\dURJHO SUHcOXdHV WKH abLOLW\ WR SRO\PHUL]H WKH VcaIIROd SULRU WR WUaQVSOaQWaWLRQ, 

QHcHVVLWaWLQJ WKH LQMHcWLRQ WHcKQLTXH dHVcULbHd KHUH. TKH abLOLW\ WR aOLJQ WKH PLcURYHVVHOV 

caQ JXLdH WKH JURZWK RI a[RQV aW WKH LQMXU\ VLWH, aV RbVHUYHd dXULQJ bRWK VSLQaO cRUd 

ZRXQd KHaOLQJ (C\ULO DUa\ HW aO., 2009) aQd LQ SUHYLRXV YaVcXOaUL]Hd cROOaJHQ-K\aOXURQaQ 

cRPSRVLWH VcaIIROdV (PaUW\Na HW aO., 2019). E[HUWLQJ cRQWURO RYHU a[RQaO RULHQWaWLRQ, 

VSHcLILcaOO\ LQ WKH URVWUaO-caXdaO dLUHcWLRQ, LV a VXbVWaQWLaO bHQHILW RI YaVcXOaUL]Hd 

VcaIIROdV. TKHUHIRUH, IXWXUH VWXdLHV WR cRQWURO WKH RULHQWaWLRQ RI WUaQVSOaQWHd HQdRWKHOLaO 

cHOOV aQd WKH PLcURYHVVHOV WKH\ IRUP IROORZLQJ WUaQVSOaQWaWLRQ aUH cUXcLaO. PaWWHUQLQJ 

YaVcXOaWXUH ZLWKLQ a SHUPLVVLYH SHSWLdH VcaIIROd OLNH RADA-16I KROdV JUHaW SURPLVH IRU 

UHaOL]LQJ IXQcWLRQaO LPSURYHPHQWV IROORZLQJ SCI. 

NRQHWKHOHVV, WKH UHVXOWV RI WKLV VWXd\ HVWabOLVK YaVcXOaUL]aWLRQ aV a SRWHQWLaO 

PHaQV WR LPSURYH VcaIIROdV IRU SCI UHSaLU. OXU ILQdLQJV LQdLcaWH WKaW WKH SUHVHQcH RI WKH 

PLcURYHVVHOV addUHVVHV WKH VHcRQdaU\ aVSHcW RI SCI, VLQcH bRWK GFAP aQd ED-1 VWaLQLQJ, 

PaUNHUV IRU acWLYaWHd aVWURc\WHV aQd PacURSKaJH/PLcURJOLa UHVSHcWLYHO\, ZHUH UHdXcHd LQ 

UHVSRQVH WR cHOO-VHHdHd VcaIIROdV. A SUHYLRXV VWXd\ UHSRUWV WKaW aQ XSUHJXOaWLRQ RI 

c\WRNLQH JURZWK IacWRUV VXcK aV IL-6 WKaW LV VHHQ dXULQJ LQIOaPPaWLRQ OHadV WR a 

dLPLQLVKHd a[RQ JURZWK (LacURL[, CKaQJ, RRVH-JRKQ, & TXV]\QVNL, 2002). AWWHQXaWLQJ 
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WKH HIIHcWV RI VHcRQdaU\ LQMXU\ aQd LQ WXUQ dHcUHaVLQJ WKH VL]H RI WKH JOLaO VcaU KaV WKH 

SRWHQWLaO WR IacLOLWaWH QHXURUHJHQHUaWLRQ, aQd VHYHUaO RWKHU aSSURacKHV LQcOXdLQJ XVLQJ 

cKRQdURLWLQaVH ABC (BUadbXU\ & CaUWHU, 2011) aQd RWKHU HQ]\PHV WR dHJUadH WKH VcaU 

KaYH WKH VaPH JRaO. HRZHYHU, WKH aSSURacK RI dHOLYHULQJ a YaVcXOaUL]Hd VcaIIROd caQ 

addUHVV VcaU IRUPaWLRQ ZKLOH cRQcXUUHQWO\ dHOLYHULQJ QXWULHQWV aQd R[\JHQ WR 

UHJHQHUaWLQJ a[RQV. YHW, aOWKRXJK WKLV daWa LQdLcaWHV WKaW WKH YaVcXOaUL]Hd VcaIIROd 

LQcUHaVHV a[RQ dHQVLW\ aQd UHdXcHV LQIOaPPaWLRQ aQd VcaUULQJ, IXWXUH ZRUN LV QHHdHd WR 

TXaQWLI\ WKH bHKaYLRUaO UHVSRQVH RI LQMXUHd aQLPaOV aQd IXOO\ YaOLdaWH WKLV VWUaWHJ\.   

5.4 Conclusions, Impact, and Future Directions 

TKH VSHcLILc aLPV RI WKLV dLVVHUWaWLRQ KaYH OHd WR WKH IROORZLQJ cRQcOXVLRQV:  

I. PUH-SaWWHUQHd YHVVHOV H[KLbLW baUULHU-LQWHJULW\ ZLWKLQ a PLcURIOXLdLc dHYLcH LQ 

YLWUR.  

II. NHXURYaVcXOaU LQWHUacWLRQ caQ bH XVHd WR JXLdH a[RQ JURZWK LQ WKH LQMXUHd VSLQaO 

cRUd.  

III. Rada-16I SHSWLdH caQ bH YaVcXOaUL]Hd ZLWK baUULHU LQWHJULW\ PLcURYHVVHOV WR 

LQcUHaVH KRVW a[RQ LQILOWUaWLRQ aQd WR aWWHQXaWH LQIOaPPaWLRQ aQd VcaUULQJ. 

TKH LPSOLcaWLRQV RI WKLV VWXd\ aUH WKaW YaVcXOaUL]Hd VcaIIROdV KROd JUHaW SURPLVH IRU WKH 

WUHaWPHQW RI VSLQaO cRUd LQMXU\. TKHVH VWXdLHV dHPRQVWUaWH WKaW WUaQVSOaQWLQJ PLcURYHVVHOV 

KaYH WKH SRWHQWLaO WR addUHVV bRWK SULPaU\ aQd VHcRQdaU\ aVSHcWV RI VSLQaO cRUd LQMXU\. 

TKH UHVXOWV LQdLcaWH WKaW SaWWHUQHd baUULHU-LQWHJULW\ PLcURYHVVHOV aUH abOH WR cRQWURO KRVW 

a[RQ LQILOWUaWLRQ LQ WKH URVWUaO-caXdaO dLUHcWLRQ RI WKH VSLQaO cRUd aQd SURYLdH WKH UHTXLUHd 

QXWULHQWV IRU VXVWaLQHd a[RQ SUROLIHUaWLRQ ZLWK a UHdXcHd LQIOaPPaWRU\ HIIHcW. 

AddLWLRQaOO\, XVLQJ WKH VHOI-aVVHPbOLQJ SHSWLdH K\dURJHO aXJPHQWV WKH QXPbHU RI 
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LQILOWUaWLQJ a[RQV aQd UHdXcHV bRWK WKH LQIOaPPaWLRQ aQd JOLaO VcaUULQJ. TaNHQ WRJHWKHU, 

WKLV ZRUN adYaQcHV WKH ILHOd RI WLVVXH HQJLQHHULQJ aQd UHJHQHUaWLYH PHdLcLQH b\ XVLQJ 

QHXURYaVcXOaU LQWHUacWLRQ ZLWKLQ YaVcXOaUL]Hd VcaIIROdV IRU WKH ILUVW WLPH WR UHSaLU WKH 

daPaJHd VSLQaO cRUd. 

 

TKRXJK WKLV ZRUN dRHV PXcK WR adYaQcH WKH ILHOd RI WLVVXH HQJLQHHULQJ aQd UHJHQHUaWLYH 

WKHUaSLHV, WKH UHVXOWV LdHQWLI\ VHYHUaO XQaddUHVVHd TXHVWLRQV.  

I. TR ZKaW H[WHQW dR WKH YaVcXOaUL]Hd RADA-16I SHSWLdH K\dURJHOV IacLOLWaWH aQ 

RbVHUYabOH IXQcWLRQaO UHcRYHU\ LQ WKH LQMXUHd aQLPaOV? 

II. WKaW LV WKH LdHaO PHcKaQLcaO SURSHUW\ RI a VSLQaO cRUd WUaQVSOaQW, cRQVLdHULQJ WKaW 

WKH PRVW a[RQ LQILOWUaWLRQ RccXUUHd LQ WKH VcaIIROd ZLWK WKH ORZHVW VWRUaJH 

PRdXOXV, \HW PRVW HOaVWLc SURSHUWLHV? 

III. CaQ PLcURYHVVHOV bH aOLJQHd ZLWKLQ WKH SHSWLdH-baVHd VcaIIROd SRVW-

WUaQVSOaQWaWLRQ XVLQJ aQ aUWLILcLaOO\ LQdXcHd bLRcKHPLcaO JUadLHQW, H[HUcLVH-

LQdXcHd PHcKaQLcaO VWLPXOaWLRQ, RU H[WHUQaOO\ aSSOLHd PaJQHWLc ILHOdV? 

IV. CaQ WKH LQcRUSRUaWLRQ RI PLcURYHVVHOV ZLWKLQ a VcaIIROd SaWWHUQHd ZLWK c\OLQdULcaO 

YRLdV acKLHYH a[RQ LQILOWUaWLRQ aQd RXWJURZWK IROORZLQJ VSLQaO cRUd LQMXU\? 

TKH ILUVW TXHVWLRQ LV WKH PRVW VWUaLJKWIRUZaUd WR addUHVV LQ IXWXUH H[SHULPHQWV. 

BHKaYLRUaO aQaO\VLV caQ bH cRQdXcWHd XVLQJ WKH BaVVR, BHaWWLH, aQd BUHVQaKaQ (BBB) 

VcaOH, ZKLcK LV dHVLJQHd VSHcLILcaOO\ IRU UaW HYaOXaWLRQ aIWHU SCI (BaVVR, BHaWWLH, & 

BUHVQaKaQ, 1995).  SLQcH bRWK WKH KHPLVHcWLRQ (WaQJ, HXaQJ, HH, & LL, 2014) aQd 

cRQWXVLRQ (JLQ HW aO., 2011) VSLQaO cRUd LQMXU\ PRdHOV UHVXOW LQ ORZ BBB VcRUHV WZR WR 

WKUHH da\V aIWHU LQMXU\, WKLV LQMXU\ SaUadLJP LV adHTXaWH IRU WKLV VWXd\. TKH UHVXOWV 
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RbWaLQHd ZRXOd dHWHUPLQH WKH H[WHQW WR ZKLcK WKH PRdHO QHHdV WR bH LPSURYHd.  FRU 

H[aPSOH, LI WKH BBB VcRUHV ZRXOd bH ORZ WKHQ WKH IRcXV VKRXOd bH RQ aOLJQLQJ WKH 

PLcURYHVVHOV ZLWKLQ WKH VcaIIROd WR JXLdH a[RQV acURVV aQd RXW RI WKH VcaIIROd. AIWHU 

IXQcWLRQaO UHcRYHU\ ZRXOd bH YaOLdaWHd XVLQJ WKH BBB VcRUHV, LdHQWLI\LQJ WKH W\SH RI 

a[RQV UHJHQHUaWLQJ LQWR WKH VcaIIROdV ZRXOd SUHdLcW WKH dHJUHH RI UHcRYHU\ SRVVLbOH. FRU 

H[aPSOH, RQcH IXQcWLRQaO PRWRU UHcRYHU\ LV SUHVHQW, cRUWLcRVSLQaO WUacW QHXURQV ZLWKLQ WKH 

VcaIIROd KaYH WR bH SUHVHQW aV ZHOO. HRZHYHU, WKH SUHVHQcH RI VHQVRU\ QHXURQV IURP WKH 

VSLQRWKaOaPLc RU WKH dRUVaO cROXPQ PHdLaO OHPQLVcXV WUacWV, ZRXOd VXJJHVW WKaW WKHUH 

ZRXOd bH SaLQ aQd WHPSHUaWXUH UHcRYHU\ aV ZHOO aV ILQH WRXcK, YLbUaWLRQ, aQd 

SURSULRcHSWLRQ UHcRYHU\, UHVSHcWLYHO\. 

TKH UHVXOWV RI WKLV dLVVHUWaWLRQ \LHOd a JRRd dHaO RI LQVLJKW LQWR WKH TXHVWLRQ 

UHOaWHd WR PHcKaQLcaO SURSHUWLHV RI WKH VcaIIROd (II). IW¶V cOHaU WKaW WKH bLRcKHPLcaO 

SURSHUWLHV RI WKH VcaIIROd aQd OLJaQd SUHVHQWaWLRQ aIIHcW a[RQ JURZWK cRQHV, bXW WKH 

PHcKaQLcaO SURSHUWLHV RI WKH VcaIIROd aUH OLNHO\ OaUJH dHWHUPLQaQWV RI a[RQ LQILOWUaWLRQ. 

AFM VWXdLHV LQdLcaWH WKaW LQ cRQWUaVW WR ILbURWLc VcaUULQJ LQ WLVVXHV RXWVLdH WKH cHQWUaO 

QHUYRXV V\VWHP, WKH JOLaO VcaU H[KLbLWV a ORZHU VWLIIQHVV WKaQ VXUURXQdLQJ WLVVXH LQ WKH 

VSLQaO cRUd (MRHHQdaUbaU\ HW aO., 2017). TKH SHSWLdH VcaIIROd KaV a VXbVWaQWLaOO\ UHdXcHd 

VWRUaJH PRdXOXV WKaQ WKH cROOaJHQ-K\aOXURQaQ cRPSRVLWH VcaIIROd aV ZHOO aV a 

VLJQLILcaQWO\ ORZHU ORVV aQJOH. AddLWLRQaOO\, UHdXcLQJ WKH cRQcHQWUaWLRQ RI WKH cROOaJHQ-

K\aOXURQaQ VcaIIROd aOVR \LHOdHd LQcUHaVHd LQILOWUaWLRQ. YHW, JLYHQ WKaW HacK RI WKHVH 

cKaQJHV aIIHcWV OLJaQd SUHVHQWaWLRQ WR WKH cHOOV, WKLV VWXd\ caQQRW cRQcOXVLYHO\ cRQcOXdH 

ZKHWKHU a UHdXcHd VWRUaJH PRdXOXV LV bHQHILcLaO IRU a[RQ JURZWK. FXWXUH VWXdLHV XVLQJ 
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VcaIIROdV WKaW caQ VHOHcWLYHO\ WXQH WKH PHcKaQLcaO SURSHUWLHV LQdHSHQdHQW RI OLJaQd 

SUHVHQWaWLRQ aUH UHTXLUHd WR addUHVV WKLV TXHVWLRQ. 

A VXbVWaQWLaO caYHaW RI WKH RADA-16I LV WKH LQabLOLW\ WR aOLJQ WKH PLcURYHVVHOV 

dXH WR LWV LQMHcWabOH QaWXUH, ZKLcK LV WKH baVLV IRU IXWXUH dLUHcWLRQV III. OQH SRWHQWLaO 

PHWKRd WR aOLJQ PLcURYHVVHOV ZLWKLQ WKH LQMHcWabOH SHSWLdH VcaIIROd cRXOd bH b\ cUHaWLQJ a 

VEGF JUadLHQW LQ WKH URVWUaO-caXdaO dLUHcWLRQ RI WKH VSLQaO cRUd. CHOOXOaU aOLJQPHQW XVLQJ 

a VEGF-JUadLHQW KaV bHHQ VKRZQ LQ SUHYLRXV LQ YLWUR VWXdLHV (NJX\HQ HW aO., 2013; SKLQ 

HW aO., 2011), bXW LW KaV QRW bHHQ aSSOLHd LQ YLYR aV a Za\ WR UHJHQHUaWH aQ LQMXUHd VSLQaO 

cRUd. BHLQJ abOH WR aOLJQ PLcURYaVcXOaWXUH LQ YLYR ZLWKLQ WKH SHSWLdH VcaIIROd cRXOd 

aXJPHQW IXQcWLRQaO UHcRYHU\ b\ LQcUHaVLQJ WKH JURZWK RI a[RQV WKURXJK aQd RXW RI WKH 

VcaIIROd.  

FLQaOO\, WKH LQLWLaO WUaQVSOaQWaWLRQ ZLWK WKH 180-�P dLaPHWHU YHVVHO LQdLcaWHd WKaW 

a[RQV SUHIHUUHd aOLJQHd cKaQQHOV ZLWKLQ WKH VcaIIROd WR LQILOWUaWH, WKXV LdHQWLI\LQJ aQ 

aOWHUQaWLYH aSSURacK WR LOOLcLW a[RQ LQILOWUaWLRQ. FXWXUH VWXdLHV cRXOd cRPbLQH WKH bHQHILWV 

RI YaVcXOaUL]LQJ VcaIIROdV ZLWK HVWabOLVKHd aSSURacKHV WR IabULcaWH cKaQQHOV aOLJQHd LQ WKH 

URVWUaO-caXdaO dLUHcWLRQ. OQH aSSURacK WR acKLHYH WKLV PHWKRd LQYROYHV 3D SULQWLQJ 

VcaIIROdV. TKH bHQHILW RI 3D SULQWLQJ WHcKQRORJ\ LV WKH UHPaUNabOH SUHcLVLRQ aW ZKLcK 

VcaIIROdV caQ bH cUHaWHd ZLWK cKaQQHOV WKaW cRXOd dLcWaWH a[RQ dLUHcWLRQ(GULJRU\aQ HW aO., 

2019) . A SXbOLVKHd VWXd\ dHPRQVWUaWHV WKH abLOLW\ WR 3D SULQW VcaIIROdV ZLWK cKaQQHOV 

aQd ORadHd cHOOV WKaW caXVH a[RQ LQILOWUaWLRQ, V\QaSVH UHOa\ ZLWK WKH WUaQVSOaQWHd cHOOV, aQd 

XOWLPaWH IXQcWLRQaO UHcRYHU\ IROORZLQJ SCI (KRIIOHU HW aO., 2019). SLQcH QaVcHQW 

YaVcXOaWXUH WHQdV WR bH ³OHaN\´ LQLWLaOO\, WKH 3D SULQWHd VcaIIROdV VKRXOd bH VHHdHd ZLWK a 

cR-cXOWXUH PRdHO RI HQdRWKHOLaO cHOOV aQd SHULc\WHV IRU a IHZ da\V LQ YLWUR SULRU WR 
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WUaQVSOaQWaWLRQ. TKLV cRPbLQaWLRQ RI 3D SULQWHd VcaIIROdV aQd CNS-baUULHU LQWHJULW\ 

YaVcXOaWXUH cRXOd LQcUHaVH WKH VSHHd aW ZKLcK IXQcWLRQaO UHcRYHU\ LV RccXUULQJ.  

IQ WKH IXWXUH, PRYLQJ aZa\ IURP bHQcKWRS UHVHaUcK WR cOLQLcaO WULaOV, WKH RULJLQ RI 

WKH cHOOV XVHd IRU WKHVH YaVcXOaUL]Hd WUaQVSOaQWV PXVW bH PRdLILHd, VLQcH XVLQJ 

LPPRUWaOL]Hd cHOO OLQHV LV LQcRPSaWLbOH ZLWK YLabOH WUHaWPHQW VWUaWHJLHV. AXWRORJRXV cHOOV 

caQ bH RbWaLQHd XVLQJ aXWRORJRXV dUaIWV LQ ZKLcK VWHP cHOOV aUH dHULYHd IURP WKH KRVW RU 

WKURXJK LQdXcHd SOXULSRWHQc\. GLYHQ WKaW RXU ILQdLQJV VKRZ SURPLVH LQ bRWK acXWH 

(KHPLVHcWLRQ) aQd cKURQLc (cRQWXVLRQ) LQMXULHV, WKLV VWUaWHJ\ LV cRPSaWLbOH ZLWK SaWLHQW-

dHULYHd cHOOV. UVLQJ aXWRORJRXV dUaIWV, KRVW VWHP cHOOV ZRXOd bH dUaZQ IURP bRQH PaUURZ 

RU bORRd aQd WKHQ SXULILHd aQd LQdXcHd LQWR bUaLQ SHULc\WHV aQd bUaLQ HQdRWKHOLaO cHOOV.  
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Chapter VI 

Detailed Protocols 

6.1 Wafer Development Using Soft Lithograph\  
 
MaWHULaOV QHHdHd 
 
 3-LQcK SLOLcRQ ZaIHU (VWR- 102095-792) 
 SU-8 2025 PKRWRUHVLVW (MLcURCKHP) 
 DHYHORSHU VROXWLRQ (PURS\OHQH JO\cRO PHWK\O HWKHU acHWaWH- PGMEA 
(MLcURCKHP) 
 AOXPLQXP IRLO 
 10 PL SOaVWLc V\ULQJH 
 180 �P acXSXQcWXUH QHHdOHV (DBC) 
 5´-dLaPHWHU cLUcXOaU JOaVV bHaNHU (RSHQ WRS)  
 TULcKORUR VLOaQH (SLJPa, 78560-45-9) 
 
ETXLSPHQW QHHdHd 
 
 UV PKRWROLWKRJUaSK\ PacKLQH 
 RRcNHU 
 HRW SOaWH 
 HHaWLQJ RYHQ 
 DHVLccaWRU 
 
PURcHdXUH 
 

1. POacH a cOHaQ VLOLcRQ ZaIHU RQ KRW SOaWH SUHKHaWHd WR 60�C IRU 5 PLQXWHV.  
2. UVLQJ a 10 PL SOaVWLc V\ULQJH SRXU 7 PL SU-8 SKRWRUHVLVW RQ WKH ZaIHU 

ZLWKRXW VSLOOLQJ RYHU WKH HdJH.  
3. MRYH aQ\ aLU bXbbOHV WR WKH cHQWHU RI WKH ZaIHU XVLQJ WKH WLS RI WKH 10 PL 

SOaVWLc V\ULQJH.  
4. UVH aOXPLQXP IRLO WR cUHaWH a cRYHU WR SOacH RYHU WKH ZaIHU VR WKaW LW¶V 

SURWHcWHd IURP da\OLJKW.  
5. IQcUHaVH WHPSHUaWXUH RQ WKH KRW SOaWH WR 95�C aQd baNH RYHUQLJKW.  
6. LRZHU WKH WHPSHUaWXUH WR 60�C aQd UHPRYH aQ\ aLU bXbbOHV b\ SRSSLQJ WKHP 

XVLQJ a 180 �P dLaPHWHU acXSXQcWXUH QHHdOH 
7. IQcUHaVH WKH WHPSHUaWXUH bacN WR 95�C aQd OHaYH IRU 10 PLQXWHV XQWLO WKH 

VXUIacH ORRNV KRPRJHQRXV aIWHU UHPRYLQJ aQ\ aLU bXbbOHV.  
8. TXUQ RII WKH KRW SOaWH aQd aOORZ WKH ZaIHU WR cRRO IRU 15 PLQXWHV.  
9. TUaQVIHU WKH ZaIHU WR WKH UV SKRWROLWKRJUaSK\ PacKLQH aQd SOacH a SULQWHd 

SKRWR PaVN ZLWK WKH dHVLUHd dHVLJQ WR bH IabULcaWHd. UVH cOHaU VcRWcK WaSH aW 
WKH HdJH RI WKH SKRWR PaVN WR VHcXUH LW LQ SOacH.  

