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Lay Abstract

Drug devel opment is a complex and expensive p
clinical trials. This failure is partly due t
stages of devel opment. Toiaddnes 9 ntnloivat i ves ana

systems knoamChisp,Orwhiinch mi mic organ structu
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l'imitation, miem®phywemwl bhiopr enak ssgatl ed the | FI
were developed through the works outlined in
throughput, fscahdbye, amdemare compatible with
mircopl at e r-eamteerst ihmagdi ng systems and roboti
accessible to a wide range of researchers.
mi crophysiological tséyougmpuitwi tcha p d hielaiihmi getso, t

transform the way we study diseases and test



Abstract

The drug development process is |l engthy and e
entering clinical trials due to the iIinadequac
devel opment. To overcome t hefste tlawdartdast i benwse | ady
physiological systeamChifg etnhatefleave dbeass Oowmant
| evel functions in vitro. However, despite t
throughput, restmuiset iimg tthtee idm uwi deserl @gpdnent p

in this thesis aims to bridge this gap by int
physiol ogical systems with the highvet hr qu gh el

c uletsur

The thesis outlines the development of two nc
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intravascul ar perfusion of colon organoids f

circulation and recruitment in response to in
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platform all owed for fabricating complex and

l ung al veol i and renal proxi mal tubuthieghl!l yThi s
compl ex perfusable tissues embeddwdl i nplhaytde D ¢
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l ung al veol i madkey &aotbetem@chanmcmic breathin
tubule model was used to mimic glucose reabso
TheEeatptaerrt of this work focusses on further ir
robustness and to allow for incorporating sup
matri x. Thi s all owed wus to modelinubodaced n
nephrotoxicecpltiyndarccadtiGBi nterstitial fibrosis.
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integrity.
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understanding of disease propagation and acce
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1l ntroducti on

l1Traditional preclinical model s

ug devel opment, i's a |l engthy and expensive
cl i nmacjadr ittryi adfs whitcoh tchaen ibnea batltirtiyb wtfe de ar |
curately predict drug responses. For instan
X1 city, however only 2% of this failure 1is
tpreerdi ct ibveThneo dnedsst commonly useddipmerdii on ala
D) cell culture and ani mal model s. I n a 2D
a plastic substrate. Because of t hamd cel |
ongated shape due to their growth and expe:a

aracteristic however didfi fmems i fomam tshe umdmue e

ivo, potentially influehciMogebherr bbkeawbeen.

mi t-edl lcei ht eracti omsatramxd indregtarcdii mends adel 12 L
clusion of crwucial biochemical and mechani c:
vel f. unlcnt i winwso , these interactions play fu
haviors, regulating gene expréssBynf aialnidn gr
equately replicate the dynamic interactions
ort of capturing the intricacies of human b
 tures remain appoefal usng, dhiieght ot-btfhbesigrh paud ne s

ndering them sui tsaddlee fex p ecronndeuncttsi ngn dl as qyree

del s are often used in scientific research
oCcesssets haynpdo ttheeses i n a |iving system befor e
uci al to recognize the I imitations and diff



animals share biological similarities with hur
physiology, genetics, and even behavior. unl i
uni formity I imits the didveirnmiltuymanf pgoepnuelta tci ow
hindering the transl atio nalAddiet eoaakcky,ofcamrwse
models do not exhibit menstruditiDdDhmis al @ck tofcan

cycl es di mi ni shes their suitabpkctyi doreagan

preclinical research. These differences can a
progresses, or howntdrse iFnomu reex asmpd teg m ornees pf t h
for inhalation toxf.coHooweyvest, udniuensa na raen dr ordoednetns
structur al and ¥f uRotdeonhal-hda®é me &sri megd ®i r at or vy

fewer bronchioles compared to the symmetrica

concentration of compound deposition primari

char act erninsotti cbet hragplciacat ed i n rodent model s.
breather s, meaning they can breathe only thro
nose and mouth. This variance signi fiisctarnitbluyt a o

within the respiratory tract and subsequent]y
breathing in humans entails less filtration ¢

l eading to a higher cealiipvheerryal ofai g wkagtsa n cme sh utnx

Additional ly, rodents have | imited pul monary
i mmune cell adhesi on, mi grati®nThede toeiuoctre
functional differences between humans and rod:e
studies to humans. An exaampdéteylodysheisnesf ohet
pul monary % bAlotshosugh PsFyccessf ul -iimduocoedde nfti bnroa



preclinical model s t hat all ows us to predict
process. Acknowl edging thiscetnrtanys| annowmrad e dg a
Moderni zation Act 2.0, which facilitates the
mi crophysiological systems, thereby decreasin
result in teméfsapeutic dead