10. TXUQ RQ WKH UV SKRWROLWKRJUaSK\ PacKLQH aQd aSSO\ 200 WaWW UV OLJKW IRU 2 
KRXUV.  
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11. RHPRYH WKH SKRWR PaVN IURP WKH ZaIHU aQd VXbPHUJH WKH ZaIHU LQ a 5´ 
dLaPHWHU cLUcXOaU JOaVV cRQWaLQHU ZLWK aQ RSHQ WRS WKaW KaV 10 PL RI dHYHORSHU 
VROXWLRQ IRU 15 PLQXWHV. 

12. RHPRYH WKH dHYHORSHU VROXWLRQ aQd UHSOacH ZLWK 15 PL QHZ dHYHORSHU 
VROXWLRQ IRU aQRWKHU 15 PLQXWHV. PHUIRUP WKLV VWHS XQWLO aOO RI WKH XQcXUHd SU-
8 SKRWRUHVLVW KaV bHHQ UHPRYHd.  

13. POacH WKH dHYHORSHd ZaIHU LQ a dHVLccaWRU WKaW KaV a IHZ dURSV RI VLOaQH IRU 
RYHUQLJKW.  

14. RHPRYH ZaIHU IURP WKH dHVLccaWRU aQd SURcHHd WR cUHaWH PDMS VWaPSV.  
 
6.2 PDMS Stamp Fabrication 
 
MaWHULaOV QHHdHd 
 
 PRO\-dLPHWK\OVLOR[aQH (PDMS) (CRUQLQJ) 
 CXULQJ aJHQW (CRUQLQJ) 
 POaVWLc cXS 
 TUaQVIHU SLSHWWH 
 P100 SOaVWLc dLVK 

DHYHORSHd ZaIHU (dHVcULbHd LQ ³ZaIHU dHYHORSPHQW XVLQJ VRIW OLWKRJUaSK\´ 
VHcWLRQ) 

 Ra]RU bOadH 
 50 PP AOXPLQXP dLVK 
 
ETXLSPHQW QHHdHd 
 
 DHVLccaWRU 
 HHaWLQJ RYHQ 
 POaVPa O[LdL]HU 
 
PURcHdXUH da\ 1 

 
1. ML[ 50 J PDMS ZLWK 5 J cXULQJ aJHQW (UaWLR RI 10:1) aQd UHPRYH aLU bXbbOHV 

b\ SOacLQJ WKH PL[WXUH LQ a dHVLccaWRU IRU 10 PLQXWHV. 
2. PRXU 1 PL RI WKH PDMS PL[WXUH RQ WKH bRWWRP RI WKH P100 SOaVWLc dLVK WR 

VHcXUH WKH dHYHORSHd VLOLcRQ ZaIHU LQ SOacH b\ baNLQJ WKLV VHWXS aW 60�C LQ WKH 
KHaWLQJ RYHQ IRU 10 PLQXWHV.  

3. RHPRYH WKH SOaVWLc dLVK IURP WKH KHaWLQJ RYHQ aQd SRXU 10 PL RI WKH PDMS 
PL[WXUH RYHU WKH IHaWXUHV RQ WKH dHYHORSHd ZaIHU.  

4. POacH WKH PDMS PL[WXUH cRYHUHd dHYHORSHd ZaIHU LQ WKH dHVLccaWRU IRU 10 
PLQXWHV WR UHPRYH aQ\ aLU bXbbOHV.  

5. Add WKH UHPaLQLQJ PDMS PL[WXUH WR WKH dHYHORSHd ZaIHU aQd UHPRYH aQ\ aLU 
bXbbOHV aJaLQ b\ SOacLQJ WKLV LQ WKH dHVLccaWRU IRU 10 PLQXWHV.    

6. POacH WKH PDMS PL[WXUH cRYHUHd dHYHORSHd ZaIHU LQ WKH KHaWLQJ RYHQ aW 60�C 
WR IXOO\ SRO\PHUL]H RYHUQLJKW.  
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PURcHdXUH da\ 2 
 

1. GHQWO\ SHHO WKH PDMS QHJaWLYH PROd IURP WKH dHYHORSHd ZaIHU.  
2. CXW WKH QHJaWLYH PROd aW WKH HdJH RI WKH SaWWHUQ XVLQJ a Ua]RU bOadH.  
3. POaVPa R[LdL]H WKH QHJaWLYH PROd aW IXOO SRZHU IRU 1 PLQXWH.  
4. POacH WKH QHJaWLYH PROd LQ a dHVLccaWRU cRQWaLQLQJ a VHSaUaWH SOaVWLc dLVK WKaW 

KaV a dURS RI VLOaQH RYHUQLJKW.  
 

PURcHdXUH da\ 3 
 

1. ML[ 50 J PDMS ZLWK 5 J cXULQJ aJHQW PL[WXUH IRU 1 PLQXWH aQd SOacH LQ WKH 
dHVLccaWRU IRU 10 PLQXWHV. 

2. PRXU 1 PL PDMS RQ WKH bRWWRP RI a 55 PP aOXPLQXP dLVK.  
3. POacH WKH QHJaWLYH PROd RQ WRS RI WKH PDMS cRYHUHd aOXPLQXP dLVK.  
4. BaNH WKH aOXPLQXP dLVK ZLWK LWV cRQWHQWV IRU 10 PLQXWHV aW 80�C.  
5. RHPRYH WKH aOXPLQXP dLVK aQd SRXU 10 PL PDMS RQ WRS RI WKH QHJaWLYH 

PROd aQd dHVLccaWH IRU 10 PLQXWHV WR UHPRYH aLU bXbbOHV.  
6. PRXU WKH UHPaLQLQJ PDMS PL[WXUH RYHU WKH QHJaWLYH PROd aQd dHJaV RQcH 

PRUH IRU 10 PLQXWHV.  
7. TUaQVIHU WKLV QHJaWLYH PROd WR WKH KHaWLQJ RYHQ WR baNH RYHUQLJKW aW 80�C.  

 
PURcHdXUH da\ 4 
 

1. GHQWO\ SHHO WKH SRVLWLYH PROd, ZKLcK LV QRZ caOOHd WKH VWaPS Oa\HU, IURP WKH 
QHJaWLYH PROd aQd cXW LQdLYLdXaO VWaPSV ZLWK a Ua]RU bOadH aW WKH SHULSKHU\ RI 
WKH dHYLcH IHaWXUHV.  

2. POaVPa R[LdL]H WKH VWaPSV aW IXOO SRZHU IRU 1 PLQXWH.  
3. POacH WKH VWaPSV LQ a dHVLccaWRU cRQWaLQLQJ a VHSaUaWH SOaVWLc dLVK WKaW KaV a 

dURS RI VLOaQH RYHUQLJKW.  
4. TKH QH[W da\ WKH VWaPSV aUH UHad\ WR bH XVHd IRU PLcURIOXLdLc dHYLcH 

IabULcaWLRQ.  
 

 
6.3 Microfluidic Device Fabrication  
 
MaWHULaOV QHHdHd 
 
 POaVWLc cXSV 
 2´ b\ 3´ JOaVV VOLdHV (VWR) 
 PRO\dLPHWK\OVLOR[aQH (PDMS) 
 CXULQJ aJHQW  
 TUaQVIHU SLSHWWH 
 SLOLcRQ ZaIHU ZLWK a UHcWaQJXOaU ZHOO 
 Ra]RU bOadH (VWR) 
 22 PP b\ 22 PP JOaVV cRYHU VOLS (VWR) 
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ETXLSPHQW 
 

HHaWLQJ RYHQ  
POaVPa R[LdL]HU  
DHVLccaWRU  
WHLJKW VcaOH 
SSLQ cRaWHU 
HRW SOaWH 

 
PURcHdXUH  
 

1. ML[ PDMS aQd cXULQJ aJHQW LQ a SOaVWLc cXS aW a 10:1 UaWLR IRU 1 PLQXWH. FURP 
KHUHLQ WKLV PL[WXUH ZLOO bH UHIHUUHd WR aV PDMS.  

2. POacH WKH SOaVWLc cXS WR dHJaV LQ a dHVLccaWRU IRU 10 PLQXWHV RU XQWLO aOO aLU 
bXbbOHV KaYH bHHQ UHPRYHd IURP WKH PDMS.  

3. UVH a WUaQVIHU SLSHWWH WR SRXU 1 PL RI PDMS RQ WRS RI SUHYLRXVO\ IabULcaWHd 
VWaPSV.  

4. POacH WKH PDMS cRYHUHd VWaPSV LQ WKH dHVLccaWRU WR dHJaV IRU 10 PLQXWHV.  
5. PRXU 1 PL PDMS RQ a 2´ b\ 3´ JOaVV VOLdH.  
6. POacH WKLV JOaVV VOLdH RQ a VSLQ cRaWHU aQd VSLQ aW 1,000 UHYROXWLRQV SHU PLQXWH 

IRU 15 VHcRQdV.  
7. TUaQVIHU WKLV JOaVV VOLdH WR a KHaWLQJ RYHQ SUHVHW WR 150�C IRU 3 PLQXWHV.  
8. RHPRYH WKH JOaVV VOLdH IURP WKH KHaWLQJ RYHQ aQd LQYHUW WKH dHVLccaWHd PDMS 

cRYHUHd VWaPSV WR WKH WKLQ PDMS Oa\HU cRYHUHd JOaVV VOLdH. (DR WKLV VWHS 
VORZO\ ZLWKRXW LQWURdXcLQJ aQ\ bXbbOHV).  

9. POacH WKH LQYHUWHd VWaPSV RQ WKH JOaVV SOaWH WR WKH KHaWLQJ RYHQ IRU 7 PLQXWHV.  
10. PRXU 1-2 PL PDMS RQWR a VLOLcRQ ZaIHU ZLWK a UHcWaQJXOaU ZHOO LQ WKH PLddOH.  
11. POacH WKH PDMS cRYHUHd VLOLcRQ ZaIHU RQ a KRW SOaWH SUHKHaWHd WR 80�C IRU 3 

PLQXWHV.  
12. RHPRYH WKH VLOLcRQ ZaIHU IURP WKH KRW SOaWH RQcH WKH PDMS KaV UHacKHd 

PHdLXP SRO\PHUL]aWLRQ cRQVLVWHQc\.  
13. PHHO WKH PHdLXP-OHYHO SRO\PHUL]Hd PDMS Oa\HU, ZKLcK ZLOO QRZ bH UHIHUUHd 

WR aV WKH ³VWLcN\´ Oa\HU, aQd Oa\ LW IOaW RQ WRS RI a cOHaQ Oab bHQcK VXUIacH.  
14. RHPRYH WKH LQYHUWHd VWaPSV IURP WKH KHaWLQJ RYHQ aQd JHQWO\ SHHO WKH VWaPSV 

IURP WKH PDMS Oa\HU, ZKLcK ZLOO QRZ bH UHIHUUHd WR aV WKH dHYLcH IHaWXUH 
Oa\HU.  

15. POacH WKH dHYLcH IHaWXUH Oa\HU LQVLdH WKH SOaVPa R[LdL]HU IRU 20 VHcRQdV aW KaOI 
RI WKH Pa[LPXP LQWHQVLW\.   

16. CXW WKH dHYLcH IHaWXUH Oa\HU 3 PP IURP WKH cORVHVW IHaWXUH HdJH XVLQJ a Ua]RU 
bOadH aQd WKURXJK WKH QHHdOH JXLdHV WR OHaYH aQ RSHQLQJ.  

17. POacH WKH cXW-dHYLcH IHaWXUH Oa\HU RQ WRS RI WKH ³VWLcN\´ Oa\HU IabULcaWHd LQ 
VWHS 13 abRYH.  

18. CXW RXW 2 ³VWLcN\´ Oa\HUV SHU dHYLcH ZLWK a Ua]RU bOadH b\ XVLQJ WKH cXW-dHYLcH 
IHaWXUH Oa\HU aV a WHPSOaWH.  
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19. POacH WKH cXW-dHYLcH IHaWXUH Oa\HU RQ a 22 PP b\ 22 PP JOaVV cRYHU VOLS 
ZLWKRXW LQWURdXcLQJ aQ\ aLU bXbbOHV bHWZHHQ WKH IHaWXUH Oa\HU aQd WKH JOaVV 
cRYHU VOLS.  

20. TaNH WKH 2 ³VWLcN\´ Oa\HUV aQd SOacH WKHP dLUHcWO\ RQ WKH cXW-dHYLcH IHaWXUH 
Oa\HU.  

21. POacH WKH aVVHPbOHd WKUHH-Oa\HU PLcURIOXLdLc dHYLcH WR IXOO\ SRO\PHUL]H aW 
150�C IRU 30 PLQXWHV RU aW 80�C IRU RYHUQLJKW.  

 
 
6.4 Plasma Etching  
 
MaWHULaOV QHHdHd 
  
 P100 SOaVWLc SOaWHV 
 MLcURIOXLdLc dHYLcH IHaWXUH Oa\HUV 
  
ETXLSPHQW 
 

POaVPa HWcKHU 
 
PURcHdXUH 
 

1. POacH PLcURIOXLdLc VaPSOH RQ a SOaVWLc SOaWH aQd VOLdH LQWR WKH PaLQ JOaVV  
cKaPbHU.  

2. TXUQ RQ WKH SXPS (IOLS VZLWcK XS).  
3. TXUQ RQ WKH SRZHU (SUHVV bXWWRQ).  
4. TXUQ RQ WKH YacXXP (bXWWRQ).  
5. PXVK WKH JOaVV cKaPbHU dRRU WR VHaO WKH cHQWUaO cKaPbHU.  
6. CORVH WKH PaLQ dRRU.  
7. WaLW XQWLO WKH LQVLdH SUHVVXUH dURSV bHORZ 700 PTRUU.  
8. PUHVV UadLR IUHTXHQc\ (RF) bXWWRQ aQd ILQH WXQH WKH NQRb WR dHVLUHd SRZHU 

OHYHO.  
9. YRX VKRXOd VHH a OLJKW SXUSOH cRORU LQ WKH cHQWUaO cKaPbHU.  
10. AIWHU 30 VHcRQdV SUHVV WKH RF bXWWRQ WR WXUQ RII WKH SOaVPa.  
11. PUHVV YHQW aQd ZaLW IRU JOaVV cKaPbHU dRRU WR RSHQ.  
12. TXUQ RII YHQW.  
13. PUHVV WKH YacXXP bXWWRQ IRU 5 VHcRQdV aQd SUHVV LW aJaLQ WR WXUQ RII.  
14. TXUQ RII WKH SXPS aQd cORVH WKH PaLQ dRRU.  
15. TXUQ RII WKH PaLQ SRZHU b\ SUHVVLQJ WKH SRZHU bXWWRQ.  
 
 

 
6.5 Microfluidic Device Acid Etching  
 
MaWHULaOV QHHdHd 
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 SXOIXULc acLd H2SO4 (VWR, 7664-93-9) 
 PRO\PHUL]Hd PLcURIOXLdLc dHYLcH 
 Ra]RU bOadH 
 4 PJ/PL RU 10 PJ/PL cROOaJHQ VWRcN 
 PBS 
 P100 SOaVWLc dLVK 
 
ETXLSPHQW 
 

200 �L SLSHWWH 
PRUWabOH UV OLJKW ZLWK VKRUW IUHTXHQc\ VHWWLQJ 

 
5M H2SO4 VXOIXULc acLd SUHSaUaWLRQ 
 

1. Add 5.33 PL VWRcN VXOIXULc acLd WR 14.67 PL RI dHLRQL]Hd ZaWHU.    
 
DLOXWH cROOaJHQ SUHSaUaWLRQ 
 

1. AOLTXRW 5�L RI 4 PJ/PL cROOaJHQ VWRcN LQWR a 15 PL cRQLcaO WHVW WXbH.  
2. Add 995 �L PBS WR WKH WHVW WXbH aQd PL[ XVLQJ a 1000 �L SLSHWWH WR cUHaWH WKH 

20 �J/PL cROOaJHQ cRQcHQWUaWLRQ.  
3. II a 10 PJ/PL cROOaJHQ VWRcN LV XVHd WKHQ IRU a 5 �L aOLTXRW, dLOXWH LQ 2,495 

�L PBS.  
 
AcLd HWcKLQJ SURcHdXUH 
 

1. PXQcWXUH KROHV ZLWK a VWaQdaUd acXSXQcWXUH abRYH WKH cHQWUaO cKaPbHU LQ WKH 4 
cRUQHUV.  

2. IQMHcW 50 �L RI 10 N VXOIXULc acLd WKURXJK RQH RI WKH SRUWV XVLQJ a 200 �L 
SLSHWWH aQd OHaYH RQ WKH Oab bHQcK IRU 90 PLQXWHV aW URRP WHPSHUaWXUH.  

3. RHPRYH WKH acLd b\ ZaVKLQJ WKH cHQWUaO cKaPbHU ZLWK 50 �L dLVWLOOHd ZaWHU a 
WRWaO RI ILYH WLPHV.  

4. TUaQVIHU WKH PLcURIOXLdLc dHYLcH WR a P100 SOaVWLc dLVK.  
5. IQMHcW 50 �L RI 20 �J/PL cROOaJHQ LQWR WKH cHQWUaO cKaPbHU aQd aSSO\ UV 

OLJKW RYHU WKH PLcURIOXLdLc dHYLcH XVLQJ a SRUWabOH UV dHYLcH ZLWK WKH 
IUHTXHQc\ VHW WR VKRUW ZaYH IRU 30 PLQXWHV aW URRP WHPSHUaWXUH.  

6. SWRUH WKH VWHULOL]Hd PLcURIOXLdLc dHYLcH aW 4�C LQ WKH IULdJH.  
 
6.6 Tissue Culture Laminar Hood General Sterili]ation  
 
MaWHULaOV QHHdHd 
 
 70% HWKaQRO VSUa\ bRWWOH 
 DLVSRVabOH OaWH[ JORYHV 
 PaSHU WRZHOV 
 WKLWH OabRUaWRU\ cRaWV 
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ETXLSPHQW 
 

TLVVXH cXOWXUH OaPLQaU IORZ KRRd 
 
 
PURcHdXUH 
 

1. WaVK KaQdV LQ VRaS IRU 1 PLQXWH aQd dU\ cRPSOHWHO\ SULRU WR HQWHULQJ WKH 
OabRUaWRU\.  

2. EQWHU WKH Oab ZLWK WKH aSSURSULaWH VL]H Oab cRaW.  
3. PXW RQ WKH aSSURSULaWH VL]H dLVSRVabOH OaWH[ JORYHV.  
4. SSUa\ RXWVLdH JOaVV RI WKH OaPLQaU KRRd ZLWK 70% HWKaQRO aQd ZLSH ZLWK 

SaSHU WRZHO XQWLO dU\.  
5. SSUa\ JORYHV ZLWK 70% HWKaQRO aQd UXb KaQdV XQWLO dU\ SULRU WR HQWHULQJ WKH 

OaPLQaU IORZ KRRd.  
6. SSUa\ LQVLdH aUHa RI WKH OaPLQaU IORZ KRRd ZLWK 70% HWKaQRO aQd ZLSH ZLWK 

SaSHU WRZHO XQWLO dU\.  
 
AddLWLRQaO QRWHV 
 

1. WKHQHYHU ZRUNLQJ LQ WKH OaPLQaU KRRd, aOZa\V LPaJLQH aQ LQYLVLbOH WXbH 
SURSaJaWLQJ IRUP HacK RSHQ cRQWaLQHU WKaW PXVW QHYHU bH cURVVHd ZLWK RQH¶V 
RZQ KaQdV. IQ WKH HYHQW WKLV KaSSHQV, VWHULOLW\ RI WKaW RSHQ cRQWaLQHU LV 
cRPSURPLVHd.   

2. WKHQHYHU ZRUNLQJ LQ WKH OabRUaWRU\, aOZa\V ZHaU Oab cRaW aQd dLVSRVabOH 
OaWH[ JORYHV.  

 
 
6.7 Tissue Culture Cell Medium Preparation  
 
MaWHULaOV QHHdHd 
 
 EQdRWKHOLaO baVaO PHdLXP (EBM-2, LRQ]a, #190860) 
 AVcRUbLc acLd (SLJPa, #A4544) 

CKHPLcaOO\ dHILQHd OLSLd cRQcHQWUaWH (LLIH THcKQRORJLHV, # 11905031) 
EWK\O aOcRKRO abVROXWH (DHcRQ LabV, 64-17-5) 
FHWaO bRYLQH VHUXP (FBS) (VWR) 
KXPaQ baVLc ILbURbOaVW JURZWK IacWRU (KBFGF) (SLJPa, #F0291) (GLbcR, 
#PHG0023) 
HEPES 1M (LLIH THcKQRORJLHV, #15630-080)  
H\dURcRUWLVRQH 1PJ (SLJPa, #H0135) 
PHQLcLOOLQ (10,000 XQLWV/PO) & SWUHSWRP\cLQ (10,000 ȝJ/PO) (LLIH THcKQRORJLHV, 
#15140-122) 
DLVWLOOHd ZaWHU 
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ETXLSPHQW QHHdHd 
  
 TLVVXH cXOWXUH OaPLQaU IORZ KRRd 

AVSLUaWRU YacXXP IOaVN 
 
 
SROXWLRQ SUHSaUaWLRQ 
  
 AVcRUbLc acLd 
 

1. PUHSaUH 1 PJ/PL cRQcHQWUaWLRQ RI aVcRUbLc acLd LQ dLVWLOOHd ZaWHU. 
2. SWHULOH ILOWHU WKH VROXWLRQ ZLWK a 0.2 �P ILOWHU.  
3. PUHSaUH 3-5 PL aOLTXRWV aQd VWRUH LQ -20�C IUHH]HU.  

 
bFGF VROXWLRQ  
 

1. PUHSaUH 50 �J/PL VWRcN VROXWLRQ b\ dLVVROYLQJ 25 �J bFGF LQ 500 �L 
PBS.  

2. ML[ 50 �L RI WKLV VWRcN VROXWLRQ ZLWK 12.5 PL RI EBM-2 WR PaNH a 
200 QJ/PL bFGF VROXWLRQ.  

3. PUHSaUH aOLTXRWV aQd VWRUH LQ WKH -20�C IUHH]HU.   
 

H\dURcRUWLVRQH VROXWLRQ   
 

1. DLVVROYH 1 PJ K\dURcRUWLVRQH LQ 1 PL HWK\O aOcRKRO abVROXWH WR PaNH 
a 2000X K\dURcRUWLVRQH VROXWLRQ.  

2. PUHSaUH 100 �L aOLTXRWV aQd VWRUH LQ WKH -20�C IUHH]HU.   
 
EQdRWKHOLaO GURZWK MHdLXP (EGM) SUHSaUaWLRQ  
 

1. RHPRYH EBM-2 bRWWOH (500 PL) IURP 4�C IULdJH aQd SOacH LQ WLVVXH cXOWXUH 
OaPLQaU KRRd.  

2. RHPRYH aVcRUbLc acLd, bFGF, FBS, K\dURcRUWLVRQH, aQd SHQLcLOOLQ-
VWUHSWRP\cLQ IURP -20�C IUHH]HU aQd SOacH LQ WLVVXH cXOWXUH OaPLQaU KRRd aQd 
aOORZ WKHVH UHaJHQWV WR WKaZ.   

3. RHPRYH 45.25 PL EBM-2 IURP WKH VWRcN EBM-2 bRWWOH aQd SOacH LQ a 50 PL 
WHVW WXbH aW 4�C.  

4. Add 2.5 PL 1 PJ/PL aVcRUbLc acLd WR WKH EBM bRWWOH IRU a ILQaO 
cRQcHQWUaWLRQ RI 5 �J/PL.  

5. Add 2.5 PL 200 QJ/PL bFGF WR WKH EBM bRWWOH IRU a ILQaO cRQcHQWUaWLRQ RI 1 
QJ/PL.  

6. Add 5 PL RI cKHPLcaOO\ dHILQHd OLSLd cRQcHQWUaWH IRU a ILQaO cRQcHQWUaWLRQ RI 
1/100.  

7. Add 25 PL RI FBS IRU a ILQaO cRQcHQWUaWLRQ RI 5%.  
8. Add 5 PL RI 1M HEPES IRU a ILQaO cRQcHQWUaWLRQ RI 1.4 �M.  
9. Add 5 PL SHQLcLOOLQ-VWUHSWRP\cLQ IRU a ILQaO cRQcHQWUaWLRQ RI 1%.  
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10. LabHO WKH EBM-2 bRWWOH ZLWK HQdRWKHOLaO JURZWK PHdLXP (EGM) cRPSOHWH, 
daWH, aQd QaPH LQLWLaOV.   

11. TUaQVIHU WKH EGM cRPSOHWH bRWWOH WR 4�C IULdJH IRU VWRUaJH.  
 
 
 
DXObHccR MRdLILHd EaJOH MHdLXP (DMEM) SUHSaUaWLRQ 
 

1. RHPRYH DMEM bRWWOH IURP 4�C IULdJH aQd SOacH LQ WLVVXH cXOWXUH OaPLQaU 
KRRd.  

2. Add 50 PL FBS WR WKH VWRcN DMEM bRWWOH.  
3. Add 10 PL APLQR acLd VROXWLRQ WR WKH VWRcN DMEM bRWWOH.  
4. Add 5 PL SHQLcLOOLQ-VWUHSWRP\cLQ WR WKH VWRcN DMEM bRWWOH.  
5. LabHO WKH DMEM bRWWOH ZLWK DMEM cRPSOHWH, daWH, aQd QaPH LQLWLaOV.  
6. TUaQVIHU WKH DMEM cRPSOHWH bRWWOH WR 4�C IULdJH IRU VWRUaJH.  

 
AVWURc\WH GURZWK MHdLXP (AGM) SUHSaUaWLRQ 
 

1. RHPRYH aVWURc\WH bXOOHW NLW IURP IUHH]HU aQd AVWURc\WH BaVaO MHdLXP (ABM) 
IURP 4�C IULdJH.  

2. POacH bXOOHW NLW cRQWHQWV (FBS, aVcRUbLc acLd, UKEGF, GA-1000, LQVXOLQ, aQd 
L-GOXWaPLQ) LQ WKH IRaP aQWLbRd\ IORaWHU LQ a 37�C ZaWHU baWK IRU 15 PLQXWHV.  

3. UVH 5 PL VWULSHWWH WR WUaQVIHU aOO WKH bXOOHW NLW cRQWHQWV WR WKH ABM VWRcN 
VROXWLRQ.  

4. POacH WKH AGM VWLcNHU RYHU WKH ABM VWLcNHU RQ WKH bRWWOH.  
5. LabHO WKH bRWWOH ZLWK AGM cRPSOHWH, daWH, aQd QaPH LQLWLaOV.   

 
 
6.8 Tissue Culture Cell Maintenance  
 
MaWHULaOV QHHdHd 
 
 SSHcLILc cHOO PHdLXP (EGM, DMEM, AGM) 
 TLVVXH cXOWXUH SOaWHV (P100) 
 5 PL aQd 10 PL JOaVV VWULSHWWHV  
 GOaVV PaVWHXU SLSHWWHV (VWR) 
 1000 �L SLSHWWH  
 70% HWKaQRO VSUa\ bRWWOH 
 0.05% WU\SVLQ (VWR) 
 PBS 
 DLPHWK\O VXOIR[LdH (DMSO) (VWR, 67-68-5) 
 FHWaO BRYLQH SHUXP (FBS) (VWR) 
 FUHH]LQJ dRZQ 1-2 PL cRQLcaO YLaOV (cU\R-YLaOV) 
 IVRSURS\O Oab-JUadH aOcRKRO (SLJPa-AOdULcK, 67-63-0) 
 DLVWLOOHd ZaWHU 
 15 PL WHVW WXbHV 
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 PHUPaQHQW PaUNHU 
  
ETXLSPHQW QHHdHd 
 
 LaPLQaU IORZ KRRd  
 -80�C IVRSURS\O aOcRKRO cRQLcaO YLaO cRQWaLQHU 
 -80�C IUHH]HU 
 IQcXbaWRU 
 LLTXLd QLWURJHQ DHZaU  
 WaWHU baWK  
 VacXXP aVSLUaWRU 
 CHQWULIXJH 
 
CHOO WKaZLQJ 
 

1. AOLTXRW 4 PL RI cHOO-W\SH aSSURSULaWH PHdLXP WR a 15 PL WHVW WXbH b\ XVLQJ a 
5 PL VWULSHWWH. AOORZ WR VLW aW URRP WHPSHUaWXUH IRU 10 PLQXWHV.  

2. RHPRYH WKH dHVLUHd cHOO-W\SH YLaO IURP WKH OLTXLd QLWURJHQ DHZaU.  
3. SXbPHUJH ô RI WKH YLaO LQ a 37�C ZaWHU bacN IRU 1 PLQXWH ZKLOH JHQWO\ 

VZLUOLQJ WKH YLaO LQ a cLUcXOaU PRWLRQ. RHPRYH RQcH YLaO aSSHaUV WR bH WKaZHd.  
4. PLSHWWH WKH 1 PL cHOO VROXWLRQ cRQWHQWV WR WKH SUHYLRXVO\ aOLTXRWHd 4 PL 

PHdLXP.  
5. UVLQJ a 1000 �L SLSHWWH, JHQWO\ PL[ WKH VROXWLRQ IRU 30 VHcRQdV.  
6. CHQWULIXJH WKH 15 PL cRQLcaO YLaO cRQWaLQLQJ WKH 5 PL RI cHOO/PHdLXP 

VROXWLRQ IRU 5 PLQXWHV aW 160 G.  
7. AVSLUaWH WKH VXSHUQaWaQW ZKLOH NHHSLQJ WKH cHOO SHOOHW LQWacW aW WKH bRWWRP RI 

WKH 15 PL WHVW WXbH.  
8. RHVXVSHQd WKH cHOO SHOOHW LQ 1 PL RI PHdLXP aQd SOaWH WKLV 1 PL cHOO PHdLXP 

VROXWLRQ LQWR 2 ± P100 SOaWHV. FRU HQdRWKHOLaO cHOOV, XVH JHOaWLQ cRaWHd SOaWHV.  
9. Add PHdLXP WR WKH P100 SOaWHV WR bULQJ WKH WRWaO PHdLXP YROXPH WR 8 PL SHU 

SOaWH IRU HQdRWKHOLaO cHOOV, 12 PL IRU aVWURc\WHV, aQd 12 PL IRU SHULc\WHV.  
10. CKHcN XQdHU WKH bULJKWILHOd PLcURVcRSH IRU WKH SUHVHQcH RI VXVSHQdHd cHOOV.  
11. TUaQVIHU SOaWHV WR aQ 37�C LQcXbaWRU ZLWK 5% CO2 aQd aSSURSULaWH OHYHOV RI 

dLVWLOOHd ZaWHU LQ WKH ZaWHU UHVHUYRLU aW WKH bRWWRP RI WKH LQcXbaWRU.  
 
CHOO IHHdLQJ 
 

1. RHPRYH cHOO PHdLXP IURP 4�C aQd SOacH LQ WLVVXH cXOWXUH OaPLQaU KRRd IRU 15 
PLQXWHV.  

2. TUaQVIHU cHOO SOaWH IRUP WKH LQcXbaWRU WR WKH VWaJH RI a bULJKWILHOd PLcURVcRSH.  
3. VHULI\ WKaW WKH cHOOV aUH aWWacKHd aQd WKaW WKH cRORU RI WKH PHdLXP LV cOHaU.  
4. TUaQVIHU WKH cHOO SOaWH WR WKH WLVVXH cXOWXUH OaPLQaU KRRd.     
5. UVH a QHZ JOaVV PaVWHXU SLSHWWH WR aVSLUaWH WKH PHdLXP IURP WKH SOaWH b\ 

WLOWLQJ WKH SOaWH WRZaUdV \RX.  
6. Add 2 PL RI PBS WR WKH cHOO SOaWH aQd JHQWO\ VZLUO WKH cHOO SOaWH LQ aOO 

dLUHcWLRQV VR WKaW WKH VROXWLRQ cRYHUV WKH HQWLUH VXUIacH aUHa RI WKH SOaWH.  
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7. AVSLUaWH WKH VROXWLRQ aQd add 8 PL RI EGM IRU HQdRWKHOLaO cHOOV, 12 PL RI 
AGM IRU aVWURc\WHV, aQd 12 PL RI DMEM IRU SHULc\WHV.  

8. TUaQVIHU WKH cHOO SOaWH bacN WR WKH LQcXbaWRU.  
 
CHOO VSOLWWLQJ 
 

1. RHPRYH cHOO PHdLXP IURP 4�C aQd SOacH LQ WLVVXH cXOWXUH OaPLQaU KRRd IRU 15 
PLQXWHV.  

2. TUaQVIHU cHOO SOaWH IRUP WKH LQcXbaWRU WR WKH VWaJH RI a bULJKWILHOd PLcURVcRSH.  
3. VHULI\ WKaW WKH cHOOV aUH aWWacKHd aQd WKaW WKH cRORU RI WKH PHdLXP LV cOHaU.  
4. TUaQVIHU WKH cHOO SOaWH WR WKH WLVVXH cXOWXUH OaPLQaU KRRd.     
5. UVH a QHZ JOaVV PaVWHXU SLSHWWH WR aVSLUaWH WKH PHdLXP IURP WKH SOaWH b\ 

WLOWLQJ WKH SOaWH WRZaUdV \RX.  
6. Add 2 PL RI PBS WR WKH cHOO SOaWH aQd JHQWO\ VZLUO WKH cHOO SOaWH LQ aOO 

dLUHcWLRQV VR WKaW WKH VROXWLRQ cRYHUV WKH HQWLUH VXUIacH aUHa RI WKH SOaWH.  
7. AVSLUaWH WKH VROXWLRQ, add 1 PL RI 0.05% WU\SVLQ, aQd LQcXbaWH aW 37�C IRU 5 

PLQXWHV.  
8. TUaQVIHU cHOO SOaWH IRUP WKH LQcXbaWRU WR WKH VWaJH RI a bULJKWILHOd PLcURVcRSH.  
9. VHULI\ WKaW WKH cHOOV aUH dHWacKHd IURP WKH SOaWH.  
10. TUaQVIHU WKH cHOO SOaWH WR WKH WLVVXH cXOWXUH OaPLQaU KRRd.     
11. UVLQJ WKH 5 PL SLSHWWH, SLSHWWH 4 PL RI PHdLXP WR WKH cHOO SOaWH.  
12. SZLUO WKH SOaWH JHQWO\ IRU 10 VHcRQdV aQd WLOW WKH SOaWH WRZaUdV \RX.  
13. PLSHWWH WKH 5 PL VROXWLRQ LQWR a 15 PL cRQLcaO WHVW WXbH.  
14. PLSHWWH 10 �L RI WKH VROXWLRQ WR a KHPRc\WRPHWHU aQd cRXQW WKH cHOOV.  
15. CHQWULIXJH WKH 15 PL WHVW WXbH aW 160 G IRU 5 PLQXWHV.  
16. AVSLUaWH WKH VXSHUQaWaQW aQd UHVXVSHQd WKH cHOO SHOOHW LQ 1 PL RI PHdLXP.  
17. UVLQJ WKH cRXQWHd cHOO QXPbHU, add WKH aSSURSULaWH cHOO VROXWLRQ YROXPH VR 

WKaW 200,000 cHOOV aUH SOaWHd SHU P100 dLVK.   
18. BULQJ WKH WRWaO cHOO PHdLXP YROXPH SHU dLVK WR 8 PL RI EGM IRU HQdRWKHOLaO 

cHOOV, 12 PL RI AGM IRU aVWURc\WHV, aQd 12 PL RI DMEM IRU SHULc\WHV 
19. TUaQVIHU WKH cHOO SOaWH bacN WR WKH LQcXbaWRU.  

 
CHOO cRXQWLQJ 
 

1. PLSHWWH 10 �L RI WKH cHOO VROXWLRQ WR a KHPRc\WRPHWHU. 
2. CRXQW WKH QXPbHU RI cHOOV LQ WKH 16 (4 b\ 4) bR[HV SHU TXadUaQW (4 TXadUaQWV 

WRWaO). 
3. MXOWLSO\ WKH aYHUaJH RI WKH WRWaO 4 cHOO cRXQWV IURP WKH 4 TXadUaQWV b\ 10,000. 

TKLV QXPbHU KaV XQLWV RI cHOOV SHU PL.  
4. MXOWLSO\ WKLV QXPbHU b\ WKH WRWaO YROXPH RI cHOO VROXWLRQ aQd WKH QHZ QXPbHU 

JLYHV WKH WRWaO QXPbHU RI cHOOV.  
a. FRU H[aPSOH, WR acKLHYH a 2 M/PL VHHdLQJ dHQVLW\ IRU a 100 �L JHO 

SHUIRUP WKH IROORZLQJ:  
L. HaYH WKH cHOO dHQVLW\ RI WKH VXVSHQdHd cHOOV UHad\ LQ XQLWV RI 

cHOOV/PL.  
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LL. FRU 100 �L JHO ZH QHHd 200,000 cHOOV. 
(100�L/1000�L*2M/PL) 

LLL. TR caOcXOaWH WKH YROXPH WR dUaZ LQ PL IURP WKH VXVSHQdHd cHOO 
VROXWLRQ ZH dLYLdH WKH QXPbHU RI cHOOV QHHdHd b\ WKH cHOO 
dHQVLW\ RI WKH VXVSHQdHd cHOO VROXWLRQ.  

 
 
CHOO IUHH]LQJ 
 

1. RHPRYH DMSO IURP -20�C IUHH]HU aQd SOacH aW URRP WHPSHUaWXUH XQWLO WKH 
VROXWLRQ WKaZV. TKLV caQ WaNH XS WR 2 KRXUV dHSHQdLQJ RQ WKH YROXPH RI WKH 
aOLTXRW.  

2. RHPRYH FBS aOLTXRW IURP 4�C IULdJH aQd SOacH LQ WLVVXH cXOWXUH OaPLQaU KRRd.  
3. CRXQW WKH WRWaO QXPbHU RI cHOOV IRU IUHH]LQJ (AOZa\V IUHH]H URXQd QXPbHU RI 

cHOOV VXcK aV 1 PLOOLRQ, 2 PLOOLRQ, HWc.) 
4. CHQWULIXJH cHOO VROXWLRQ aW 160G IRU 5 PLQXWHV.  
5. PUHSaUH WKH UHTXLUHd QXPbHU RI IUHH]LQJ cRQLcaO YLaOV (c\URYLaOV) b\ OabHOLQJ 

HacK YLaO ZLWK a +1 SaVVaJH WKaQ WKH cHOO SaVVaJH cXUUHQWO\ bHLQJ cHQWULIXJHd. 
AddLWLRQaOO\, add cHOO W\SH, daWH, aQd \RXU QaPH LQLWLaOV RQ WKH c\URYLaO XVLQJ 
a SHUPaQHQW PaUNHU.  

6. EacK 1 PLOOLRQ RI cHOOV ZLOO bH IUR]HQ LQ 1 PL RI ILQaO VROXWLRQ YROXPH.  
7. DLYLdH WKH ILQaO VROXWLRQ YROXPH LQ KaOI aQd WaNH WKLV aPRXQW RI FBS aQd add 

WR a WHVW WXbH (VROXWLRQ A).  
a. FRU H[aPSOH, WR IUHH]H 1 PLOOLRQ cHOOV WKHUH ZLOO bH a ILQaO VROXWLRQ 

YROXPH RI 1 PL. Add 0.5 PL FBS WR a WHVW WXbH (VROXWLRQ A).  
8. TaNH 10% RI WKH ILQaO VROXWLRQ YROXPH aQd WaNH WKLV aPRXQW RI DMSO aQd 

add LW WR a QHZ WHVW WXbH (VROXWLRQ B). FRU HQdRWKHOLaO cHOOV IUHH]H dRZQ ILQaO 
VROXWLRQ YROXPH LQ 5% DMSO.  

a. FRU H[aPSOH, WR IUHH]H 1 PLOOLRQ cHOOV WKHUH ZLOO bH a ILQaO VROXWLRQ 
YROXPH RI 1 PL. Add 0.10 PL DMSO WR a WHVW WXbH (VROXWLRQ B).  

9. Add WKH WRWaO YROXPH LQ VROXWLRQ A aQd VROXWLRQ B, aQd VXbWUacW WKLV IURP WKH 
ILQaO VROXWLRQ YROXPH. TaNH WKLV UHPaLQLQJ VROXWLRQ YROXPH aQd add WKLV 
aPRXQW RI FBS WR VROXWLRQ B.  

a. FRU H[aPSOH, WR IUHH]H 1 PLOOLRQ cHOOV WKHUH ZLOO bH a ILQaO VROXWLRQ 
YROXPH RI 1 PL. TKH YROXPH RI FBS WKaW QHHdV WR bH addHd WR 
VROXWLRQ B LV: 1 PL ± 0.5 PL ± 0.10 PL= 0.40 PL 

10. RHPRYH WKH cHOO VROXWLRQ IURP WKH cHQWULIXJH aQd aVSLUaWH WKH VXSHUQaWaQW.  
11. RHVXVSHQd WKH cHOO SHOOHW LQ VROXWLRQ A aQd PL[ JHQWO\ ZLWK a 200 �L SLSHWWH.  
12. SORZO\ add VROXWLRQ B WR VROXWLRQ A aQd PL[ JHQWO\ ZLWK a 200 �L SLSHWWH.  
13. TUaQVIHU WKH PL[Hd VROXWLRQ WR HacK SUHSaUHd cU\RYLaO aW 1 PL SHU YLaO.  
14. POacH aOO WKH c\URYLaOV LQ a -80�C LVRSURS\O aOcRKRO cRQWaLQHU WKaW KaV bHHQ 

HTXLOLbUaWHd WR URRP WHPSHUaWXUH IRU aW OHaVW 30 PLQXWHV.  
15. TUaQVIHU WKH LVRSURS\O cRQWaLQHU WR a -80�C IUHH]HU IRU 1-2 da\V.  
16. TUaQVIHU WKH cU\RYLaOV WR WKH OLTXLd QLWURJHQ DHZaU.  
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AddLWLRQaO QRWHV 
 

1. WKHQHYHU ZRUNLQJ ZLWK cHOOV aOZa\V cKaQJH WKH JOaVV PaVWHXU SLSHWWH IRU a 
QHZ RQH ZKHQ aVSLUaWLQJ ZLWK WKH YacXXP aVSLUaWRU.    

2. AOZa\V OabHO cHOO SOaWHV ZLWK WKH aSSURSULaWH SaVVaJH QXPbHU, cHOO W\SH, daWH, 
aQd \RXU QaPH LQLWLaOV.  
 

6.9 Collagen Preparation 
 
MaWHULaOV QHHdHd 
 
 70% HWKaQRO VSUa\ bRWWOH 
 FRUcHSV 
 CROOaJHQ-I (MP BLRPHdLcaO #0215002683) 
 AcHWLc acLd, JOacLaO 99.9+% (FLVKHU ScLHQWLILc #64-19-7) 
 SWHULOH dLVWLOOHd ZaWHU 
 PaUaILOP 
 50 PL cRQLcaO WHVW WXbH 
 
ETXLSPHQW 
 

TLVVXH cXOWXUH OaPLQaU IORRd KRRd 
WHLJKW VcaOH 
GOaVV YLaO ZLWK a IOaW bRWWRP 
AXWRcOaYH 

 
AcHWLc acLd SH caOcXOaWLRQ 
 

1. SKa RI acHWLc acLd= 4.76 
2. 4.76 = -ORJ10Ka  
3. Ka = 10-4.76  
4. Ka = [H3O+][CH3COO-]/[CH3COOH]= [2/0.2-[ 
5. [2 = 0.02 [ 10-4.76 
6. [ = 5.895 [ 10-4 
7. SH= -ORJ (5.895 [ 10-4) 
8. SH= 3.2295 

 
0.02 M acHWLc acLd caOcXOaWLRQ 
 

1. DHQVLW\: 1005 J/ L.  
2. MROHcXOaU ZHLJKW: 60.05 J/PRO. 
3. WaQW 40 PL 0.02 M acHWLc acLd VROXWLRQ.  
4. SWRcN VROXWLRQ RI acHWLc acLd LV 16.74 M (dHQVLW\/PROHcXOaU ZHLJKW). 
5. c1Y1=c2Y2 
6. Y1 = (0.02M [ 40 PL)/ 16.74 M = 0.0478 PL RI acHWLc acLd 
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AcHWLc acLd SUHSaUaWLRQ 
 

1. TUaQVIHU VWRcN acHWLc acLd IURP URRP WHPSHUaWXUH aQd SOacH LQ WLVVXH cXOWXUH 
OaPLQaU KRRd.  

2. SWHULOL]H dLVWLOOHd ZaWHU XVLQJ WKH aXWRcOaYH.  
3. AOLTXRW 20 PL VWHULOH dLVWLOOHd ZaWHU LQ a 50 PL cRQLcaO WHVW WXbH.  
4. Add 47.8 �L RI 0.02M acHWLc acLd WR WKH 20 PL dLVWLOOHd ZaWHU VORZO\.  
5. BULQJ WKH WRWaO VROXWLRQ YROXPH WR 40 PL b\ addLQJ PRUH VWHULOH dLVWLOOHd 

ZaWHU.  
6. POacH 0.02M acHWLc acLd VROXWLRQ LQ 4�C LQ WKH IULdJH.  

 
CROOaJHQ SUHSaUaWLRQ 
 

1. RHPRYH VWRcN cROOaJHQ bRWWOH aQd 0.02M acHWLc acLd IURP 4�C IULdJH aQd 
SOacH LQ WLVVXH cXOWXUH OaPLQaU KRRd.  

2. SWHULOL]H JOaVV YLaO LQ WKH aXWRcOaYH aQd VWHULOL]H IRUcHSV ZLWK 70% HWKaQRO.  
3. WHLJK WKH HPSW\ JOaVV YLaO.  
4. TUaQVIHU cROOaJHQ IURP WKH VWRcN bRWWOH WR WKH VWHULOL]Hd JOaVV YLaO XVLQJ WKH 

IRUcHSV LQ WKH cXOWXUH KRRd.  
5. WHLJK WKH cROOaJHQ cRQWaLQLQJ JOaVV YLaO aQd dHWHUPLQH WKH aPRXQW RI 0.02M 

acHWLc acLd WR add. MaNH HLWKHU 10 PJ/PL RU 4 PJ/PL cROOaJHQ VWRcN 
VROXWLRQV. FRU a 10 PJ cROOaJHQ ZHLJKW add 1 PL RI 0.02M acHWLc acLd WR 
PaNH 10 PJ/PL VWRcN cROOaJHQ VROXWLRQ IRU add 2.5 PL 0.02M acHWLc acLd WR 
PaNH 4 PJ/PL VWRcN cROOaJHQ VROXWLRQ.  