1.2Micro physiological systems and its design
Mi crophysiyslte@egnsc IMPS) , aol rscoh i kpn, 0 wanr ea sp | oartgf aonr ms
recapitulate the Dbiological complexity of hu
integrate |living cells from specific tissues
mi croenvironments that replicate t?heThpehygad all o
MPS is to provide a more accurate representat.i
culture models or ani mal model s. By recreat.i
simul ate complex biol o-geitht erpa otciesrse,s,tiinncdad
responses t o drugs or pat hogens. Some i mp
mi crophysiological systems include the selecti
met hods, and desresd bpethi soohbapfent we wi

in detail

1.2S&lection of Dbiological el ement s

1. 2. 1Vals.cul atur e

took 23 years to discover its failure to

t



Vascul ature is the intricate network of blood
for transporting vital nutrients, oxygen, and
sustaining their metaboloiper aditdinginttiesysr ad nd oe ms
vascular | andscape in microphysiological syst
l ining of bl ood vessels in our body. Beyond
mai ntenance of endwt hbl halmi baophegsi 6luogitca@ah s
dictates the selective passage of molecul es &
ti ssues, enabling the study of drug tran3%port

(Figune l1acorporation of vasgygsitamgrall owsi as

under stand t he i nteractions bet ween vascul at
fibrobl asts, i mmune cells etc. al |l of which p
homeostasi s alrftd Mogeoerat i onhe integration

mi crophysiol ogi caltt esryms tceunhst uarlel caw df onratluamag i on
resemblance t% Inmtikhe -chgadmefmi anudpghysi ol ogi ca
vasculature is cruci al for facilitating comn
moduw#Ped®8y |l inking vascular networks between or
simul ate systemic ctiorrcgualnatiinanre raancd ieoxnpsl, o rnmee toarbgo
metabolism in a “2ho%?eThhial i stthircoumdn nfeari t hf ul r
integration, the wvasculature within microphy:
nutrient transport but also help unlock the <c

and t hernapeauwteind i ons.

1. 2. 1Fl2u.i d FIl ow



An i mportant feature of microphysiological S
plays a pivotal role in maintaining tissue ho
bod% By integrating fluid flow into microphys
dynamic microenvironment 2df IIni wihrygitil sguieal ms
are constantly subjected to various forms of

drainage, andFiignuneer siheh&ddauif i owegs due to the

moving fluid against the <cell surfaces have
f unc®i oiscr ophysiological systemssthraees ad ¢ pavred
changes to mimic physiological cellul ar beha
exposed to luminal fluid flow hafvekeynwhtamarsp €t
primary <cilia, and microvil %5 . 2Whinch har @ra&lslenc
flow, endothelial cells have been shownr®to el
Wit h its -smiadreo ntehtaenrnel s, mi crophysiol ogical S
l ami nar flow patterns, which are conmonllry en
addition to perfusion, which refers to the fI
encounter interstitial flow. I nterstitial fla
matrix surrou?dihMigcrtolpehysi sbogscal systems ha
demonstrate how intematrikal nteowcmbdonsat éat e

shown to play a key role in angiogeresWbkil eéhe
sedfgani zation of endothelial cells into micrc
interstitial f1l ow, however angiogenic sprouti
flow indicating thatnbot hihher ptreseakcef bad dri e

Mor eover, interstitial flow along with | umina



cancer by enhancing cancer <cell extravasation

flow in cafl.@dT hneestea sftiansdiisngs hi ghlight the nee
interstitial flow to better recapitulate nati
1. 2. 1Ex3t.racel l ul ar matrix

| ncorporating extracellular matrices (ECMs) [
creating physiologically relevant cellul ar mi
as the structural framewor k iafl tsiuppwaeds iamdt He
cu¥¥&igu)eECMcis comprised of two structural C C
I nterstitial matri x. Basement membranes are t
the epithelial and endotheli al cel |l sc.h lanst er s

fibroblasts that play a vi*BmCMg odree i mr emha mit rad n

of coll agens, l ami nin, fibronectins and el ast
tissues, including stiffness and elasticity.

orgsamecific $sumegci one &wowd exampl e, i n the | ur
strength and | ow elasticity, provides for sta
tensile strength and high el asti cd® yCelprsoviind ees
with ECM proteins through integrin receptors.