6. Add WKH dHVLUHd aPRXQW RI 0.02M acHWLc acLd WR WKH cROOaJHQ cRQWaLQLQJ JOaVV 
YLaO LQ WKH cXOWXUH KRRd.  

7. WUaS SaUaILOP aURXQd WKH HdJH RI WKH caS RI WKH cROOaJHQ bRWWOH aQd VWRUaJH aW 
4�C.  

8. POacH WKH JOaVV YLaO RQ a URcNHU RQ a ORZ VSHHd VHWWLQJ IRU 1-2 da\V aW 4�C. 
OQcH WKH cROOaJHQ KaV VROXbLOL]Hd WKHQ WKH cROOaJHQ VROXWLRQ LV UHad\ IRU 
XVaJH.  

 
AddLWLRQaO QRWHV 
 

1. UVH WKH cROOaJHQ VROXWLRQ ZLWKLQ 4 ZHHNV aIWHU SUHSaUaWLRQ.   
 
6.10 Gelatin Coating of Cell Culture Plates 
 
MaWHULaOV QHHdHd 
 

GHOaWLQ SRZdHU (SLJPa-AOdULcK, 9000-70-8) 
TLVVXH cXOWXUH SOaWHV  

 10 PL JOaVV VWULSHWWH 
 500 PL JOaVV bRWWOH 
 WHLJKW bRaW 
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ETXLSPHQW 
 

AXWRcOaYH 
WHLJKW VcaOH 
TLVVXH cXOWXUH OaPLQaU IORZ KRRd 

 
GHOaWLQ SUHSaUaWLRQ 
 

1. WHLJK 0.5 J JHOaWLQ SRZdHU LQ a ZHLJKW bRaW.   
2. Add WKH 0.5 J JHOaWLQ WR aQ HPSW\, cOHaQ, aQd dU\ 500 PL JOaVV bRWWOH. 
3. Add 500 PL RI MLOOLSRUH (MLOOQ) ZaWHU WR WKH 500 PL JOaVV bRWWOH.  
4. SZLUO WKH bRWWOH WR PL[ WKH JHOaWLQ.  
5. AXWRcOaYH WKH 500 PL JOaVV bRWWOH.  
6. CRRO WKH 0.1% JHOaWLQ VROXWLRQ WR URRP WHPSHUaWXUH.  
7. SWRUH WKH 0.1% JHOaWLQ VROXWLRQ aW 4�C. UVH WKLV VROXWLRQ ZLWKLQ WZR PRQWKV RI 

SUHSaUaWLRQ.  
 

GHOaWLQ SOaWH cRaWLQJ 
 

1. POacH WKH SOaWHV WR bH JHOaWLQ cRaWHd LQVLdH WKH WLVVXH cXOWXUH KRRd.   
2. Add 0.1% JHOaWLQ VROXWLRQ WR cRYHU WKH HQWLUH bRWWRP VXUIacH RI WKH SOaWHV. FRU 

6 ZHOO SOaWHV XVH 0.5 PL 0.1% JHOaWLQ VROXWLRQ SHU ZHOO. FRU S100 SOaWHV XVH 2 
PL 0.1% JHOaWLQ VROXWLRQ.  

3. TLOW WKH SOaWHV LQ a cLUcXOaU PRWLRQ IRU WKH JHOaWLRQ VROXWLRQ WR cRYHU WKH HQWLUH 
VXUIacH aUHa RI WKH SOaWH.  

4. LHaYH LQ WKH WLVVXH cXOWXUH KRRd IRU a PLQLPXP RI 4 KRXUV bHIRUH XVLQJ RU 
SUHIHUabO\ LQ WKH WLVVXH cXOWXUH KRRd RYHUQLJKW ZLWK WKH OaPLQaU aLU IORZ WXUQHd 
RQ.  

 
6.11 Immunofluorescence Studies 
 
Staining for tight junctions and actin 
 
MaWHULaOV QHHdHd 
 

PBS 
4% SaUaIRUPaOdHK\dH (VWR) 
DLVVHcWLQJ IRUcHSV ZLWK cXUYHd WLSV 
TULWRQ X-100 (SLJPa-AOdULcK, 9002-93-1) 
BRYLQH VHUXP aObXPLQ (BSA) (VWR) 
ZO-1 (aQWL-UabbLW) (CHOO SLJQaOLQJ THcK) 
AOH[a FOXRU 555 (aQWL-UabbLW) (CHOO SLJQaOLQJ THcK) 
DAPI (HRHcKVW) (IQYLWURJHQ, SLF2020) 
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FL[LQJ 
 

1.   WaVK VaPSOH ZLWK 2-3 PL PBS WKUHH WLPHV aW URRP WHPSHUaWXUH. 
2. Add 2-3 PL 4% SaUaIRUPaOdHK\dH SHU VaPSOH IRU 20 PLQXWHV aW URRP 

WHPSHUaWXUH. 
3. RHSHaW VWHS 1.  

 
PHUPHabLOL]LQJ 
 

1. RHPRYH VaPSOH IURP PLcURIOXLdLc dHYLcH XVLQJ dLVVHcWLQJ IRUcHSV ZLWK 
cXUYHd WLSV aQd SOacH LQ LQdLYLdXaO ZHOO LQ a 6-ZHOO SOaWH.  

2. Add 0.5 PL 0.2% TULWRQ X-100 (dLOXWHd LQ PBS) SHU VaPSOH IRU 20 PLQXWHV aW 
URRP WHPSHUaWXUH.  

3. WaVK VaPSOH ZLWK 0.5 PL PBS WKUHH WLPHV aW URRP WHPSHUaWXUH. 
4. Add 0.5 PL RI PKaOORLdLQ (1:100 dLOXWLRQ LQ PBS) aQd DAPI (1:500 dLOXWLRQ LQ 

PBS) SHU VaPSOH IRU 45 PLQXWHV aW 37�C.  
5. RHSHaW VWHS 3.  
6. SaPSOH UHad\ WR bH LPaJHd XQOHVV QHHd WR VWaLQ IRU WLJKW MXQcWLRQV (IROORZ 

³BORcNLQJ´ VHcWLRQ bHORZ) 
 
BORcNLQJ 
 

1. Add 0.5 PL 3% BSA (dLOXWHd LQ PBS) IRU 30 PLQXWHV aW URRP WHPSHUaWXUH.  
2. WaVK VaPSOH ZLWK 0.5 PL PBS WKUHH WLPHV aW URRP WHPSHUaWXUH.  

 
 PULPaU\/VHcRQdaU\ VWaLQLQJ 
 

1. Add ZO-1 (1:250 dLOXWLRQ LQ PBS) aQd 3% BSA (dLOXWLRQ LQ PBS) IRU 
RYHUQLJKW aW 4�C.  

2. NH[W da\ ZaVK VaPSOH ZLWK 0.5 PL PBS WKUHH WLPHV aW URRP WHPSHUaWXUH.  
3. Add AOH[a FOXRU 555 (1:500 dLOXWLRQ LQ PBS) IRU 1 KRXU aW 37�C.  
4. WaVK VaPSOH ZLWK 0.5 PL PBS WKUHH WLPHV aW URRP WHPSHUaWXUH. 

 
Staining for tight junctions and a[ons 
 
MaWHULaOV QHHdHd 
 
 PBS 

4% SaUaIRUPaOdHK\dH  
DLVVHcWLQJ IRUcHSV ZLWK cXUYHd WLSV 
TULWRQ X-100 (SLJPa-AOdULcK, 9002-93-1) 
NRUPaO dRQNH\ VHUXP (IPPXQR RHaJHQWV, VS-072-Y[10) 
ZO-1 (aQWL-UabbLW) (aQWL-UabbLW) (CHOO SLJQaOLQJ THcK) 
BHWa-III TXbXOLQ TXM1 (aQWL-PRXVH) (BLROHJHQd) 
AOH[a FOXRU 555 (aQWL-UabbLW) (aQWL-UabbLW) (CHOO SLJQaOLQJ THcK) 
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D\LLJKW 650 cRQMXJaWH (aQWL-PRXVH) (IPPXQR RHaJHQWV) 
DAPI (HRHcKVW) (IQYLWURJHQ, SLF2020) 
 

ETXLSPHQW  
 
 LaVHU VcaQQLQJ cRQIRcaO PLcURVcRSH (NLNRQ A1R) 
  
FL[LQJ 
 

1. WaVK VaPSOH ZLWK 2-3 PL PBS WKUHH WLPHV aW URRP WHPSHUaWXUH.  
2. Add 2-3 PL 4% SaUaIRUPaOdHK\dH SHU VaPSOH IRU 20 PLQXWHV aW URRP 

WHPSHUaWXUH. 
3. RHSHaW VWHS 1.  

 
BORcNLQJ/PHUPHabLOL]LQJ 
 

1. RHPRYH VaPSOH IURP PLcURIOXLdLc dHYLcH XVLQJ dLVVHcWLQJ IRUcHSV ZLWK 
cXUYHd WLSV aQd SOacH LQ LQdLYLdXaO ZHOO LQ a 6-ZHOO SOaWH.  

2. Add 0.5 PL 0.2% TULWRQ X-100 (dLOXWHd LQ PBS) SHU VaPSOH IRU 20 PLQXWHV aW 
URRP WHPSHUaWXUH.  

3. WaVK VaPSOH ZLWK 0.5 PL PBS WKUHH WLPHV aW URRP WHPSHUaWXUH. 
4. Add 0.5 PL 10% QRUPaO dRQNH\ VHUXP (dLOXWHd LQ PBS) SHU VaPSOH IRU 10 

PLQXWHV aW URRP WHPSHUaWXUH. 
5. RHSHaW VWHS 3 (QRW UHTXLUHd).  
6. RHPRYH QRUPaO dRQNH\ VHUXP. 

 
PULPaU\/VHcRQdaU\ VWaLQLQJ 
 

1. IQcXbaWH ZLWK 0.5 PL SHU VaPSOH RI ZO-1 (1:250 dLOXWLRQ LQ PBS), TXM (1:500    
dLOXWLRQ LQ PBS), aQd 2% QRUPaO dRQNH\ VHUXP (dLOXWHd LQ PBS) IRU 2 KRXUV aW 
URRP WHPSHUaWXUH. 

2. WaVK VaPSOH ZLWK 0.5 PL PBS WKUHH WLPHV aW URRP WHPSHUaWXUH.  
3. IQcXbaWH ZLWK 0.5 PL SHU VaPSOH RI AOH[a FOXRU 555 (1:500 dLOXWLRQ LQ PBS), 

650 CRQMXJaWH (1:500 dLOXWLRQ LQ PBS), DAPI (1: 500 dLOXWLRQ LQ PBS), aQd 
2% QRUPaO dRQNH\ VHUXP (dLOXWHd LQ PBS) IRU 1 KRXU aW URRP WHPSHUaWXUH.  

4. RHSHaW VWHS 2.  
5. VLHZ VaPSOH XVLQJ cRQIRcaO PLcURVcRSH.  

 

 

6.12 Sample Preparation for Scanning Electron Microscope 
 
MaWHULaOV QHHdHd 

 PBS 
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 GOXWaUaOdHK\dH (VWR) 
 EWKaQRO 
 SEM VWaJH VWXd 
 DRXbOH-IacHd caUbRQ cRQdXcWLYH adKHVLYH WaSH 
 CaUbRQ adKHVLYH Wab (12 PP dLaPHWHU) 
 DLVWLOOHd ZaWHU 
 
ETXLSPHQW  
 
 SSXWWHU CRaWHU (CUHVVLQJWRQ PRdHO 6002-8) 
 ScaQQLQJ HOHcWURQ PLcURVcRSH (PKHQRP PXUH PRdHO 800-07332) 
 FUHH]H dU\LQJ LQVWUXPHQW (LabcRQcR- FUHH]HZRQH 4.5 POXV) 
 
PUHSaUaWLRQ 

1. WaVK VaPSOH ZLWK 2-3 PL PBS WKUHH WLPHV aW URRP WHPSHUaWXUH.  
2. IQcXbaWH VaPSOH LQ 2-3 PL 5% JOXWaUaOdHK\dH IRU 30 PLQXWHV aW 4�C (dLOXWLRQ 

LQ dLVWLOOHd ZaWHU).  
3. WaVK VaPSOH ZLWK 2-3 PL PBS WKUHH WLPHV aW URRP WHPSHUaWXUH.  
4. SHTXHQWLaOO\ dHK\dUaWH VaPSOH LQ 2-3 PL RI 20%, 50%, 70%, 90%, aQd 100% 

HWKaQRO IRU 10 PLQXWHV aW URRP WHPSHUaWXUH. (aOO dLOXWLRQV LQ dLVWLOOHd ZaWHU) 
5. POacH VaPSOH LQ IUHH]H dU\LQJ LQVWUXPHQW IRU 2 KRXUV.  

 
SSXWWHU cRaWLQJ 
 

1. RHPRYH WRS Oa\HU RI PLcURIOXLdLc dHYLcH WR H[SRVH WKH VaPSOH.  
2. POacH a dRXbOH-IacHd caUbRQ cRQdXcWLYH adKHVLYH WaSH RQ a caUbRQ adKHVLYH 

Wab. 
3. POacH VaPSOH RQ WKH VLdH RI WKH Wab WKaW LV cRYHUHd b\ WKH adKHVLYH WaSH.  
4. POacH WKH HQWLUH Wab (cRQWaLQLQJ WKH VaPSOH) LQVLdH WKH VSXWWHU cRaW KROdHU.  
5. SSXWWHU cRaW IRU 8 VHcRQdV ZLWK 30 PA cXUUHQW.  
6. VLHZ VaPSOH XVLQJ WKH VcaQQLQJ HOHcWURQ PLcURVcRSH.  

 

6.13 Blood-Brain Barrier Model (180 �m Diameter) Fabrication 
 
MaWHULaOV QHHdHd 

 180 �P VWHULOH acXSXQcWXUH QHHdOHV (DBC) 
 DLOXWH cROOaJHQ cRaWHd PLcURIOXLdLc dHYLcHV 
 10 PJ/PL cROOaJHQ VROXWLRQ 
 SWHULOH dLVWLOOHd ZaWHU 
 0.1 M NaOH (VWR) 
 10[ PBS 
 KCMEC/d3 cHOOV (DU. NaJHOH) 
 NRUPaO KXPaQ aVWURc\WHV (NHA) (LRQ]a) 
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 MaWULJHO (10 PJ/PL VWRcN) (CRUQLQJ) 
 E[WUa LLQN (H\SWHP NLW, GO\cRVaQ) 
 H\aOXURQaQ- HA- TKLRO-PRdLILHd (H\VWHP NLW, GO\cRVaQ).  
 AGM (LRQ]a)  

EGM (LRQ]a) 
 SWHULOH IOaW IRUcHSV 
 
 
ETXLSPHQW  
 
 IQcXbaWRU 
 TLVVXH cXOWXUH OaPLQaU IORZ KRRd 
 AVSLUaWRU YacXXP IOaVN 
 
 

PURWRcRO 

1. POacH VWHULOH dLOXWH cROOaJHQ cRaWHd PLcURIOXLdLc dHYLcH LQVLdH WKH WLVVXH 
cXOWXUH OaPLQaU KRRd.  

2. PUHSaUH 180 �P acXSXQcWXUH QHHdOHV b\ SOacLQJ WKHP LQVLdH WKH WLVVXH cXOWXUH 
KRRd.  

3. PUHSaUH NHA aW a VHHdLQJ dHQVLW\ RI 1 M/PL aQd cHQWULIXJH WKH cHOOV aW 160 G 
IRU 5 PLQXWHV.  

4. RHPRYH 0.1 M NaOH, 10[ PBS, dLVWLOOHd ZaWHU, aQd HA IURP 4�C IULdJH.  
5. PHU dHYLcH PaNH 50 �L WRWaO K\dURJHO YROXPH.  
6. IQ a 15 PL cRQLcaO WHVW WXbH add WKHVH UHaJHQWV WRJHWKHU LQ WKH IROORZLQJ 

RUdHU: 5 �L 10[ PBS, 5 �L 0.1 M NaOH, 2.5 �L dLVWLOOHd ZaWHU, aQd 5 �L HA.  
7. POacH aOO RI WKHVH UHaJHQWV bacN aW 4�C LQ WKH IULdJH aQd UHPRYH MaWULJHO aQd 

XWUa LLQN IURP 4�C IULdJH.  
8. Add 5 �L MaWULJHO aQd 2.5 �L XWUa LLQN WR WKH SUHYLRXV VROXWLRQ RI UHaJHQWV.  
9. POacH WKH PaWULJHO aQd XWUa LLQN bacN aW 4�C LQ WKH IULdJH aQd WaNH RXW WKH 10 

PJ/PL cROOaJHQ VROXWLRQ.  
10. AVSLUaWH WKH VXSHUQaWaQW IURP WKH cHOO SHOOHW.  
11. PLSHWWH 25 �L RI 10 PJ/PL cROOaJHQ VROXWLRQ LQ a SLSHWWH WLS aQd TXLcNO\ 

UHWXUQ WKH 10 PJ/PL cROOaJHQ VROXWLRQ bacN aW 4�C LQ WKH IULdJH.  
12. RHWXUQ WR WKH WLVVXH cXOWXUH KRRd aQd SLSHWWH WKH cROOaJHQ LQ ZLWK WKH RWKHU 

UHaJHQWV JHQWO\ IRU 1 PLQXWH ZLWKRXW LQWURdXcLQJ aQ\ aLU bXbbOHV. 
13. RHVXVSHQd WKH cHOO SHOOHW ZLWK WKH K\dURJHO PL[WXUH VROXWLRQ caUHIXOO\ IRU 1 

PLQXWH.   
14. AVSLUaWH dLOXWH cROOaJHQ IURP WKH cHQWUaO cKaPbHU RI WKH PLcURIOXLdLc dHYLcH.  
15. IQMHcW 50 �L VROXWLRQ LQWR WKH cHQWUaO cKaPbHU RI WKH PLcURIOXLdLc dHYLcH 

WKURXJK aQ RSHQ SRUW abRYH WKH cHQWUaO cKaPbHU.  
16. POacH 180 �L acXSXQcWXUH QHHdOHV LQ WKURXJK WKH QHHdOH JXLdHV aQd JHQWO\ 

SXVK XQWLO VOLJKW UHVLVWaQcH LV IHOW.  
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17. CaUHIXOO\ WUaQVIHU WKH S100 SOaVWLc SOaWH cRQWaLQLQJ WKH PLcURIOXLdLc dHYLcH 
ZLWK WKH QHHdOHV LQVLdH WKH cROOaJHQ K\dURJHQ WR a 37�C LQcXbaWRU IRU 10 
PLQXWHV.  

18. RHPRYH WKH PLcURIOXLdLc dHYLcH IURP WKH LQcXbaWRU aQd add 150 �L RI AGM 
RQ WRS RI WKH PLcURIOXLdLc dHYLcH abRYH WKH cHQWUaO cKaPbHU.   

19. POacH WKH dHYLcH bacN LQ 37�C LQcXbaWRU IRU aQRWKHU 40 PLQXWHV. 
20. PUHSaUH KCMEC/d3 cHOOV aW a VHHdLQJ dHQVLW\ RI 5 M/PL.   
21. RHPRYH WKH dHYLcH IURP WKH LQcXbaWRU aQd SOacH LQVLdH WKH WLVVXH cXOWXUH 

KRRd.  
22. UVLQJ VWHULOH IOaW IRUcHSV JHQWO\ JUab aQd SXOO WKH QHHdOH WLSV.  
23. CHQWULIXJH KCMEC/d3 cHOOV aW 160 G IRU 5 PLQXWHV.  
24. AVSLUaWH VXSHUQaWaQW aQd UHVXVSHQd LQ WKH SURSHU YROXPH RI EGM WR acKLHYH a 

dHQVLW\ RI 5 M/PL.  
25. IQMHcW 10 �L RI WKH cHOO EGM VROXWLRQ LQWR WKH cHOO VHHdLQJ SRUW RQ WKH 

PLcURIOXLdLc dHYLcH.  
26. POacH WKH dHYLcH LQ WKH LQcXbaWRU IRU 10 PLQXWHV.  
27. RHPRYH WKH dHYLcH aQd LQMHcW aQRWKHU 10 �L LQWR WKH VaPH cHOO VHHdLQJ SRUW RQ 

WKH PLcURIOXLdLc dHYLcH.  
28. IQYHUW WKH dHYLcH XSVLdH dRZQ aQd SOacH LQ WKH LQcXbaWRU IRU 10 PLQXWHV.  
29. RHPRYH WKH dHYLcH IURP WKH LQcXbaWRU aQd cRQQHcW WR IORZ SXPS.  

 
6.14 Perfusing Microfluidic Devices with Flow 
 
MaWHULaOV QHHdHd 
 
 MLcURIOXLdLc dHYLcH WKaW KaV bHHQ cHOO VHHdHd 
 TXbLQJ 
 POaVWLc V\ULQJHV (BD) 
 6 ZHOO SOaWH 
 SLOLcRQ JUHaVH (Ba\HU) 
 EGM cRPSOHWH 
 
ETXLSPHQW QHHdHd 
 
 S\ULQJH SXPS (GHQLH TRXcK) (KHQW ScLHQWLILc) 
 DUHPPHO  
 BULJKWILHOd PLcURVcRSH 
  
PURWRcRO 

1. POacH PLcURIOXLdLc dHYLcH LQVLdH WKH WLVVXH cXOWXUH KRRd.  
2. DULOO 4 PP LQ dLaPHWHU cLUcXOaU KROHV LQ a VLQJOH ZHOO RI a 6 ZHOO SOaWH abRYH 

ZKHUH WKH WXbLQJ ZLOO aWWacK WR WKH PLcURIOXLdLc dHYLcH.  
3. POacH WKH JHQLH WRXcK V\ULQJH SXPS LQVLdH WKH cXOWXUH KRRd.  
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4. AOLTXRW WKH QHHdHd YROXPH RI EGM. A VLQJOH dHYLcH UHTXLUHd 5 PL RI EGM 
IRU WKH V\ULQJH aQd 8 PL EGM IRU WKH ZHOO WR IXOO\ cRYHU WKH PLcURIOXLdLc 
dHYLcH.  

5. CRQQHcW WKH V\ULQJH WR WKH V\ULQJH SXPS aQd SULPH WKH OLQH.  
6. CRQQHcW WKH HQd RI WKH PHWaO UXbbHU WXbLQJ WR WKH dHVLUHd IORZ SRUW RQ WKH 

PLcURIOXLdLc dHYLcH.  
7. SHW WKH dHVLUHd IORZ UaWH RQ WKH SXPS. FRU WKH 180 �P dLaPHWHU BBB PRdHO, 

WKH IORZ UaWH ZaV VHW WR 2.4 �L/PLQ aQd IRU WKH PLcURYaVcXOaU PRdHO, WKH IORZ 
UaWH ZaV VHW WR 0.72 �L/PLQ.  

8. COLcN UXQ RQ WKH V\ULQJH SXPS aQd JHQWO\ aSSO\ VWHULOH JUHaVH WR VHaO WKH aLU 
YHQWV aQd WKH QHHdOH JXLdHV.  

9. TUaQVIHU WKH IORZ cRQQHcWHd dHYLcH WR WKH VWaJH RI a bULJKWILHOd PLcURVcRSH WR 
HQVXUH XQLQWHUUXSWHd IORZ aSSOLcaWLRQ.  

10. TUaQVIHU dHYLcH WR 37�C LQcXbaWRU IRU 5 da\V. BH VXUH WR cKHcN RQ H[SHULPHQW 
daLO\ aQd UHILOO WKH V\ULQJHV ZLWK PHdLXP aV QHcHVVaU\.  

 
 
 
6.15 Microvasculature (a10 �m Diameter) Fabrication within Collagen/HA Model  
 
MaWHULaOV QHHdHd 

 DLOXWH cROOaJHQ cRaWHd PLcURIOXLdLc dHYLcHV 
 10 PJ/PL cROOaJHQ VROXWLRQ 
 0.1 M NaOH 
 10[ PBS 
 KCMEC/d3 cHOOV 
 KBVP (UQLYHUVLW\ RI PHQQV\OYaQLa) 
 MaWULJHO (10 PJ/PL VWRcN) 
 5 PJ/PL H\aOXURQaQ- (HA)- NRW cURVVOLQNHd (SLJPa AOdULcK, 9067-32-7) 
 6.67 PJ/PL H\aOXURQaQ- (HA)- NRW cURVVOLQNHd (SLJPa AOdULcK, 9067-32-7) 

EGM cRPSOHWH 
 20 PJ/PL cROOaJHQ 
 10 PJ/PL cROOaJHQ 
 
ETXLSPHQW  
 
 IQcXbaWRU 
 TLVVXH cXOWXUH OaPLQaU IORZ KRRd 
 AVSLUaWRU YacXXP IOaVN 
 
HA SUHSaUaWLRQ 
 

1. RHPRYH HA IURP -20�C IUHH]HU aQd ZHLJK 10 JUaPV LQ a ZHLJKW bRaW RQ a 
ZHLJKW VcaOH.  

2. TUaQVIHU WKH 10 JUaPV HA SRZdHU WR a JOaVV YLaO ZLWK a IOaW bRWWRP.  
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3. Add 2 PL VWHULOH MLOOLQ dHLRQL]Hd ZaWHU WR WKH JOaVV YLaO IRU a cRQcHQWUaWLRQ 
RI 5 PJ/PL. II PaNLQJ WKH 6.67 PJ/PL cRQcHQWUaWLRQ VROXWLRQ, WKHQ add 1.5 
PL VWHULOH MLOOLQ dHLRQL]Hd ZaWHU.    

4. TUaQVIHU WKH JOaVV YLaO WR a URcNHU aW 4�C IRU 1-2 da\V.  
5. POacH WKH HA VWRcN VROXWLRQ bacN WR -20�C IUHH]HU.  

 
 
 
 
PURWRcRO 

1. POacH VWHULOH dLOXWH cROOaJHQ cRaWHd PLcURIOXLdLc dHYLcH LQVLdH WKH WLVVXH 
cXOWXUH OaPLQaU KRRd.  

2. PUHSaUH KCMEC/d3 cHOOV aW a VHHdLQJ dHQVLW\ RI 2 M/PL aQd SUHSaUH KBVP 
cHOOV aW a VHHdLQJ dHQVLW\ RI 0.4 M/PL.  

3. CHQWULIXJH WKH cHOOV aW 160 G IRU 5 PLQXWHV.  
4. RHPRYH 0.1 M NaOH, 10[ PBS, aQd HA IURP 4�C IULdJH.  
5. PHU dHYLcH PaNH 25 �L WRWaO K\dURJHO YROXPH.  
6. IQ a 15 PL cRQLcaO WHVW WXbH add WKHVH UHaJHQWV WRJHWKHU LQ WKH IROORZLQJ 

RUdHU: 2.5 �L 10[ PBS, 2.5 �L 0.1 M NaOH, aQd 11.25 �L HA-6.67 PJ/PL 
(LQ YLWUR cROOaJHQ/HA IRUPXOaWLRQ). 2.5 �L 10[ PBS, 1.25 �L NaOH, aQd 15 
�L HA- 5 PJ/PL (LQ YLYR cROOaJHQ/HA WUaQVSOaQWaWLRQ IRUPXOaWLRQ).  

7. POacH aOO RI WKHVH UHaJHQWV bacN aW 4�C LQ WKH IULdJH aQd UHPRYH MaWULJHO IURP 
4�C IULdJH.  

8. Add 2.5 �L MaWULJHO WR WKH SUHYLRXV VROXWLRQ RI UHaJHQWV.  
9. POacH WKH PaWULJHO bacN aW 4�C LQ WKH IULdJH aQd WaNH RXW WKH 10 PJ/PL 

cROOaJHQ VROXWLRQ.  
10. AVSLUaWH WKH VXSHUQaWaQW IURP WKH cHOO SHOOHW.  
11. FRU WKH LQ YLWUR cROOaJHQ/HA IRUPXOaWLRQ SLSHWWH 6.25 �L RI 20 PJ/PL 

cROOaJHQ VROXWLRQ LQ a SLSHWWH WLS aQd TXLcNO\ UHWXUQ WKH 20 PJ/PL cROOaJHQ 
VROXWLRQ bacN aW 4�C LQ WKH IULdJH. FRU WKH LQ YLYR cROOaJHQ/HA WUaQVSOaQWaWLRQ 
IRUPXOaWLRQ XVH 6.25 �L RI 10 PJ/PL cROOaJHQ VWRcN VROXWLRQ LQVWHad.  

12. RHWXUQ WR WKH WLVVXH cXOWXUH KRRd aQd SLSHWWH WKH cROOaJHQ LQ ZLWK WKH RWKHU 
UHaJHQWV JHQWO\ IRU 1 PLQXWH ZLWKRXW LQWURdXcLQJ aQ\ aLU bXbbOHV. 

13. RHVXVSHQd WKH cHOO SHOOHW ZLWK WKH K\dURJHO PL[WXUH VROXWLRQ caUHIXOO\ IRU 1 
PLQXWH.   

14. AVSLUaWH dLOXWH cROOaJHQ IURP WKH cHQWUaO cKaPbHU RI WKH PLcURIOXLdLc dHYLcH.  
15. IQMHcW 25 �L VROXWLRQ LQWR WKH cHQWUaO cKaPbHU RI WKH PLcURIOXLdLc dHYLcH 

WKURXJK aQ RSHQ SRUW abRYH WKH cHQWUaO cKaPbHU.  
16. CaUHIXOO\ WUaQVIHU WKH S100 SOaVWLc SOaWH cRQWaLQLQJ WKH PLcURIOXLdLc dHYLcH WR 

a 37�C LQcXbaWRU IRU 20 PLQXWHV.  
17. RHPRYH WKH PLcURIOXLdLc dHYLcH IURP WKH LQcXbaWRU aQd add 150 �L RI EGM 

RQ WRS RI WKH PLcURIOXLdLc dHYLcH abRYH WKH cHQWUaO cKaPbHU.   
18. POacH WKH dHYLcH bacN LQ 37�C LQcXbaWRU IRU aQRWKHU 40 PLQXWHV. 
19. RHPRYH WKH dHYLcH IURP WKH LQcXbaWRU aQd cRQQHcW WR IORZ SXPS.  
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6.16 Microvasculature (a10 �m Diameter) Fabrication within the Peptide Model  
 
MaWHULaOV QHHdHd 

 DLOXWH cROOaJHQ cRaWHd PLcURIOXLdLc dHYLcHV 
 KCMEC/d3 cHOOV 
 10 PJ/PL VWRcN RADA 16-I SHSWLdH (CRUQLQJ) 
 2 PJ/PL RADA 16-I SHSWLdH 

EGM cRPSOHWH 
HXPaQ -VaVcXOaU HQdRWKHOLaO JURZWK IacWRU (VEGF) (VWR) 
PKRUbRO-12-P\ULVWaWH 13-acHWaWH (PMA) (#1544-5) (VWR) 

 6 ZHOO SOaWH 
 20% VXcURVH 
 10% VXcURVH 
 FBS 
 IcH cXbHV 
 50 PL cRQLcaO WHVW WXbHV 
 
ETXLSPHQW  
 
 UOWUaVRQLc ZaWHU baWK VRQLcaWRU 
 IQcXbaWRU 
 TLVVXH cXOWXUH OaPLQaU IORZ KRRd 
 AVSLUaWRU YacXXP IOaVN 
 Lab LcH PacKLQH 
 RRcNHU 
 37�C KRW URRP 
 
2 PJ/PL SHSWLdH SUHSaUaWLRQ 
 

1. TaNH 100 �L RI 10 PJ/PL VWRcN SHSWLdH aQd add WR 15 PL WHVW WXbH 
cRQWaLQLQJ 400 �L VWHULOH dLVWLOOHd ZaWHU.  

2. SRQLcaWH WKLV 2 PJ/PL SHSWLdH VROXWLRQ IRU 30 PLQXWHV LQ WKH XOWUaVRQLc ZaWHU 
baWK VRQLcaWRU aW URRP WHPSHUaWXUH.  

 
VEGF SUHSaUaWLRQ 
 

1. 10 �J VWRcN VEGF SRZdHU ZaV UHcRQVWLWXWHd LQ 100 �L 0.1% bRYLQH VHUXP 
aObXPLQ (BSA) IRU a cRQcHQWUaWLRQ RI 0.1 PJ/PL.  

2. 25 �L aOLTXRWV RI 4 �L HacK ZHUH SOacHd LQ -20�C IUHH]HU IRU VWRUaJH.    
 
PMA SUHSaUaWLRQ 
 

1. SROXbLOL]Hd 5 PJ PMA LQ 5 PL DMSO IRU a VWRcN VROXWLRQ cRQcHQWUaWLRQ RI 1 
PJ/PL. 

2. AOLTXRWHd LQWR 200 �L 25 YLaOV aQd SOacHd aW -20�C IUHH]HU IRU VWRUaJH.  
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20% SXcURVH SUHSaUaWLRQ 
 

1. WHLJK RXW 8 JUaPV RI VXcURVH LQ a ZHLJKW bRaW RQ WKH ZHLJKW VcaOH aQd add WR 
a 50 PL cRQLcaO WHVW WXbH.  

2. Add dLVWLOOHd ZaWHU XQWLO WKH 40 PL PaUN LV UHacKHd RQ WKH 50 PL cRQLcaO WHVW 
WXbH.   

3. POacH 40 PL VXcURVH VROXWLRQ RQ a URcNHU aW a PHdLXP VHWWLQJ IRU 10 PLQXWHV 
aW 37�C (KRW URRP).  

4. AIWHU YLVXaOO\ LQVSHcWLQJ WKaW aOO RI WKH VXcURVH KaV dLVVROYHd, VWHULOH ILOWHU 
XVLQJ a 0.2 �P VWHULOH ILOWHU b\ cRQQHcWLQJ WR a YacXXP IOaVN aVSLUaWRU.  

5. SWRUH 20% VXcURVH VROXWLRQ aW 4�C LQ WKH IULdJH.  
6. TR PaNH 10% VXcURVH VROXWLRQ, XVH WKH VaPH SURWRcRO ZLWK WKH H[cHSWLRQ RI 

ZHLJKLQJ RXW 4 JUaPV RI VXcURVH LQVWHad RI 8 JUaPV.  
 
PURWRcRO 

1. POacH VWHULOH dLOXWH cROOaJHQ cRaWHd PLcURIOXLdLc dHYLcH LQVLdH WKH WLVVXH 
cXOWXUH OaPLQaU KRRd.  

2. PUHSaUH KCMEC/d3 cHOOV aW a VHHdLQJ dHQVLW\ RI 5 M/PL. 
3. CHQWULIXJH WKH cHOOV aW 160 G IRU 5 PLQXWHV.  
4. RHPRYH 2 PJ/PL SHSWLdH, 20% VXcURVH, 10% VXcURVH, FBS, EGM IURP 4�C 

IULdJH aQd SOacH aOO RI WKHVH UHaJHQWV LQ a bXcNHW ILOOHd ZLWK LcH.  
5. PHU dHYLcH PaNH 25 �L WRWaO SHSWLdH YROXPH.  
6. AVSLUaWH WKH VXSHUQaWaQW IURP WKH cHOO SHOOHW aQd UHVXVSHQd LQ 1 PL 10% 

VXcURVH.  
7. CHQWULIXJH WKH cHOOV aW 160 G IRU 5 PLQXWHV.  
8. AVSLUaWH WKH VXSHUQaWaQW IURP WKH cHOO SHOOHW aQd UHVXVSHQd LQ 12.5 �L 20% 

VXcURVH b\ PL[LQJ JHQWO\ ZLWK a P200 SLSHWWH IRU 15 VHcRQdV.  
9. Add 12.5 �L 2 PJ/PL SHSWLdH VROXWLRQ WR WKH 12.5 �L cHOO VXcURVH VROXWLRQ 

aQd PL[ JHQWO\ ZLWK a P200 SLSHWWH IRU 30 VHcRQdV.    
10. AVSLUaWH dLOXWH cROOaJHQ IURP WKH cHQWUaO cKaPbHU RI WKH PLcURIOXLdLc dHYLcH.  
11. IQMHcW 25 �L SHSWLdH/VXcURVH/cHOO VROXWLRQ LQWR WKH cHQWUaO cKaPbHU RI WKH 

PLcURIOXLdLc dHYLcH WKURXJK aQ RSHQ SRUW abRYH WKH cHQWUaO cKaPbHU. 
12. CaUHIXOO\ SOacH WKH PLcURIOXLdLc dHYLcH WR a ZHOO RI a 6 ZHOO SOaWH.   
13. CaUHIXOO\ add 100 �L RI EGM cRPSOHWH ZLWK 10% FBS RQ WRS RI WKH 

PLcURIOXLdLc dHYLcH abRYH WKH cHQWUaO cKaPbHU ZKHUH WKH RSHQ SRUWV aUH IRU 1 
PLQXWH aW URRP WHPSHUaWXUH.  

14. CaUHIXOO\ add 8 PL RI EGM cRPSOHWH ZLWK 10% FBS WR WKH ZHOO cRQWaLQLQJ 
WKH PLcURIOXLdLc dHYLcH. 

a. TR PaNH EGM cRPSOHWH VXSSOHPHQWHd ZLWK 10% FBS, PL[ 0.4 PL 
FBS ZLWK 7.6 PL EGM cRPSOHWH VXSSOHPHQWHd ZLWK 5%.  

15. TUaQVIHU WKH 6 ZHOO SOaWH WR 37�C LQcXbaWRU IRU 60 PLQXWHV.  
16. PUHSaUH 8 PL EGM cRPSOHWH VXSSOHPHQWHd ZLWK 100 QJ/PL VEGF aQd 50 

QJ/PL PMA aQd NHHS LQ LcH bXcNHW ZKLOH WKH SHSWLdH LV bHLQJ LQcXbaWHd.  
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a. AOLTXRW 8 PL EGM cRPSOHWH LQWR a 15 PL cRQLcaO WHVW WXbH aQd add 8 
�L 0.1 PJ/PL VEGF aQd 0.4 �L 1 PJ/PL  

17. RHPRYH WKH 6 ZHOO SOaWH ZLWK WKH PLcURIOXLdLc dHYLcH IURP WKH LQcXbaWRU aQd 
UHSOacH WKH PHdLXP ZLWK WKH RQH SUHSaUHd LQ VWHS 17.  

18. POacH WKH 6 ZHOO SOaWH bacN LQ WKH 37�C LQcXbaWRU IRU 5 da\V.   
 
AddLWLRQaO QRWHV 

1. OQcH WKH SHSWLdH LV LQMHcWHd LQWR WKH PLcURIOXLdLc dHYLcH, bH VXUH WR caUHIXOO\ 
add aQd cKaQJH PHdLXP XVLQJ a 200 �L SLSHWWH. AQ\ VXddHQ PRYHPHQWV LQ 
WKH PHdLXP caQ dLVUXSW WKH SHSWLdH, HVSHcLaOO\ ZKLOH WKH SHSWLdH LV bHLQJ 
SRO\PHUL]Hd.   

 
 
6.17 Scaffold Transplantation into Sprague Dawle\ Spinal Cord Hemisection 
Animal Model (Collagen/HA Scaffolds) 
 
MaWHULaOV QHHdHd 
 
 CROOaJHQ/HA VcaIIROdV 
 70% HWKaQRO VSUa\ bRWWOH 
 SKLSSLQJ SW\URIRaP bR[ 
 FRUcHSV 
 10 PJ/NJ C\cORVSRULQH A 
 
PURWRcRO 
 

1. TUaQVIHU da\ 2 cROOaJHQ/HA VcaIIROdV WR DUH[HO UQLYHUVLW\ MHdLcaO ScKRRO 
QXHHQ LaQH caPSXV LQ a SW\URIRaP VKLSSLQJ bR[ WKaW KaV bHHQ VSUa\Hd ZLWK 
70% HWKaQRO RQ WKH RXWVLdH aQd LQVLdH. 

2. AIWHU aUULYLQJ aW DUH[HO UQLYHUVLW\, LPPHdLaWHO\ WUaQVIHU VcaIIROdV WR 37�C 
LQcXbaWRU XQWLO WKH aQLPaOV aUH UHad\ IRU WUaQVSOaQWaWLRQ.  

3. AOO aQLPaOV KaYH bHHQ adPLQLVWHUHd c\cORVSRULQH WKUHH da\V SULRU WR VXUJHULHV 
aQd dXULQJ WKH SHULRd aIWHU WUaQVSOaQWaWLRQ.  

4. PHUIRUP OaPLQHcWRP\ aW WKH C4-C5 VSLQaO cRUd OHYHO aQd aVSLUaWH WR cUHaWH aQ 
acXWH KHPLVHcWLRQ LQMXU\.  

5. RHPRYH VcaIIROdV IURP WKH LQcXbaWRU aQd XVH VWHULOH IRUcHSV WR bUHaN RXW WKH 
VcaIIROdV IURP WKH PLcURIOXLdLc dHYLcH cKaPbHUV.  

6. DURS WKH VcaIIROdV LQ WKH caYLW\ IRUPHd b\ WKH KHPLVHcWLRQ LQMXU\.  
7. SXWXUH WKH dXUa RYHU WKH caYLW\ WR VHcXUH WKH WUaQVSOaQW LQ SOacH.  
8. SXUJLcaOO\ cORVH WKH VSLQaO cRUd aQd VWaSOH WKH dHUPLV RI WKH UaW ZLWK 8-10 

VWaSOHV.  
 
AddLWLRQaO QRWHV 
 



www.manaraa.com

128 

1. AOO aQLPaOV KaYH bHHQ adPLQLVWHUHd c\cORVSRULQH A (10 PJ/NJ) WKUHH da\V 
SULRU WR VXUJHULHV aQd dXULQJ WKH SHULRd aIWHU WUaQVSOaQWaWLRQ 

 
 
6.18 Scaffold Transplantation into Sprague Dawle\ Spinal Cord Contusion Animal 
Model (Peptide Scaffolds) 
 
MaWHULaOV QHHdHd 
  
 200-250J SSUaJXH DaZOH\ IHPaOH UaWV 
 SXWXUHV 
 MHdLcaO VXUJLcaO LQVWUXPHQWV 
 2 PJ/PL RADA 16-I SHSWLdH 
 20% VXcURVH (VWR) 
 10% VXcURVH 
 0.05% TU\SVLQ 
 EQdRWKHOLaO GURZWK MHdLXP (EGM-CRPSOHWH) 
 DXObHccR MRdLILHd EaJOH MHdLXP (DMEM) 
 SXWXUHV 
 MHdLcaO VWaSOHV 
 P19-P22 GFP KCMEC/d3 
 P7-P18 GFP KBVP 
 15 PL WHVW WXbHV 
 RADA 16-I SHSWLdH 
 P75 aQd cHOO cXOWXUH dLVKHV 
 HHPRc\WRPHWHU 
 200 �O aQd 1000 �L SLSHWWHV 
 10 �L VXUJLcaO V\ULQJH 
 30 G QHHdOH 
 MaWULJHO 
  
ETXLSPHQW 
 
 IH IQILQLW\ HRUL]RQWaO IPSacWRU, LH[LQJWRQ (PRdHO #0400) 
 MLQLaWXUH IRUcH VHQVRU (PCB- 209c11) 
 MLcUR S\ULQJH PXPS CRQWUROOHU (MLcUR4) 
 CHQWULIXJH 
 VacXXP IOaVN aVSLUaWRU 
 BULJKWILHOd PLcURVcRSH 
  
SSLQaO cRUd cRQWXVLRQ 

 
1. PHUIRUP OaPLQHcWRP\ WR H[SRVH WKH C4/C5 VSLQaO cRUd UHJLRQ RQ 200-250J 

SSUaJXH DaZOH\ IHPaOH UaWV. 
2. SHcXUH a PLQLaWXUH IRUcH VHQVRU WR WKH IH IQILQLW\ HRUL]RQWaO IPSacWRU. 
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3. TUaQVIHU UaWV ZLWK H[SRVHd VSLQaO cRUdV WR WKH VWaJH RI WKH IH IQILQLW\ 
HRUL]RQWaO IPSacWRU. 

4. POacH WKH PLQLaWXUH IRUcH VHQVRU 2 PP abRYH WKH H[SRVHd VSLQaO cRUd.  
5. DURS aQd aSSO\ a IRUcH RI 150,000 D\QHV WR WKH VSLQaO cRUd aW WKH C4/C5 

VSLQaO cRUd UHJLRQ.  
6. SWLWcK a bOacN VXWXUH QH[W WR WKH cRQWXVLRQ HSLcHQWHU WR NQRZ ZKHUH WR 

SHUIRUP WKH SHSWLdH LQMHcWLRQ VHYHQ da\V OaWHU.  
7. SXUJLcaOO\ cORVH WKH VSLQaO cRUd aQd VWaSOH WKH dHUPLV RI WKH UaW ZLWK 8-10 

VWaSOHV.   
 
CHOO SUHSaUaWLRQ  

 
1. TKaZ 1 YLaO RI S 19 GFP KXPaQ cHUHbUaO PLcURYaVcXOaU HQdRWKHOLaO cHOOV 

(KCMEC/d3) aQd 1 YLaO RI S11 GFP KXPaQ bUaLQ YaVcXOaU SHULc\WHV 
(KBVP) LQ a 37�C ZaWHU baWK IRU 1 PLQXWH.  

2. SXVSHQd HacK YLaO LQ 4 PL RI EGM IRU KCMEC/d3 aQd 4 PL RI DMEM 
IRU KBVP.  

3. CHQWULIXJH HacK VROXWLRQ aW 160 G IRU 5 PLQXWHV.  
4. AVSLUaWH VXSHUQaWaQW XVLQJ a YacXXP IOaVN aVSLUaWRU aQd UHVXVSHQd WKH 

KCMEC/d3 cHOO SHOOHW LQ 1 PL RI EGM aQd WKH KBVP cHOO SHOOHW LQ 1 PL 
DMEM.  

5. POaWH KCMEC/d3 cHOOV RQ a S75 JHOaWLQ cRaWHd IOaVN ZLWK 8 PL EGM aQd 
SOaWH WKH KBVP RQ WZR QRQ-cRaWHd S100 SOaWHV ZLWK 12 PL DMEM SHU 
SOaWH.  

6. RHSOacH PHdLa WKH QH[W da\ aQd HYHU\ 2-3 da\V ZLWK 5 PL EGM IRU WKH 
KCMEC/d3 aQd 12 PL DMEM IRU HacK RI WKH KBVP S100 SOaWHV.  