adhesion, proliferation, ni®gELMsom,| sbi bfi amrden tal

sol ubl e g%’owrlthhe sfea chtioorcshemi cal and mechanical ¢
and tissue function. By integrating ECMs witht
able to mimic the mechanical mi croenvicmdnment
forces influence <cellul ar responses. Many pa
alterations in ECM cé%fpoBonti onstammice,r giami z he.i



fibrosis, i ncr
decreased el 4ils

us to capture

1. 2. IMedc.hani cal

ease in collagen deposition and
tlincd aryp corfatailovne odfi ECMs wi t h mi cl

these dynamic effects of ECM in

stimul ati on

Mechani cal cues play a <cruci al role in regul

mechanotransdu

ction, where cells convert me ¢ h

cel l Behdemoe, incorporating the appropriate 1
modeled is key when mimickmnnunotlfkedy sAmdrotgi tad m
mechanical cues discussed in previous section
stiffness, depending on organ function, cel | s
stretch? oMi stopmhwnwsi ol ogi cal systems have been

in different 0

a |-amghip devi

responses t o s

rgans. For example, by mimickin;t
ce, researchers foumd| ammat omey

ilica nanopar t{Fdlgag.el Wstidrn q gt & &

devi ce, it was -gmglolrtedl It hhung nc amromer , cycli
progression of cancer while also making them
to clinical ob%®erWsaitngpnas dinmiplaari ethnecshni que, ¢
mi mic peristaltic motions in the intestine r
di fferentiated <cells mimicking “Runfahre s ien tfe sntdii
together highlight the translational ability
physiological mechanical cues to accurately m



1.2. 1Ce5l.I type heterogeneity
Il n human body, various cell types work -togeth
| evel functions. Consider the lung, for i1 nsta

by alveol ar*Epgtihel Takeseetksls form the thin

from the air diffuses into the bloodstream, w
Supporting this function are other cel l type
capikbarinterstitial cells such as fibrobl ast
kidney, proximal tubules play a cruci al rol e
the gl ometéulBpi tfhielltiraalt ecel | s | ining the proxi
and primary <cilia for efficientglabcsoge,t iaomi.ndl
and other solutes from the tubular | umen back
ensuring the retention of essential substance
urine. Additiosablbyrountdengtihealproel Imal t ubu

and participate in signaling pat-hawbhksanhtdatctelE
interactions between these cells and thedir mi
function of the organ. While incorporation of
i mportant to incorporate appropriate cell ty
treattheMitesr ophysi ol ogical systems have been | ¢
cedél | interactioné L&aCé®oorssi nvsatrd maes, otrtgea npsr e s e n
as pericytes or fibroblasts ha¥e®’'ddeni satowmpot

of vascular interface with alveoli epithelium



in infl*mmateisen findings show the importance
mi crophysiological systems.

1. 2Approaches for biofabricating perfusabl e t

1.2.2Sdf.t |ithography

Soft |l ithography stands as a c osrynsetresntsoneofifrer
versatiled feerd iv®estapproach to constructing int
the complexities of human organs. This techn
mol ding, capill ary pmoilndtiinngg,, aenadc hmiccornotcroinbtuatcitn g
of desired microstructure. Utilizing soft I i

pol ymer s such as polydi methyl sil oxane ( PDMS)
flexibilitffy,f abnd ceads ®n ,0Onteo ocfr etahtee NS not abl
system®mClhumpg using this technique recdpitul a
This device consists of two microchannel s se
PDMS me mbirgaum)yee (TIhe device has a vascular and e
membr ane i n betweemapctliilmgyadbarheenl védol aai mi ¢
PDMS membrane was stretched by applying- vacuu
| iigdu i nterface was established with alveolar c
fluid flow which was achieved by using extern
of microphysiological S y sctael msp atroa nreet cear psi tfuolra tnei
functions. Using this compa-otmemnmt arhad dzeelds alpgpw e
devel oped for organs such as -k#iedhep, sgatempl |
made significant ngt Kiegeorigmnr dcuagitit onat t hey

geometry inherent to many organs as &&IMSs ar e

10



me mbr ane. Despite efforts to enhance cell att

solutions, the synthetic nature of PDMS restr
their ability to simulate crnuali adn dnipatoremlva gio
Mor eover, PDMS has been found to absorb smal
potentially interfering wit h?33t hFeu retxhpeerrmonreen,t atlt
throughput and scalability of these devices pc
in dHihglhughput scgealng ngr b dd il acgwery efforts.
|l ithography allcowsr é6lbr opeecishhape, size and |
all owing for better controllability and repro
1.2.2S&@&b86sembly