7. UVH cHOOV IRU H[SHULPHQWV RQcH aW OHaVW 80% cHOO cRQIOXHQc\ LV UHacKHd.  
 
 
PHSWLdH LQMHcWLRQV 

 
1. AVSLUaWH PHdLXP IURP HacK cHOO SOaWH aQd add 2 PL 0.05% WU\SVLQ SHU 

SOaWH IRU 5 PLQXWHV aW 37�C.  
2. GHQWO\ VKaNH WKH cHOO SOaWH aQd YHULI\ ZLWK bULJKWILHOd PLcURVcRSH WR 

HQVXUH WKaW WKH cHOOV dHWacKHd IURP WKH bRWWRP RI WKH dLVK.   
3. DHacWLYaWH WU\SVLQ ZLWK 3 PL DMEM SHU dLVK.  
4. DUaZ WKH VROXWLRQ LQWR a 15 PL cRQLcaO WHVW WXbH aQd PL[ ZLWK a 1 PL 

SLSHWWH WR HQVXUH KRPRJHQRXV dLVWULbXWLRQ RI VXVSHQdHd cHOOV.  
5. CHQWULIXJH WKH cHOOV aW 160G IRU 5 PLQXWHV aQd UHVXVSHQd WKH cHOO SHOOHW 

ZLWK IUHVK PHdLXP VR WKaW WKH cHOOV aUH QRW H[SRVHd WR WU\SVLQ IRU a 
SURORQJHd SHULRd RI WLPH.  

6. CRXQW cHOOV XVLQJ a KHPRc\WRPHWHU b\ WaNLQJ 10 �L VROXWLRQ VaPSOHV SHU 
cHOO W\SH.  

7. AOLTXRW WKH SURSHU cHOO VROXWLRQ YROXPH WR acKLHYH 5 M/PL aQd 2.4 M/PL 
cHOO dHQVLW\ cRQdLWLRQV.  



www.manaraa.com

130 

L. FRU WKH 5 M/PL cRQdLWLRQ, 100 �L ILQaO SHSWLdH JHO YROXPH 
UHTXLUHd 416,667 KCMEC/d3 cHOOV aQd 83,333 KBVP cHOOV. 

LL. FRU WKH 2.4 M/PL cRQdLWLRQ, 100 �L ILQaO SHSWLdH JHO YROXPH 
UHTXLUHd 200,000 KCMEC/d3 aQd 40,000 KBVP.  

8. ML[ WKH WZR cHOO VROXWLRQV LQ 1 WHVW WXbH aQd cHQWULIXJH aW 160 G IRU 5 
PLQXWHV.  

9. AVSLUaWH WKH VXSHUQaWaQW, UHVXVSHQd WKH cHOO SHOOHW ZLWK 1 PL 10% VXcURVH, 
aQd cHQWULIXJH aJaLQ aW 160G IRU 5 PLQXWHV. TKLV VWHS LV QHcHVVaU\ WR 
UHPRYH aQ\ UHPaLQLQJ PHdLXP ZKLcK ZRXOd caXVH SUHPaWXUH SHSWLdH 
SRO\PHUL]aWLRQ.  

10. AVSLUaWH WKH VXSHUQaWaQW aQd UHVXVSHQd WKH cHOO SHOOHW ZLWK 50 �L 20% 
VXcURVH. GHQWO\ PL[ WKH VROXWLRQ ZLWK a 200 �L SLSHWWH.  

11. Add 50 �L 2 PJ/PL RADA 16-I SHSWLdH WR WKH 50 �L cHOO VXVSHQVLRQ LQ 
WKH 20% VXcURVH. EQVXUH WKaW WKH SHSWLdH VROXWLRQ KaV bHHQ VRQLcaWHd IRU aW 
OHaVW 20 PLQXWHV ZLWKLQ WKH OaVW 2 ZHHNV.  

12. ML[ WKH cHOO SHSWLdH VROXWLRQ IRU 1 PLQXWH XVLQJ WKH 200 �L SLSHWWH.  
13. DUaZ 10 �L RI WKH cHOO SHSWLdH VROXWLRQ XVLQJ a 10 �L VXUJLcaO V\ULQJH 

ZLWK a 30 G QHHdOH.  
14. CRQQHcW WKH 10 �L VXUJLcaO V\ULQJH WR WKH PLcURV\ULQJH SXPS cRQWUROOHU 

aQd LQMHcW WKH VROXWLRQ aW a IORZ UaWH RI 100 QL/V.  
15. LHaYH WKH QHHdOH WLS LQVLdH WKH VSLQaO cRUd IRU 1 PLQXWH aIWHU WKH LQMHcWLRQ 

VWRSV.  
16. RHPRYH WKH LQMHcWLRQ QHHdOH aQd aSSO\ 20 �L RI MaWULJHO RYHU WKH 

ORcaWLRQ ZKHUH WKH SHSWLdH ZaV LQMHcWHd.  
17. SXUJLcaOO\ cORVH WKH VSLQaO cRUd aQd VWaSOH WKH dHUPLV RI WKH UaW ZLWK 8-10 

VWaSOHV.  
 
 
AddLWLRQaO QRWHV 
 

1. AOO aQLPaOV KaYH bHHQ adPLQLVWHUHd c\cORVSRULQH A (10 PJ/NJ) WKUHH da\V 
SULRU WR VXUJHULHV aQd dXULQJ WKH SHULRd aIWHU WUaQVSOaQWaWLRQ 

 
6.19 Sprague Dawle\ Rat Perfusion Protocol 
 
MaWHULaOV QHHdHd 
 
 PaUaIRUPaOdHK\dH UHaJHQW 
 DLVWLOOHd ZaWHU 
 NaOH 
 SRdLXP SKRVSKaWH PRQRbaVLc 
 SRdLXP SKRVSKaWH dLbaVLc 
 EXWKaVRO 
  
ETXLSPHQW 
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 2L P\UH[ IOaVN 
 HRW SOaWH 
 SWaQdaUd UaW SHUIXVLRQ SHULVWaOWLc SXPS 
 #3 ILOWHU 
 VacXXP IOaVN 
 WHLJKW VcaOH 
 PHUIXVLRQ bRaUd 
 PHUIXVLRQ QHHdOH 
 
SROXWLRQ SUHSaUaWLRQ 
 
 16% SaUaIRUPaOdHK\dH (1L) 
 

1. WHLJKW RXW 160J RI SaUaIRUPaOdHK\dH UHaJHQW. 
2. Add SaUaIRUPaOdHK\dH WR 750 PL dLVWLOOHd ZaWHU LQ a 2L P\UH[ IOaVN ZLWK 

WKH WRS cRYHUHd LQ IRLO. 
3. HHaW WKH VROXWLRQ WR 90-95�C ZKLOH VWLUULQJ. BH VXUH QRW WR bRLO WKH 

VROXWLRQ.  
4. TXUQ RII KRW SOaWH ZKHQ SaUaIRUPaOdHK\dH SaUWLaOO\ dLVVROYHV (VROXWLRQ 

WXUQV PLON\ ZKLWH) aQd dR QRW VWRS VWLUULQJ.  
5. SORZO\ add 5 RU 10 M NaOH VROXWLRQ dURS-ZLVH XQWLO WKH VROXWLRQ SaUWLaOO\ 

cOHaUV (VROXWLRQ ZLOO QRW bH cRPSOHWHO\ cOHaU, bXW ZLOO ORVH WKH PLON\ 
aSSHaUaQcH).  

6. AdMXVW WKH ILQaO YROXPH WR 1 L ZLWK dLVWLOOHd ZaWHU. 
7. FLOWHU WKH VROXWLRQ ZLWK a #3 ILOWHU XVLQJ a YacXXP IOaVN. 
8. SWRUH aW 4�C aV VWRcN VROXWLRQ.  

 
0.2M SRdLXP SKRVSKaWH bXIIHU 
 

1. SRdLXP SKRVSKaWH PRQRbaVLc (VROXWLRQ A) 
2. SRdLXP SKRVSKaWH dLbaVLc (VROXWLRQ B) 
3. ML[ 95 PL RI VROXWLRQ A ZLWK 405 PL VROXWLRQ B WR acKLHYH a 0.2M 

VRdLXP SKRVSKaWH bXIIHU ZLWK a SH RI aSSUR[LPaWHO\ 7.4. 
 
0.9% VaOLQH 
 

1. Add 9 J NaCO WR 1L RI dLVWLOOHd ZaWHU aQd VWLU XQWLO aOO VaOW LV dLVVROYHd.  
2. BXIIHUHd VaOLQH Pa\ aOVR bH XVHd aV a SUH-SHUIXVLRQ ZaVK. 

 
4% bXIIHUHd SaUaIRUPaOdHK\dH 
 

1. ML[ VROXWLRQ:  
L. 1 SaUW 16% SaUaIRUPaOdHK\dH 

LL. 2 SaUWV 0.2M VRdLXP SKRVSKaWH bXIIHU 
LLL. 1 SaUW dLVWLOOHd ZaWHU 
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AQLPaO SUHSaUaWLRQ aQd SHUIXVLRQ 
 

1. PULPH SXPS ZLWK 0.9% VaOLQH aQd YHULI\ WKaW WKHUH aUH QR bXbbOHV LQ WKH 
OLQH RU WKH V\ULQJH 

2. EXWKaQL]H (dHHSO\ aQHVWKHWL]H ± RYHUdRVH) aQLPaO ZLWK 0.2 PL EXWKaVRO.  
3. TaSH aQLPaO WR SHUIXVLRQ bRaUd 
4. PHUIRUP WKRUacRWRP\.  
5. IQcLVH ULJKW aWULXP/aXULcOH WKHQ SOacH SHUIXVLRQ QHHdOH LQWR OHIW YHQWULcOH RU 

LQWR WKH aRUWa.  
6. SHW SHULVWaOWLc SXPS WR SXPS UaWH VHWWLQJ RI 2.5-3 aQd UXQ VaOLQH WKURXJK 

WKH aQLPaO XQWLO bORRd cOHaUV. TKH OLYHU VKRXOd WXUQ IURP daUN UHd WR OLJKW 
bURZQ aQd WKH OXQJV VKRXOd UHPaLQ cROOaSVHd.  

7. SZLWcK WR 4% SaUaIRUPaOdHK\dH aQd UXQ XS WR 500 PL WKURXJK WKH aQLPaO 
aW WKH VaPH SXPS UaWH VHWWLQJ RI 2.5-3.  

8. OQcH WKH PXVcOHV KaYH VWRSSHd WZLWcKLQJ, ORZHU WKH SXPS VSHHd WR 2. 
EacK aQLPaO VKRXOd KaYH a WRWaO SHUIXVLRQ WLPH RI 20 PLQXWHV.  

 
6.20 Fluorescent Immunohistochemistr\ (IHC) and Immunoc\tochemistr\ (ICC) 
Staining of In Vivo Glass Slides 
 
MaWHULaOV QHHdHd 
 
 PBS 
 TULWRQ X-100 
 GRaW VHUXP 
 PaUaIRUPaOdHK\dH UHaJHQW 
 DLVWLOOHd ZaWHU 
 NaOH 
 SRdLXP SKRVSKaWH PRQRbaVLc 
 SRdLXP SKRVSKaWH dLbaVLc 
 EXWKaVRO 
  
ETXLSPHQW 
 
 10cc V\ULQJH 
 18-JaXJH QHHdOH 
 MHdLcaO IRUcHSV 
 2L P\UH[ IOaVN 
 HRW SOaWH 
 SWaQdaUd UaW SHUIXVLRQ SHULVWaOWLc SXPS 
 #3 ILOWHU 
 VacXXP IOaVN 
 WHLJKW VcaOH 
 PHUIXVLRQ bRaUd 
 PHUIXVLRQ QHHdOH 
 



www.manaraa.com

133 

BORcNLQJ bXIIHU SUHSaUaWLRQ 
 

1. 0.2% TULWRQ X-100  
2. 10% JRaW VHUXP 
3. DLOXWHd LQ PBS 

 
SWaLQLQJ bXIIHU SUHSaUaWLRQ 
 

1. 2% JRaW VHUXP  
2. AQWLbRd\ aW WKH dLOXWLRQ LQdLcaWHd IURP WKH PaQXIacWXUHU  
3. DLOXWHd LQ PBS 

 
 
SWaLQLQJ da\ 1 
 

1. RHKHaW VOLdHV (IURP cU\RVWaW VHcWLRQLQJ) WR URRP WHPSHUaWXUH IRU 30 PLQXWHV 
XVLQJ a SOaWH ZaUPHU.  

2. CLUcOH WLVVXH VHcWLRQV ZLWK UXbbHU cHPHQW (EOPHU¶V) b\ XVLQJ a 10cc V\ULQJH 
ZLWK 18-JaXJH QHHdOH.  

3. LHW WKH JOXH dU\ IRU 30 PLQXWHV. 
4. WaVK VOLdHV LQ PBS 3 WLPHV IRU 5 PLQXWHV aW URRP WHPSHUaWXUH.   
5. BORcN VOLdHV ZLWK bORcNLQJ bXIIHU (250 �L SHU VOLdH) IRU 1 KRXU aW URRP 

WHPSHUaWXUH.  
6. IQcXbaWH RYHUQLJKW aW URRP WHPSHUaWXUH ZLWK SULPaU\ aQWLbRd\ LQ VWaLQLQJ 

bXIIHU ZLWK 250 �L SHU VOLdH.  
 
SWaLQLQJ da\ 2 
 

1. WaVK VOLdHV LQ PBS 3 WLPHV IRU 5 PLQXWHV aW URRP WHPSHUaWXUH.   
2. IQcXbaWH VOLdHV LQ WKH daUN ZLWK VHcRQdaU\ aQWLbRd\ LQ WKH VWaLQLQJ bXIIHU ZLWK 

200 �L SHU VOLdH IRU 2 KRXUV aW URRP WHPSHUaWXUH 
3. WaVK VOLdHV LQ PBS 3 WLPHV IRU 5 PLQXWHV aW URRP WHPSHUaWXUH LQ WKH daUN. 

RHPRYH WKH JOXH ULQJ ZLWK IRUcHSV bHWZHHQ WKH 1VW aQd 2Qd ZaVK.  
4. AOORZ WKH VOLdHV WR dU\ IRU 25 PLQXWHV aW URRP WHPSHUaWXUH LQ WKH daUN.  
5. POacH cRYHUVOLS RYHU WKH VOLdHV ZLWK PRXQWLQJ PHdLXP.  
6. SWRUH VOLdHV aW 4�C IRU VKRUW WHUP VWRUaJH RU aW -20�C IRU ORQJ WHUP VWRUaJH.  

 
AddLWLRQaO QRWHV 

1. DR QRW dLUHcWO\ SRXU bXIIHU RQ WKH WLVVXH VHcWLRQV.  
2. UVH a ZHW bUXVK WR IOaWWHQ VHcWLRQV WKaW bHLQJ WR OLIW XS IURP WKH JOaVV VOLdH.  
3. NHYHU aOORZ WKH VHcWLRQV WR dU\ aIWHU VWaUWLQJ WKH VWaLQLQJ.    
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6.21 Rheolog\ 

MaWHULaOV QHHdHd 
 
 CROOaJHQ 
 PHSWLdH (RADA-16I) 
 SXcURVH 
 DMEM 
 PBS 
  
ETXLSPHQW 
 
 RKHRPHWHU (DLVcRYHU\- TA IQVWUXPHQWV) 
 PLSHWWHV 
 THVW WXbHV 
 1� 20 PP SST ST cRQH PHOWLHU POaWH JHRPHWU\ 
  
 
RKHRPHWHU caOLbUaWLRQ  
 

1. TXUQ RQ UKHRPHWHU.  
2. CaOLbUaWLRQ RUdHU:  

L. IQHUWLa ZLWKRXW JHRPHWU\ aWWacKHd.  
LL. IQHUWLa ZLWK JHRPHWU\ aWWacKHd.  

LLL. FULcWLRQ.  
LY. RRWaWLRQaO PaSSLQJ.  

 
PURWRcRO (CROOaJHQ JHOV) 
 

1. TXUQ RQ aQd caOLbUaWH UKHRPHWHU.  
2. WaUP XS WKH 1� cRQH JHRPHWU\ b\ ³]HURLQJ JaS´ aQd OHaYLQJ LQ WKLV SRVLWLRQ 

(WRS aQd bRWWRP SOaWHV WRXcKLQJ) IRU 3-5 PLQXWHV.  
3. CUHaWH 40 �L ILQaO JHO YROXPH ZLWK HLWKHU 5 PJ/PL RU 2 PJ/PL ILQaO cROOaJHQ 

cRQcHQWUaWLRQ.  
4. UVLQJ a 100 �L SLSHWWH LQMHcW WKH 40 �L JHO RQ WKH bRWWRP SOaWH RI WKH 

UKHRPHWHU.  
5. PUHVV WKH JUHHQ VWaUW bXWWRQ aQd URWaWH PaQXaOO\ WKH WRS JHRPHWU\ aV LW cRPHV 

dRZQ RQ WKH JHO.  
6. AIWHU 10 PLQXWHV add 2 PL DMEM WR SUHYHQW JHO dHK\dUaWLRQ.  
7. RXQ WKH WHVW IRU 20 PLQXWHV RU XQWLO WKH VWRUaJH PRdXOL YaOXHV SOaWHaX.  

 
 
PURWRcRO (PHSWLdH JHOV) 
 

1. TXUQ RQ aQd caOLbUaWH UKHRPHWHU.  
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2. WaUP XS WKH 1� cRQH JHRPHWU\ b\ ³]HURLQJ JaS´ aQd OHaYLQJ LQ WKLV SRVLWLRQ 
(WRS aQd bRWWRP SOaWHV WRXcKLQJ) IRU 3-5 PLQXWHV.  

3. CUHaWH 40 �L ILQaO JHO YROXPH (20�L 2 PJ/PL SHSWLdH aQd 20% VXcURVH).  
4. UVLQJ a 100 �L SLSHWWH LQMHcW WKH 40 �L JHO RQ WKH bRWWRP SOaWH RI WKH 

UKHRPHWHU.  
5. PUHVV WKH JUHHQ VWaUW bXWWRQ aQd URWaWH PaQXaOO\ WKH WRS JHRPHWU\ aV LW cRPHV 

dRZQ RQ WKH JHO.  
6. AIWHU 1 PLQXWH add 400 �L DMEM aURXQd WKH JHO WR LQLWLaWH SRO\PHUL]aWLRQ.  
7. RXQ WKH WHVW IRU a 5-10 PLQXWHV RU XQWLO WKH VWRUaJH PRdXOL YaOXHV SOaWHaX.  

 

6.2 Statistical Anal\sis 

 6.2.1 Mechanical stimulation of 3D in vitro model of the blood-brain barrier. 
 

> P\_daWa 
   Da\       WHHU cRQdLWLRQ 
1    0    1.50446      IORZ 
2    0  146.90154      IORZ 
3    0  635.00202      IORZ 
4    0  -26.98832  QR IORZ  
5    0  240.32963  QR IORZ  
6    0  184.66869  QR IORZ  
7    1  505.83185      IORZ 
8    1   68.16302      IORZ 
9    1  519.83760      IORZ 
10   1 -172.70199  QR IORZ  
11   1  122.59236  QR IORZ  
12   1  377.19636  QR IORZ  
13   2  181.63269      IORZ 
14   2  217.80412      IORZ 
15   2  725.82791      IORZ 
16   2  -88.99623  QR IORZ  
17   2  257.54835  QR IORZ  
18   2  420.46805  QR IORZ  
19   3  348.75410      IORZ 
20   3  726.83573      IORZ 
21   3  810.55810      IORZ 
22   3   98.73924  QR IORZ  
23   3  233.63711  QR IORZ  
24   3  394.29444  QR IORZ  
25   4  770.73825      IORZ 
26   4 1002.92755      IORZ 
27   4 1265.71080      IORZ 
28   4  209.79681  QR IORZ  
29   4  291.13178  QR IORZ  
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30   4  434.14640  QR IORZ  
> aRY2 <-aRY(WHHUa cRQdLWLRQ+Da\+Da\:cRQdLWLRQ, daWa=P\_daWa) 
> VXPPaU\(aRY2) 
              DI  SXP ST MHaQ ST F YaOXH   PU(>F)     
cRQdLWLRQ      1  817465  817465  15.760 0.000506 *** 
Da\            1  765681  765681  14.761 0.000705 *** 
cRQdLWLRQ:Da\  1  244550  244550   4.715 0.039218 *   
RHVLdXaOV     26 1348624   51870                      
--- 
SLJQLI. cRdHV:  0 µ***¶ 0.001 µ**¶ 0.01 µ*¶ 0.05 µ.¶ 0.1 µ ¶ 1 
> TXNH\HSD(aRY2) 
  TXNH\ PXOWLSOH cRPSaULVRQV RI PHaQV 
    95% IaPLO\-ZLVH cRQILdHQcH OHYHO 
 
FLW: aRY(IRUPXOa = WHHU a cRQdLWLRQ + Da\ + Da\:cRQdLWLRQ, daWa = P\_daWa) 
 
$cRQdLWLRQ 
                   dLII       OZU       XSU     S adM 
QR IORZ -IORZ -330.1445 -501.0877 -159.2013 0.0005057 

 
De[tran Permeabilit\:  
 
> VWaWLc=c(13.5634E-6,13.8544E-6,8.4168E-6) 
> IORZ 
[1] 9.05472H-07 5.43463H-07 1.03997H-06 
> W.WHVW(IORZ,VWaWLc) 
 
 WHOcK TZR SaPSOH W-WHVW 
 
daWa:  IORZ aQd VWaWLc 
W = -6.2718, dI = 2.0282, S-YaOXH = 0.02367 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -1.863992H-05 -3.590547H-06 
VaPSOH HVWLPaWHV: 
   PHaQ RI [    PHaQ RI \  
8.296350H-07 1.194487H-05  
 
> W.WHVW(VWUHWcK,VWaWLc) 
 
 WHOcK TZR SaPSOH W-WHVW 
 
daWa:  VWUHWcK aQd VWaWLc 
W = -5.8925, dI = 2.1018, S-YaOXH = 0.02456 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
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 -1.788640H-05 -3.189607H-06 
VaPSOH HVWLPaWHV: 
   PHaQ RI [    PHaQ RI \  
1.406865H-06 1.194487H-05  
 
> W.WHVW(IORZ_Hc_RQO\,VWaWLc) 
 
 WHOcK TZR SaPSOH W-WHVW 
 
daWa:  IORZ_Hc_RQO\ aQd VWaWLc 
W = -5.6697, dI = 2.4081, S-YaOXH = 0.01918 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -1.733145H-05 -3.701432H-06 
VaPSOH HVWLPaWHV: 
   PHaQ RI [    PHaQ RI \  
1.428425H-06 1.194487H-05  
 
> W.WHVW(IORZ_Hc_RQO\_WQI_a,VWaWLc) 
 
 WHOcK TZR SaPSOH W-WHVW 
 
daWa:  IORZ_Hc_RQO\_WQI_a aQd VWaWLc 
W = -0.44684, dI = 2.6923, S-YaOXH = 0.6885 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -1.744560H-05  1.339112H-05 
VaPSOH HVWLPaWHV: 
   PHaQ RI [    PHaQ RI \  
9.917630H-06 1.194487H-05 
 
> W.WHVW(IORZ_WQI_a,VWaWLc) 
    WHOcK TZR SaPSOH W-WHVW 
daWa:  IORZ_WQI_a aQd VWaWLc 
W = -1.5224, dI = 3.0225, S-YaOXH = 0.2246 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -1.694837H-05  5.948757H-06 
VaPSOH HVWLPaWHV: 
   PHaQ RI [    PHaQ RI \ 
5.010787H-06 1.051059H-05 
 
 
 6.2.2 Neurovascular interaction to guidance a[on growth. 
 
3D in vitro microvessel formation, Figure 1.  
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Welch Two Sample t-test 

daWa:  VWaWLc5 aQd IORZ5 
W = 1.9818, dI = 26.578, S-YaOXH = 0.05793 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -1.322814 74.620147 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 241.9160  205.2673 
 
> VWaWLc5=c(307.56,+ 187.32,+ 281.59,+ 289.67,+ 347.07,+ 258.45,+ 287.49,+ 152.84,+ 
240.19,+ 267.29,+ 219.88,+ 184.74,+ 239,+ 195.73,+ 169.92); 
> IORZ5=c(227.58,+ 223.98,+ 187.74,+ 303.96,+ 141.46,+ 275.19,+ 260.27,+ 189.44,+ 
195.16,+ 169.04,+ 180.5,+ 189.7,+ 181.56,+ 175.05,+ 178.38); 
> W.WHVW(VWaWLc5,IORZ5) 
 
3D microvessel alignment with interstitial fluid flow, Figure 2.  

ANOVA and Welch Two Sample t-test 

> UHV.aRY2 <- aRY(aOLJQPHQW a da\ + cRQdLWLRQ, daWa = P\_daWa) 
> VXPPaU\(UHV.aRY2) 
             DI SXP ST MHaQ ST F YaOXH   PU(>F)     
da\           1   3171    3171   4.988   0.0268 *   
cRQdLWLRQ     1  15709   15709  24.711 1.56H-06 *** 
RHVLdXaOV   177 112523     636                      
--- 
SLJQLI. cRdHV:  0 µ***¶ 0.001 µ**¶ 0.01 µ*¶ 0.05 µ.¶ 0.1 µ ¶ 1 
> P\_daWa 
    da\ aOLJQPHQW cRQdLWLRQ 
1     3      1.17      IORZ 
2     3      7.70      IORZ 
3     3      8.53      IORZ 
4     3     15.04      IORZ 
5     3     15.78      IORZ 
6     3     50.11      IORZ 
7     3     53.39      IORZ 
8     3     58.34      IORZ 
9     3     66.97      IORZ 
10    3     75.53      IORZ 
11    3     77.99      IORZ 
12    3     82.57      IORZ 
13    3     83.35      IORZ 
14    3     86.01      IORZ 
15    3     82.69      IORZ 
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16    3     82.61      IORZ 
17    3     75.00      IORZ 
18    3     72.53      IORZ 
19    3     71.57      IORZ 
20    3     52.13      IORZ 
21    3     46.79      IORZ 
22    3     45.00      IORZ 
23    3     40.43      IORZ 
24    3     30.78      IORZ 
25    3     28.81      IORZ 
26    3     25.02      IORZ 
27    3     22.83      IORZ 
28    3     21.54      IORZ 
29    3      8.13      IORZ 
30    3      7.59      IORZ 
31    4      0.00      IORZ 
32    4      1.26      IORZ 
33    4      4.50      IORZ 
34    4      6.84      IORZ 
35    4     10.51      IORZ 
36    4     12.76      IORZ 
37    4     17.88      IORZ 
38    4     18.14      IORZ 
39    4     29.93      IORZ 
40    4     65.73      IORZ 
41    4     79.70      IORZ 
42    4     71.82      IORZ 
43    4     67.78      IORZ 
44    4     65.48      IORZ 
45    4     61.70      IORZ 
46    4     58.24      IORZ 
47    4     52.33      IORZ 
48    4     50.06      IORZ 
49    4     45.00      IORZ 
50    4     42.77      IORZ 
51    4     41.04      IORZ 
52    4     33.91      IORZ 
53    4     30.47      IORZ 
54    4     30.33      IORZ 
55    4     29.74      IORZ 
56    4     23.63      IORZ 
57    4     10.92      IORZ 
58    4     10.68      IORZ 
59    4      8.75      IORZ 
60    4      6.79      IORZ 
61    5      0.82      IORZ 
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62    5      2.42      IORZ 
63    5      5.71      IORZ 
64    5      7.80      IORZ 
65    5      7.97      IORZ 
66    5     11.31      IORZ 
67    5     11.73      IORZ 
68    5     12.84      IORZ 
69    5     16.78      IORZ 
70    5     28.07      IORZ 
71    5     29.43      IORZ 
72    5     41.47      IORZ 
73    5     59.93      IORZ 
74    5     60.72      IORZ 
75    5     75.96      IORZ 
76    5     66.12      IORZ 
77    5     52.59      IORZ 
78    5     47.49      IORZ 
79    5     47.07      IORZ 
80    5     31.48      IORZ 
81    5     29.84      IORZ 
82    5     29.45      IORZ 
83    5     25.29      IORZ 
84    5     18.65      IORZ 
85    5     16.54      IORZ 
86    5     10.81      IORZ 
87    5     10.49      IORZ 
88    5     10.48      IORZ 
89    5      6.88      IORZ 
90    5      1.19      IORZ 
91    3      9.25    VWaWLc 
92    3     29.29    VWaWLc 
93    3     40.71    VWaWLc 
94    3     41.47    VWaWLc 
95    3     54.16    VWaWLc 
96    3     55.41    VWaWLc 
97    3     60.52    VWaWLc 
98    3     61.14    VWaWLc 
99    3     62.32    VWaWLc 
100   3     62.95    VWaWLc 
101   3     66.45    VWaWLc 
102   3     67.04    VWaWLc 
103   3     69.44    VWaWLc 
104   3     78.69    VWaWLc 
105   3     84.14    VWaWLc 
106   3     82.87    VWaWLc 
107   3     82.18    VWaWLc 
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108   3     75.96    VWaWLc 
109   3     73.07    VWaWLc 
110   3     72.90    VWaWLc 
111   3     68.52    VWaWLc 
112   3     65.56    VWaWLc 
113   3     57.65    VWaWLc 
114   3     51.75    VWaWLc 
115   3     51.34    VWaWLc 
116   3     34.99    VWaWLc 
117   3     32.35    VWaWLc 
118   3     27.05    VWaWLc 
119   3     16.04    VWaWLc 
120   3      1.01    VWaWLc 
121   4     18.31    VWaWLc 
122   4     18.43    VWaWLc 
123   4     30.12    VWaWLc 
124   4     62.97    VWaWLc 
125   4     65.83    VWaWLc 
126   4     84.19    VWaWLc 
127   4     87.11    VWaWLc 
128   4     85.29    VWaWLc 
129   4     83.56    VWaWLc 
130   4     77.47    VWaWLc 
131   4     75.72    VWaWLc 
132   4     74.58    VWaWLc 
133   4     73.81    VWaWLc 
134   4     73.77    VWaWLc 
135   4     69.90    VWaWLc 
136   4     68.44    VWaWLc 
137   4     66.67    VWaWLc 
138   4     66.37    VWaWLc 
139   4     61.39    VWaWLc 
140   4     53.47    VWaWLc 
141   4     53.43    VWaWLc 
142   4     51.34    VWaWLc 
143   4     33.69    VWaWLc 
144   4     30.87    VWaWLc 
145   4     25.71    VWaWLc 
146   4     23.26    VWaWLc 
147   4     22.11    VWaWLc 
148   4     14.21    VWaWLc 
149   4      8.67    VWaWLc 
150   4      8.62    VWaWLc 
151   5      6.58    VWaWLc 
152   5     11.80    VWaWLc 
153   5     14.04    VWaWLc 
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154   5     24.13    VWaWLc 
155   5     58.24    VWaWLc 
156   5     58.52    VWaWLc 
157   5     65.45    VWaWLc 
158   5     66.80    VWaWLc 
159   5     69.59    VWaWLc 
160   5     70.62    VWaWLc 
161   5     70.97    VWaWLc 
162   5     75.00    VWaWLc 
163   5     76.41    VWaWLc 
164   5     86.12    VWaWLc 
165   5     83.75    VWaWLc 
166   5     83.02    VWaWLc 
167   5     82.61    VWaWLc 
168   5     80.67    VWaWLc 
169   5     74.85    VWaWLc 
170   5     74.27    VWaWLc 
171   5     68.90    VWaWLc 
172   5     67.62    VWaWLc 
173   5     67.38    VWaWLc 
174   5     59.59    VWaWLc 
175   5     50.75    VWaWLc 
176   5     35.68    VWaWLc 
177   5     27.30    VWaWLc 
178   5     18.43    VWaWLc 
179   5      7.21    VWaWLc 
180   5      1.68    VWaWLc 
 
Welch Two Sample t-test 
daWa:  IORZ5 aQd VWaWLc5 
W = -4.539, dI = 54.774, S-YaOXH = 3.136H-05 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -41.35593 -16.02074 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \  
 25.91100  54.59933 
 
> VWaWLc5=c(6.58,+ 11.8,+ 14.04,+ 24.13,+ 58.24,+ 58.52,+ 65.45,+ 66.8,+ 69.59,+ 
70.62,+ 70.97,+ 75,+ 76.41,+ 86.12,+ 83.75,+ 83.02,+ 82.61,+ 80.67,+ 74.85,+ 74.27,+ 
68.9,+ 67.62,+ 67.38,+ 59.59,+ 50.75,+ 35.68,+ 27.3,+ 18.43,+ 7.21,+ 1.68); 
> IORZ5=c(0.82,+ 2.42,+ 5.71,+ 7.8,+ 7.97,+ 11.31,+ 11.73,+ 12.84,+ 16.78,+ 28.07,+ 
29.43,+ 41.47,+ 59.93,+ 60.72,+ 75.96,+ 66.12,+ 52.59,+ 47.49,+ 47.07,+ 31.48,+ 
29.84,+ 29.45,+ 25.29,+ 18.65,+ 16.54,+ 10.81,+ 10.49,+ 10.48,+ 6.88,+ 1.19); 
daWa:  IORZ4 aQd VWaWLc4 
W = -2.9933, dI = 57.662, S-YaOXH = 0.004059 
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aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -32.298437  -6.409563 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \  
 32.95633  52.31033 
 
> IORZ4=c(0,+ 1.26,+ 4.5,+ 6.84,+ 10.51,+ 12.76,+ 17.88,+ 18.14,+ 29.93,+ 65.73,+ 
79.7,+ 71.82,+ 67.78,+ 65.48,+ 61.7,+ 58.24,+ 52.33,+ 50.06,+ 45,+ 42.77,+ 41.04+ 
33.91,+ 30.47,+ 30.33,+ 29.74,+ 23.63,+ 10.92,+ 10.68,+ 8.75,+ 6.79); 
 
> VWaWLc4=c(18.31,+ 18.43,+ 30.12,+ 62.97,+ 65.83,+ 84.19,+ 87.11,+ 85.29,+ 83.56,+ 
77.47,+ 75.72,+ 74.58,+ 73.81,+ 73.77,+ 69.9,+ 68.44,+ 66.67,+ 66.37,+ 61.39,+ 53.47,+ 
53.43,+ 51.34,+ 33.69,+ 30.87,+ 25.71,+ 23.26,+ 22.11,+ 14.21,+ 8.67,+ 8.62); 
 
daWa:  IORZ3 aQd VWaWLc3 
W = -1.214, dI = 54.68, S-YaOXH = 0.23 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -21.233966   5.214633 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \  
 46.53100  54.54067  
 
> VWaWLc3=c(9.25,+ 29.29,+ 40.71,+ 41.47,+ 54.16,+ 55.41,+ 60.52,+ 61.14,+ 62.32,+ 
62.95,+ 66.45,+ 67.04,+ 69.44,+78.69,+ 84.14,+ 82.87,+ 82.18,+ 75.96,+ 73.07,+ 72.9,+ 
68.52,+ 65.56,+ 57.65,+ 51.75,+ 51.34,+ 34.99,+ 32.35,+ 27.05,+ 16.04,+ 1.01); 
 
> IORZ3=c(1.17,+ 7.7,+ 8.53,+ 15.04,+ 15.78,+ 50.11,+ 53.39,+ 58.34,+ 66.97,+ 75.53,+ 
77.99,+ 82.57,+ 83.35,+ 86.01,+ 82.69,+ 82.61,+ 75,+ 72.53,+ 71.57,+ 52.13,+ 46.79,+ 
45,+ 40.43,+ 30.78,+ 28.81,+ 25.02,+ 22.83,+ 21.54,+ 8.13,+ 7.59); 
 
Disruption of 3D microvessel alignment, Figure 3.  
Welch Two Sample t-test 
 
daWa:  IORZ5 aQd cd44Nd 
W = -2.285, dI = 57.14, S-YaOXH = 0.02604 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -25.176711  -1.659956 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 25.91100  39.32933 
 
> IORZ5=c(0.82,+ 2.42,+ 5.71,+ 7.8,+ 7.97,+ 11.31,+ 11.73,+ 12.84,+ 16.78,+ 28.07,+ 
29.43,+ 41.47,+ 59.93,+ 60.72,+ 75.96,+ 66.12,+ 52.59,+ 47.49,+ 47.07,+ 31.48,+ 
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29.84,+ 29.45,+ 25.29,+ 18.65,+ 16.54,+ 10.81,+ 10.49,+ 10.48,+ 6.88,+ 1.19); 
> cd44Nd=c(8.97,+ 11,+ 12.84,+ 15.95,+ 15.95,+ 16.91,+ 21.25,+ 37.64,+ 48.74,+ 
52.35,+ 74.52,+ 75.38,+ 78.96,+ 84.19,+ 73.12,+ 70.56,+ 70.29,+ 60.95,+ 46.22,+ 
38.96,+ 35.42,+ 34.82,+ 32.92,+ 30.83,+ 30.82,+ 30.67,+ 25.56,+ 25.2,+ 14.32,+ 4.57); 
> W.WHVW(IORZ5,cd44Nd) 
 
daWa:  VWaWLc aQd cd44Nd 
W = 2.2974, dI = 57.126, S-YaOXH = 0.02528 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
  1.960858 28.579142 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 54.59933  39.32933 
 
> VWaWLc=c(6.58,+ 11.8,+ 14.04,+ 24.13,+ 58.24,+ 58.52,+ 65.45,+ 66.8,+ 69.59,+ 70.62,+ 
70.97,+ 75,+ 76.41,+ 86.12,+ 83.75,+ 83.02,+ 82.61,+ 80.67,+ 74.85,+ 74.27,+68.9,+ 
67.62,+ 67.38,+ 59.59,+ 50.75,+ 35.68,+ 27.3,+ 18.43,+ 7.21,+ 1.68); 
> VWaWLc(6.58,+ 11.8,+ 14.04,+ 24.13,+ 58.24, + 58.52,+ 65.45,+ 66.8,+ 69.59,+ 70.62,+ 
70.97,+ 75,+ 76.41,+ 86.12,+ 83.75,+ 83.02,+ 82.61,+ 80.67,+ 74.85,+ 74.27,+ 68.9,+ 
67.62,+ 67.38,+ 59.59,+ 50.75,+ 35.68,+ 27.3,+ 18.43,+ 7.21,+ 1.68); 
> W.WHVW(VWaWLc,cd44Nd) 
 
daWa:  IORZ5 aQd bOHbbL5 
W = -5.0289, dI = 56.931, S-YaOXH = 5.237H-06 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -41.63198 -17.91868 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 25.91100  55.68633 
 
> IORZ5 
 [1]  0.82  2.42  5.71  7.80  7.97 11.31 11.73 12.84 16.78 28.07 29.43 41.47 
[13] 59.93 60.72 75.96 66.12 52.59 47.49 47.07 31.48 29.84 29.45 25.29 18.65 
[25] 16.54 10.81 10.49 10.48  6.88  1.19 
> bOHbbL5 
 [1]  1.51 18.27 19.60 32.86 34.57 38.78 39.05 59.42 66.32 77.29 81.03 81.25 
[13] 85.91 87.17 87.99 79.89 79.57 68.84 67.57 66.95 66.61 63.43 62.18 61.56 
[25] 59.30 57.93 52.29 36.47 31.05  5.93 
> W.WHVW(IORZ5,bOHbbL5) 
 
Microvessel morpholog\ (length and diameter) with cd44KD and blebbistatin, 
Figure 3.  
 
WHOcK TZR SaPSOH W-WHVW 
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daWa:  cd44Nd_OHQJWK aQd QRUPaO_IORZ_da\5 
W = -0.67203, dI = 26.453, S-YaOXH = 0.5074 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -50.75598  25.72931 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 192.7540  205.2673 
 
> cd44Nd_OHQJWK=c(286.29,+ 120.33,+ 151.44,+ 140,+ 177.87,+ 241.29,+ 185.26,+ 
218.81,+ 210.97,+ 170.19,+ 319.19,+ 143.78,+ 207.45,+ 188.57,+ 129.87); 
> QRUPaO_IORZ_da\5=c(227.58,+ 223.98,+ 187.74,+ 303.96,+ 141.46,+ 275.19,+ 
260.27,+ 189.44,+ 195.16,+ 169.04,+ 180.5,+ 189.7,+ 181.56,+ 175.05,+ 178.38); 
> W.WHVW(cd44Nd_OHQJWK, QRUPaO_IORZ_da\5) 
 
WHOcK TZR SaPSOH W-WHVW 
daWa:  bOHbbL_OHQJWK aQd QRUPaO_IORZ_da\5 
W = -1.0545, dI = 27.368, S-YaOXH = 0.3009 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -46.90543  15.04543 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 189.3373  205.2673 
 
> bOHbbL_OHQJWK=c(259.63,+ 160.65,+ 201.86,+ 159.49,+ 203.89,+ 148.26,+ 170.97,+ 
203.06,+ 254.9,+ 145.92,+ 193.46,+ 142.41,+ 237.77,+ 171.25,+ 186.54); 
> W.WHVW(bOHbbL_OHQJWK, QRUPaO_IORZ_da\5) 
 
  WHOcK TZR SaPSOH W-WHVW 
daWa:  LQQHU_dLaPHWHU_IORZ_da\5 aQd LQQHU_dLaPHWHU_IORZ_cd44Nd 
W = 3.2911, dI = 6.8257, S-YaOXH = 0.01377 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 1.182182 7.329818 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
12.046 7.790  

> W.WHVW(LQQHU_dLaPHWHU_IORZ_da\5,LQQHU_dLaPHWHU_IORZ_bOHbbL) 
 
    WHOcK TZR SaPSOH W-WHVW 
daWa:  LQQHU_dLaPHWHU_IORZ_da\5 aQd LQQHU_dLaPHWHU_IORZ_bOHbbL 
W = 3.0094, dI = 6.7407, S-YaOXH = 0.02059 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 0.8049063 6.9310937 
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VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
12.046 8.178  

> W.WHVW(RXWHU_dLaPHWHU_IORZ_da\5,RXWHU_dLaPHWHU_IORZ_cd44Nd) 
 
    WHOcK TZR SaPSOH W-WHVW 
daWa:  RXWHU_dLaPHWHU_IORZ_da\5 aQd RXWHU_dLaPHWHU_IORZ_cd44Nd 
W = 1.8391, dI = 7.976, S-YaOXH = 0.1033 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -1.309931 11.601931 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
   23.174    18.028 
> W.WHVW(RXWHU_dLaPHWHU_IORZ_da\5,RXWHU_dLaPHWHU_IORZ_bOHbbL) 
 
    WHOcK TZR SaPSOH W-WHVW 
daWa:  RXWHU_dLaPHWHU_IORZ_da\5 aQd RXWHU_dLaPHWHU_IORZ_bOHbbL 
W = 2.7737, dI = 5.8828, S-YaOXH = 0.03294 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
  0.7155673 11.8884327 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
   23.174    16.872 
> LQQHU_dLaPHWHU_IORZ_da\5=c(12.91,+ 11.16,+ 15.64,+ 9.07,+ 11.45);  
> RXWHU_dLaPHWHU_IORZ_da\5=c(19.93,+ 17.57,+ 28.9,+ 23.51,+ 25.96); 
> LQQHU_dLaPHWHU_IORZ_cd44Nd=c(10.35,+ 6.52,+ 7.84,+ 7.72,+ 6.52); 
> RXWHU_dLaPHWHU_IORZ_cd44Nd=c(17.28,+ 18.1,+ 24.59,+ 17.64,+ 12.53); 
> LQQHU_dLaPHWHU_IORZ_bOHbbL=c(6.04,+ 7.54,+ 9.34,+ 9.92,+ 8.05); 
> RXWHU_dLaPHWHU_IORZ_bOHbbL=c(14.05,+ 19.57,+ 18.75,+ 16.41,+ 15.58); 
> W.WHVW(LQQHU_dLaPHWHU_IORZ_da\5,LQQHU_dLaPHWHU_IORZ_cd44Nd) 
 
Blood-spinal cord barrier evaluation, Figure 4.  
WHOcK TZR SaPSOH W-WHVW 
daWa:  IORZ aQd IORZ_WKURPbLQ 
W = -3.1637, dI = 4.0764, S-YaOXH = 0.03318 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -9.620494H-07 -6.625415H-08 
VaPSOH HVWLPaWHV: 
   PHaQ RI [    PHaQ RI \ 
1.376378H-07 6.517896H-07 
> W.WHVW(VWaWLc,VWaWLc_WKURPbLQ) 
 
    WHOcK TZR SaPSOH W-WHVW 
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daWa:  VWaWLc aQd VWaWLc_WKURPbLQ 
W = -5.1365, dI = 4.1657, S-YaOXH = 0.006097 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -7.211556H-07 -2.202062H-07 
VaPSOH HVWLPaWHV: 
   PHaQ RI [    PHaQ RI \ 
7.621012H-08 5.468910H-07 
> W.WHVW(VWaWLc,IORZ) 
 
    WHOcK TZR SaPSOH W-WHVW 
daWa:  VWaWLc aQd IORZ 
W = -2.996, dI = 7.7242, S-YaOXH = 0.01788 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -1.090038H-07 -1.385161H-08 
VaPSOH HVWLPaWHV: 
   PHaQ RI [    PHaQ RI \ 
7.621012H-08 1.376378H-07 
> W.WHVW(VWaWLc_WKURPbLQ,IORZ_WKURPbLQ) 
 
    WHOcK TZR SaPSOH W-WHVW 
daWa:  VWaWLc_WKURPbLQ aQd IORZ_WKURPbLQ 
W = -0.56568, dI = 6.2892, S-YaOXH = 0.5912 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -5.536403H-07  3.438431H-07 
VaPSOH HVWLPaWHV: 
   PHaQ RI [    PHaQ RI \ 
5.468910H-07 6.517896H-07 
 
> IORZ 
[1] 1.25190H-07 1.79096H-07 1.05944H-07 1.71509H-07 1.06450H-07 
> VWaWLc 
[1] 8.08847H-08 1.02585H-07 1.04185H-07 3.75464H-08 5.58495H-08 
> IORZ_WKURPbLQ 
[1] 3.40093H-07 4.79782H-07 5.46440H-07 6.20823H-07 1.27181H-06 
> VWaWLc_WKURPbLQ 
[1] 8.31635H-07 4.66625H-07 5.34519H-07 6.21717H-07 2.79959H-07 
> W.WHVW(IORZ,IORZ_WKURPbLQ) 
 
 
Patterned microvessels guide a[ons from NPCs in vitro, Figure 5.  
    WHOcK TZR SaPSOH W-WHVW 
daWa:  a[RQ_QRUPaO_da\4 aQd a[RQ_cd44Nd_HQdRV_da\4 
W = -2.1742, dI = 57.926, S-YaOXH = 0.03379 
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aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -26.633745  -1.099588 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 32.28200  46.14867 
 