Sehs§sembly based biofabrication approaches 1is
cells to organize themsel veFEigonhe Bgmprexisin
necessary environment and stimuli, researcher
create intricate biological constructs witho
Endothel i al cel lasssemgb | icmp@abhe sobbilsel mi crovas
presence of fibroblasts when ehbelchdee dbiabsreodbd taws
cues along with the interstiti ads sfelnobw ¥ opgreotchee
Moreover, this process allows for generation ¢
which is challenging to engi®feéeri midiamd ymi creao:
epithelial cel |-ssr gnaenriez es hionwwno tsot asdlef t ubul ar S
Mat rPi gavhi |l e the tubular structures were narro
i ncorporating extracellular cues from matri c

11



enhanced drug transporter expression compared
to 60 days. Apaytrgfamomathene oft Isd esnelcfel | s i nt
exploited in biomedical rreispatremt. sSttem cell ll s,
stem cells or induced pluripotent stem cell s,
cel | #7t ywheesn provided with the appropriate cul't
spontaneousl!l y edrigreemiszieoniaht osstrhceée@res that c |
functional aspects 5f Tthhesi rnanaitriad e po oowretneri g ayr
organi ze allows for the creation of organoi ds
tissue | ayers, cellular diveassemb| yaomdfepatisal
fmctional compl exiti-krsi,vemnngreodcdes s s iat biioltolge rc
Mor eover, you have |l imited contr ol-asosveemb | telde
structures. Thi s tass swehrebrl eg rionpthefigsrimeot!ioogni coafl sseyl sft
mutual benefits, enhancing?thRy clapudbcsdeimbe ys ®
within microphysiological Syst eanss e melsyeaprchee
intestinal stem cells into a perfusable intes"
structur al evganhadtraneasgecialized cell typ
are not commonly detected?®li nMacroemowvweeirt,i oina¢ o rop
perfusi on, extended cul ture | ongaesvsieemh | yT harsc
mi crophysiological systems can be used syner
preclinical model s.

1.2.2S&8crificial mol di ng

12



Sacrificial mol ding is a technique employed i
channel s within mi&r opnhytshiiosl ongeitchao d ,hks yas tseancsr i f i
form temporary structures or channel s within
sacrificial materi al onto a substrate, coveri
andibsequently removing the sacrificial mat er
structur esFiogruneceh alninied st dchni que was empl oyed

net wor ks using carbohydrate gl asfsi basnsagdirfol

containing %3ntTeres tciatribaolh ycderlaltse | attice gener at
wide variety of extracellul ar matrices that
di ssolution of the sacrificial mat er ioanl, waehse f
empty channels were seeding with endothelial
sacrificial mol ding technigue was used to cre

their native ¢édbnVolgeedrgeematpgrfusable rena

used as the sacrificial matédribali narmd dwagepr itrh
second | ayfeirbrofn gheyldartoigne | was then adédlldultar er
matrix. The sacrificial material is temperatul
sacrificial material requires colder temperat

of casting hydrogeli alo matcerpisaull ,atien a chrep osraactriinf
extracellular matrices might be challenging.

using a sacrificial tfeanprl iad set, i ove whainc hs ereedd ucced
underduring bioprinting. However, the technigqg
|l acks throughput which can hinder its use in |

deposition of the sacrificiadle mgt efrabarli,c aitti on:

13



ge

t

u

ne

r

e

vices simultaneousl! y. Despite these | imitat
ometries and interconnected networks embedd:¢
nctionality and bi omi mi cirnyv aolfu anbilcer.o pThhyesrieof | oor
e biological complexities that sacrificial
gni ficant step forward in advancing microph
20Bperational features in MPS