> a[RQ_QRUPaO_da\4=c(2.73,+ 4.32,+ 6.77,+ 16.86,+ 26.57,+ 38.52,+ 46.97,+ 53.62,+ 
56.61,+ 67.17,+ 79.05,+ 75.43,+ 72.03,+ 64.59,+ 58.17,+ 49.94,+ 45,+ 43.49,+ 27.98,+ 
26.57,+ 23.81,+ 21.45,+ 16.56,+ 12.01,+ 9.66,+ 8.33,+ 5.08,+ 3.88,+ 3.5,+ 1.79); 
> a[RQ_cd44Nd_HQdRV_da\4=c(1.4,+ 23.63,+ 26.57,+ 26.57,+ 28.44,+ 33.37,+ 40.73,+ 
50.19,+ 50.71,+ 56.31,+ 57.17,+ 67.69,+ 68.5,+ 71.57,+ 74.22,+ 75.65,+ 77.01,+ 84.29,+ 
82.65,+ 65.77,+ 57.43,+54.69,+ 53.53,+ 46.27,+32.01,+ 29.48,+ 24.3,+ 15.02,+ 5.71,+ 
3.58); 
> W.WHVW(a[RQ_QRUPaO_da\4,a[RQ_cd44Nd_HQdRV_da\4) 
  
WHOcK TZR SaPSOH W-WHVW 
daWa:  YHVVHO_QRUPaO_da\4 aQd YHVVHO_cd44Nd_HQdRV_da\4 
W = -3.0785, dI = 57.441, S-YaOXH = 0.003187 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -27.975752  -5.926914 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 30.63900  47.59033 
> W.WHVW(YHVVHO_QRUPaO_da\4,a[RQ_QRUPaO_da\4) 
 
    WHOcK TZR SaPSOH W-WHVW 
daWa:  YHVVHO_QRUPaO_da\4 aQd a[RQ_QRUPaO_da\4 
W = -0.26752, dI = 57.218, S-YaOXH = 0.79 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -13.94045  10.65445 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
   30.639    32.282 
> W.WHVW(YHVVHO_cd44Nd_da\4,a[RQ_cd44Nd_da\4) 
EUURU LQ W.WHVW(YHVVHO_cd44Nd_da\4, a[RQ_cd44Nd_da\4) : 
  RbMHcW 'YHVVHO_cd44Nd_da\4' QRW IRXQd 
> W.WHVW(YHVVHO_cd44Nd_HQdRV_da\4,a[RQ_cd44Nd_HQdRV_da\4) 
 
    WHOcK TZR SaPSOH W-WHVW 
daWa:  YHVVHO_cd44Nd_HQdRV_da\4 aQd a[RQ_cd44Nd_HQdRV_da\4 
W = 0.24991, dI = 56.204, S-YaOXH = 0.8036 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
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 -10.11339  12.99672 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 47.59033  46.14867 
> W.WHVW(a[RQ_QRUPaO_da\4,YHVVHO_cd44Nd_HQdRV_da\4) 
 
    WHOcK TZR SaPSOH W-WHVW 
daWa:  a[RQ_QRUPaO_da\4 aQd YHVVHO_cd44Nd_HQdRV_da\4 
W = -2.5977, dI = 55.481, S-YaOXH = 0.012 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -27.116125  -3.500542 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 32.28200  47.59033 
> W.WHVW(a[RQ_cd44Nd_HQdRV_da\4,YHVVHO_QRUPaO_da\4) 
 
    WHOcK TZR SaPSOH W-WHVW 
daWa:  a[RQ_cd44Nd_HQdRV_da\4 aQd YHVVHO_QRUPaO_da\4 
W = 2.5754, dI = 57.617, S-YaOXH = 0.0126 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
  3.452986 27.566348 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 46.14867  30.63900 
 
> YHVVHO_QRUPaO_da\4=c(2.29,+ 4.18,+ 10.18,+ 12.53,+ 13.45,+ 14.74,+ 22.48,+ 25.14,+ 
33.98,+ 40.86,+ 43.36,+ 50.49,+ 56.04,+ 60.4,+ 62.35,+ 64.59,+ 70.87,+ 64.86,+ 57.26,+ 
49.64,+ 38.9,+ 24.84,+ 24.26,+ 20.97,+ 19.89,+ 8.7,+ 6.91,+ 6.77,+ 5.27,+ 2.97); 
> YHVVHO_cd44Nd_HQdRV_da\4=c(9.62,+ 13.71,+ 33.69,+ 35.06,+ 44.09,+ 45.73,+ 46.17,+ 
48.62,+ 54.04,+ 61.39,+ 62.78,+ 63.43,+ 65.3,+ 71.86,+ 80.75,+ 75.41,+ 72.72,+ 68.2,+ 
66.19,+ 56.31,+ 50.31,+ 48.24,+ 45,+ 43.36, + 43.21,+ 39.96,+ 36.35,+ 35.34,+ 8.67,+ 
2.2); 
> W.WHVW(YHVVHO_QRUPaO_da\4,YHVVHO_cd44Nd_HQdRV_da\4) 
 
A[on guidance at the site of a cervical spinal cord injur\ in a rat model, Figure 6.  
WHOcK TZR SaPSOH W-WHVW 
daWa:  LQYLYR_IORZ_a[RQ aQd LQ_YLYR_VWaWLc_a[RQ 
W = -6.0087, dI = 47.766, S-YaOXH = 2.472H-07 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -40.38174 -20.13065 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
16.98733  47.24352 
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> LQYLYR_IORZ_a[RQ=c(37.21644,+ 33.02387,+ 27.8241,+ 23.83874,+ 19.61209,+ 
18.85316,+ 11.41584,+ 11.15466,+ 9.88141,+ 9.14164,+ 4.48461,+ 4.12759,+ 3.11084,+ 
0,+ 0,+ 1.59114,+ 2.77022,+ 4.01418,+ 4.8739,+ 7.6668,+ 8.1301,+ 8.55556,+ 
14.42077,+ 19.62226,+ 22.29363,+ 36.93876,+ 38.11828,+ 39.38242,+ 43.2643,+ 
44.29268); 
> LQ_YLYR_VWaWLc_a[RQ=c(18.43495,+ 35.78897,+ 37.79394,+ 59.53446,+ 60.75117,+ 
89.1186,+ 41.2686,+ 78.69007,+ 81.8699,+ 58.57043,+ 31.13897,+ 45,+ 86.82017,+ 
57.72436,+ 41.18593,+ 26.56505,+ 81.8699,+ 0,+ 61.38954,+ 28.07249,+ 33.11134,+ 
50.90614,+ 57.99462,+ 21.25051,+ 23.62938,+ 19.13364,+ 21.16126,+ 47.29061,+ 
39.98689,+ 81.25384); 
> W.WHVW(LQ_YLYR_IORZ_a[RQ,LQ_YLYR_VWaWLc_a[RQ) 
 
WHOcK TZR SaPSOH W-WHVW 
daWa:  IORZ_YHVVHO aQd VWaWLc_YHVVHO 
W = -10.229, dI = 41.285, S-YaOXH = 6.941H-13 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -50.31503 -33.72579 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 12.66244  54.68285 
 
> IORZ_YHVVHO=c(45.90938,+ 14.18429,+ 14.12792,+ 12.69958,+ 12.45,+ 10.70401,+ 
9.94429,+ 7.12502,+ 5.23748,+ 3.49464,+ 1.28733,+ 2.15296,+ 2.31372,+ 3.81407,+ 
5.77433,+ 6.24837,+ 7.37377,+ 7.76517,+ 8.65872,+ 9.40634,+ 11.30993,+ 14.24561,+ 
14.26451,+ 15.11347,+ 15.56151,+ 16.32096,+ 21.50143,+ 21.67465,+ 26.56505,+ 
32.64464); 
> VWaWLc_YHVVHO=c(4.26789,+ 37.77568,+ 41.46771,+ 61.07357,+ 68.83874,+ 37.13092,+ 
14.42077,+ 15.42216,+ 60.25512,+ 40.46223,+ 41.78452,+ 55.71312,+ 42.51045,+ 
48.81407,+ 76.2729,+ 77.074,+ 69.67686,+ 41.46771,+ 43.61128,+ 64.59228,+ 
62.44719,+ 75.83783,+ 67.54306,+ 50.09212,+ 61.049,+ 80.04937,+ 69.56717,+ 
80.53768,+ 76.67547,+ 74.0546); 
> W.WHVW(IORZ_YHVVHO,VWaWLc_YHVVHO) 
 
WHOcK TZR SaPSOH W-WHVW 
daWa:  a[RQ_da\4_LQ_YLWUR aQd a[RQ_LQ_YLYR 
W = 2.8969, dI = 45.975, S-YaOXH = 0.005753 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
  4.667277 25.922057 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 32.28200  16.98733 
 
> a[RQ_da\4_LQ_YLWUR = c(2.73,+ 4.32,+ 6.77,+ 16.86,+ 26.57,+ 38.52,+ 46.97,+ 53.62,+ 
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56.61,+ 67.17,+ 79.05,+ 75.43,+ 72.03,+ 64.59,+ 58.17,+ 49.94,+ 45,+ 43.49,+ 27.98,+ 
26.57,+ 23.81,+ 21.45,+ 16.56,+ 12.01,+ 9.66,+ 8.33,+ 5.08,+ 3.88,+ 3.5,+ 1.79); 
> a[RQ_LQ_YLYR=c(37.21644,+ 33.02387,+ 27.8241,+23.83874,+ 19.61209,+ 18.85316,+ 
11.41584,+ 11.15466,+ 9.88141,+ 9.14164,+ 4.48461,+ 4.12759,+ 3.11084,+ 0,+ 0,+ 
1.59114,+ 2.77022,+ 4.01418,+ 4.8739,+ 7.6668,+ 8.1301,+ 8.55556,+ 14.42077,+ 
19.62226,+ 22.29363,+ 36.93876,+ 38.11828,+ 39.38242,+ 43.2643,+ 44.29268); 
> W.WHVW(a[RQ_da\4_LQ_YLWUR,a[RQ_LQ_YLYR) 
 
  WHOcK TZR SaPSOH W-WHVW 
daWa:  YHVVHO_LQ_YLWUR_da\4 aQd YHVVHO_LQ_YLYR 
W = 4.2905, dI = 37.994, S-YaOXH = 0.0001182 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 10.71856 29.86923 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 32.95633  12.66244 
 
> YHVVHO_LQ_YLWUR_da\4=c(0,+ 1.26,+ 4.5,+ 6.84,+ 10.51,+ 12.76,+ 17.88,+ 18.14,+ 
29.93,+ 65.73,+ 79.7,+ 71.82,+ 67.78,+ 65.48,+ 61.7,+ 58.24,+ 52.33,+ 50.06,+ 45,+ 
42.77,+ 41.04,+ 33.91,+ 30.47,+ 30.33,+ 29.74,+ 23.63,+ 10.92,+ 10.68,+ 8.75,+ 6.79); 
> YHVVHO_LQ_YLYR=c(45.90938,+ 14.18429,+ 14.12792,+ 12.69958,+ 12.45,+ 10.70401,+ 
9.94429,+ 7.12502,+ 5.23748,+ 3.49464,+ 1.28733,+ 2.15296,+ 2.31372,+ 3.81407,+ 
5.77433,+ 6.24837,+ 7.37377,+ 7.76517,+ 8.65872,+ 9.40634,+ 11.30993,+ 14.24561,+ 
14.26451,+ 15.11347,+ 15.56151,+ 16.32096,+ 21.50143,+ 21.67465,+ 26.56505,+ 
32.64464); 
> W.WHVW(YHVVHO_LQ_YLWUR_da\4,YHVVHO_LQ_YLYR) 
 
WHOcK TZR SaPSOH W-WHVW 
daWa:  YHVVHO_LQ_YLWUR_da\5 aQd YHVVHO_LQ_YLYR 
W = 3.1059, dI = 40.302, S-YaOXH = 0.003467 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
  4.629496 21.867627 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 25.91100  12.66244 
> YHVVHO_LQ_YLWUR_da\5=c(0.82,+ 2.42,+ 5.71,+ 7.8,+ 7.97,+ 11.31,+ 11.73,+ 12.84,+ 
16.78,+ 28.07,+ 29.43,+ 41.47,+ 59.93,+ 60.72,+ 75.96,+ 66.12,+ 52.59,+ 47.49,+ 
47.07,+ 31.48,+ 29.84,+ 29.45,+ 25.29,+ 18.65,+ 16.54,+ 10.81,+ 10.49,+ 10.48,+ 6.88,+ 
1.19); 
> W.WHVW(YHVVHO_LQ_YLWUR_da\5,YHVVHO_LQ_YLYR) 
 
    WHOcK TZR SaPSOH W-WHVW 
daWa:  YHVVHO_LQ_YLWUR_da\4_QSc aQd YHVVHO_LQ_YLYR 
W = 4.0477, dI = 39.336, S-YaOXH = 0.000235 
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aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
  8.995828 26.957296 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 30.63900  12.66244 
> YHVVHO_LQ_YLWUR_da\4_QSc=c(2.29,+ 4.18,+ 10.18,+ 12.53,+ 13.45,+ 14.74,+ 22.48,+ 
25.14,+ 33.98,+ 40.86,+ 43.36,+ 50.49,+ 56.04,+ 60.4,+ 62.35,+ 64.59,+ 70.87,+ 64.86,+ 
57.26,+ 49.64,+ 38.9,+ 24.84,+ 24.26,+ 20.97,+ 19.89,+ 8.7,+ 6.91,+ 6.77,+ 5.27,+ 2.97); 
> W.WHVW(YHVVHO_LQ_YLWUR_da\4_QSc,YHVVHO_LQ_YLYR) 
 
WHOcK TZR SaPSOH W-WHVW 
daWa:  QRUPaO_a[RQ_LQ_YLWUR aQd a[RQ_OHQJWK_LQ_YLYR 
W = -1.2153, dI = 16.334, S-YaOXH = 0.2415 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
-60.47740  16.35663 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
  99.5960  121.6564 
 
> QRUPaO_a[RQ_LQ_YLWUR=c(113.58,+ 117.46,+ 101.98,+ 113.96,+ 112.78,+ 87.44,+ 
110.58,+ 92.15,+ 117.05,+ 108.42,+ 127.12,+ 63.33,+ 73.17,+ 77.76,+ 77.16); 
> a[RQ_OHQJWK_LQ_YLYR=c(75.15053,+ 48.05646,+ 103.08753,+ 81.8234,+ 24.62524,+ 
185.97821,+ 102.93442,+ 57.11978,+ 137.88595,+ 98.19611,+ 132.03597,+ 151.50298,+ 
122.48865,+ 267.41035,+ 236.55022); 
> W.WHVW(QRUPaO_a[RQ_LQ_YLWUR,a[RQ_OHQJWK_LQ_YLYR) 
 
WHOcK TZR SaPSOH W-WHVW 
daWa:  YHVVHO_OHQJWK_LQ_YLYR aQd YHVVHO_OHQJWK_LQ_YLWUR 
W = 0.72026, dI = 17.1, S-YaOXH = 0.4811 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -50.14213 102.15895 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 231.2757  205.2673 
 
> YHVVHO_OHQJWK_LQ_YLYR=c(183.43858,+ 245.95282,+ 324.24421,+ 298.06018,+ 
189.91221,+ 180.08805,+ 172.31286,+ 629.94416,+ 136.02003,+ 241.58005,+ 
129.98668,+ 85.7776,+ 177.12794,+ 136.71766,+ 337.97308); 
> YHVVHO_OHQJWK_LQ_YLWUR=c(227.58,+ 223.98,+ 187.74,+ 303.96,+ 141.46,+ 275.19,+ 
260.27,+ 189.44,+ 195.16,+ 169.04,+ 180.5,+ 189.7,+ 181.56,+ 175.05,+ 178.38); 
> W.WHVW(YHVVHO_OHQJWK_LQ_YLYR,YHVVHO_OHQJWK_LQ_YLWUR) 
 
In vivo a[on length 
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  WHOcK TZR SaPSOH W-WHVW 
daWa:  IORZ aQd VWaWLc 
W = 1.6815, dI = 17.478, S-YaOXH = 0.1105 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -7.844432 70.066879 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
121.65639  90.54516 
> VWaWLc=c(83.51869,+ 119.90822,+ 45.35704,+ 84.81279,+ 131.05412,+ 111.26442,+ 
110.76253,+ 99.57501,+ 82.76707,+ 75.90865,+ 57.51771,+ 81.32716,+ 94.49719,+ 
67.1405,+ 112.76635); 
> IORZ=c(75.15053,+ 48.05646,+ 103.08753,+ 81.8234,+ 24.62524,+ 185.97821,+ 
102.93442,+ 57.11978,+ 137.88595,+ 98.19611,+ 132.03597,+ 151.50298,+ 122.48865,+ 
267.41035,+ 236.55022); 
> W.WHVW(IORZ,VWaWLc) 
 
In vivo vessel length 
    WHOcK TZR SaPSOH W-WHVW 
daWa:  VWaWLc aQd IORZ 
W = -2.0672, dI = 18.958, S-YaOXH = 0.05264 
aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
95 SHUcHQW cRQILdHQcH LQWHUYaO: 
 -154.9505575    0.9733735 
VaPSOH HVWLPaWHV: 
PHaQ RI [ PHaQ RI \ 
 154.2871  231.2757 
 
> VWaWLc=c(312.65275,+ 153.41949,+ 107.27793,+ 116.8337,+ 132.59189,+ 180.65504,+ 
184.36825,+ 176.88336,+ 121.08529,+ 108.60705,+ 121.63878,+ 115.50796,+ 
93.12643,+ 217.16847,+ 172.49084); 
> IORZ=c(183.43858,+ 245.95282,+ 324.24421,+ 298.06018,+ 189.91221,+ 180.08805,+ 
172.31286,+ 629.94416,+ 136.02003,+ 241.58005,+ 129.98668,+ 85.7776,+ 177.12794,+ 
136.71766,+ 337.97308); 
> W.WHVW(VWaWLc, IORZ) 
 

 6.2.3 Microvessels within peptide transplants increase host a[on infiltration.  
 
Tuj-positive a[on infiltration statistics.  

Welch Two Sample t-test  

> W.WHVW(WXM_acHOOXOaU,WXM_KLJK_dHQVLW\) 

    WHOcK TZR SaPSOH W-WHVW 
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daWa:  WXM_acHOOXOaU aQd WXM_KLJK_dHQVLW\ 

W = -8.5585, dI = 9.0656, S-YaOXH = 1.228H-05 

aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 

95 SHUcHQW cRQILdHQcH LQWHUYaO: 

 -2677.205 -1558.795 

VaPSOH HVWLPaWHV: 

PHaQ RI [ PHaQ RI \ 

1312 3430  

> W.WHVW(WXM_acHOOXOaU,WXM_ORZ_dHQVLW\) 

    WHOcK TZR SaPSOH W-WHVW 

daWa:  WXM_acHOOXOaU aQd WXM_ORZ_dHQVLW\ 

W = -2.1203, dI = 7.2676, S-YaOXH = 0.07024 

aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 

95 SHUcHQW cRQILdHQcH LQWHUYaO: 

 -1464.67415    74.34082 

VaPSOH HVWLPaWHV: 

PHaQ RI [ PHaQ RI \ 

 1312.000  2007.167 

> W.WHVW(WXM_KLJK_dHQVLW\,WXM_ORZ_dHQVLW\) 

    WHOcK TZR SaPSOH W-WHVW 

daWa:  WXM_KLJK_dHQVLW\ aQd WXM_ORZ_dHQVLW\ 

W = 3.9902, dI = 8.8317, S-YaOXH = 0.003279 

aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 
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95 SHUcHQW cRQILdHQcH LQWHUYaO: 

  613.8364 2231.8303 

VaPSOH HVWLPaWHV: 

PHaQ RI [ PHaQ RI \ 

 3430.000  2007.167 

WXM_acHOOXOaU 

[1] 1481 1775 1332  810 1479  995 

> WXM_KLJK_dHQVLW\ 

[1] 3415 3881 3120 3193 4138 2833 

> WXM_ORZ_dHQVLW\ 

[1] 2319 2820 2707 1203 1802 1192 

 

5-HT serotonin a[on infiltration statistics.  

    Welch Two Sample t-test 

daWa:  PRWRU_a[RQ_acHOOXOaU aQd PRWRU_a[RQ_ORZ_dHQVLW\ 

W = -7.7591, dI = 9.8892, S-YaOXH = 1.641H-05 

aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 

95 SHUcHQW cRQILdHQcH LQWHUYaO: 

 -348.9404 -193.0596 

VaPSOH HVWLPaWHV: 

PHaQ RI [ PHaQ RI \ 

 322.6667  593.6667 

> W.WHVW(PRWRU_a[RQ_acHOOXOaU, PRWRU_a[RQ_KLJK_dHQVLW\) 
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    WHOcK TZR SaPSOH W-WHVW 

daWa:  PRWRU_a[RQ_acHOOXOaU aQd PRWRU_a[RQ_KLJK_dHQVLW\ 

W = -3.8196, dI = 6.6586, S-YaOXH = 0.007195 

aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 

95 SHUcHQW cRQILdHQcH LQWHUYaO: 

 -174.47766  -40.18901 

VaPSOH HVWLPaWHV: 

PHaQ RI [ PHaQ RI \ 

 322.6667  430.0000 

> W.WHVW(PRWRU_a[RQ_ORZ_dHQVLW\, PRWRU_a[RQ_KLJK_dHQVLW\) 

    WHOcK TZR SaPSOH W-WHVW 

daWa:  PRWRU_a[RQ_ORZ_dHQVLW\ aQd PRWRU_a[RQ_KLJK_dHQVLW\ 

W = 6.3683, dI = 7.021, S-YaOXH = 0.0003739 

aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 

95 SHUcHQW cRQILdHQcH LQWHUYaO: 

 102.9317 224.4016 

VaPSOH HVWLPaWHV: 

PHaQ RI [ PHaQ RI \ 

 593.6667  430.0000 

> PRWRU_a[RQ_acHOOXOaU 

[1] 336 368 279 407 228 318 

> PRWRU_a[RQ_ORZ_dHQVLW\ 

[1] 628 620 656 547 608 503 
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> PRWRU_a[RQ_KLJK_dHQVLW\ 

[1] 394 423 432 464 412 455 

Neurovascular interactions statistics.  

  Welch Two Sample t-test 

> QHXURYaVcXOaU_LQWHU_KLJK_dHQVLW\=c(14,13); 

> QHXURYaVcXOaU_LQWHU_ORZ_dHQVLW\=c(6,9); 

> W.WHVW(QHXURYaVcXOaU_LQWHU_ORZ_dHQVLW\,QHXURYaVcXOaU_LQWHU_KLJK_dHQVLW\) 

    WHOcK TZR SaPSOH W-WHVW 

daWa:  QHXURYaVcXOaU_LQWHU_ORZ_dHQVLW\ aQd QHXURYaVcXOaU_LQWHU_KLJK_dHQVLW\ 

W = -3.7947, dI = 1.2195, S-YaOXH = 0.1281 

aOWHUQaWLYH K\SRWKHVLV: WUXH dLIIHUHQcH LQ PHaQV LV QRW HTXaO WR 0 

95 SHUcHQW cRQILdHQcH LQWHUYaO: 

 -19.272109   7.272109 

VaPSOH HVWLPaWHV: 

PHaQ RI [ PHaQ RI \ 

7.5 13.5  
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