2. 2Pelrrfusion systems

rfusion systems are integral to the functi ol
nctions for supporting cells inside the devi
d wastbéé Mdmouvdlree main mechanissyms eunsed oi mMir

ysiological fluid flow are extrewve®wFifpomps,
Conventional syringe or peristaltic pumps
mi crophysi®dl 6gecpumpysaeemsnormally | ocated

ow of culture medium through the microfluid

ecise control over flow rates and cansbhbe 1t a
king it suitable for applications requiring
ey come with several drawbacks. These syster

mponents such as tubimwdg,chommedteorss scaha@abagadr
these systems. The risk of contamination
creased points of contact bet ween t he cul
cessitating trroitrogcerts. s tTer iolviezatoimen t hese | i

sear cher s hbauviel ti nniecgrroaatrerda yi no f pumps that a

14



each unithioughmpiighgowevyeoer m these integrated

design and i mpl ement . Mor eover, they are cust
may not be compatible with other systems. An
coul d bedyrai vgrnavi | ow setup, which does not reql
|l nstead, they rely on the force of gravity to
channels. This can be achieved ehe hiemrl ebty amad ne

of the microfluidic channels or by placing the

the fluid flow between the inlft Tarnd awptplretacrh
portability and easdoascsfdusgstemparad tol pedcp
additional equi pment and expertise. By adjust

rates to suit thenitrs.e xUnelriiknee nitnatla grrieagtae dr fepmewp s .6

are compatible with a wide range of microfl ui
and adaptable for v-drives &ppWwisatupeshaGeawgvt
unrdcti o®fa'PDeEbkpwte these advantages, gravitat.]
rates -amidf mrom fl ow profil es, l'imiting its pre

gentl e flow nature {savéeehbedmrsmawmtbamide dwellt

over |l ong culture per i oebsusoef faenrd nfgl naé tbiad naaniciet y
1.2.2Sédnsor integration

Despite advancements I n mi crophysiological S
predominantly relies on fluorescent i maging ot

endpoint measurements and reccpui rHo wtehveery s @ haef il

of sensors within microphysiological systems

15



cel |l
MP S,
el ec

inte

they
mi cr

wi t h

u

l ar microenvironméht Bpvencohpodatiangosemn
researchers can now monitor key paramet e
rical resii sy asiceetl(iyigfEiRg urnee@ hRjecent | vy, res
ratbead eadp toixyglen sensors with a medinbma&ne b
oring of oxygen consumption rates of hun
s in the <celhat imaveshpoasept evidowsglsy tsh
mpti 6nsThoed sceerhd sdevice was also integrat
er integrity using THER tarmpdkr rfdigMoates yielt p
se the device foll owswetlhle pfloaottep,r iintt alfl
taneous measur-emeatghptut oang &oquhsighi o
rs. Ahoobhghphitghhdevi ¢tce wheiabldeviocei wi edr
t changes in resistance to capture chan:
nse to drugs that affect r‘édnaWwhi oe isemne
ration offers many benefits, the only do
of devices. Because each microphysiolog
tegrate them wictulst®oemsends ,f orhdyhanee@dhrtao
may not be compatible with other devices
physiological systems allows for a more
noemei mooament of the chip, capturing dyn

el l ul art ibhkehavi or in real

1.2Md8l-wel |l formats for microphysiological syst

16



Convent i ocnhailp smincgrloephysi ol ogi cal systems have
mi mi cking human physiology in vitro; however,
use of synthetic membrane, | eexkt eodfnatl ulpwlmprs o
handl i ng. This is where iIindrgratisygtems wenaéaf
throughput caqwebil ptiacgesofprmulesi to be advant a
familiari-wegl wi plheaanmecht iilnabersat ori es make the ad
systems much more accessible and straightforw
accustomed t eehdndlliange smuwintdi per forming vari ol
thesaedatdi zed formats, the transition to work
existing practices. Furttwel moM&S twhe hcempatil b

equi pment designed for standard twemat epd alt ieguy

handl ers, coaneénthi gimagi ng systems, further st
Leveraging this compatibility allows researc
wor kfl ows, minimizing the Imeatmlngfducvenawpd
the scalability of MPS to accommodate mul ti pl
aligns wel |-t hwiotuhg htphueg hciagpieeld il | iptliaetse sqgf emuwalbtl ii n ¢
conduct paral Helscerparilimeges campound | i brari e
advantages in mind, t her e haweel |befeonr maattt ewrptths

among these, two notabl @&6plaatdf dOrmgsa notPd rad eq u th:o

now mermci al | yrFigwaigl.albRikRPERI @ses the 96 well p |
bilayer mefmbrBame Wielsaygenr design consists of an
thin films of cycl i-eet coHhed i mpo Ipyd ayrnbtea rsa taen dmet mbarc
channels. The device also has integrated sens

17



built pufmpg®Usistge mshi s devi ce, -tthhreoyu gwhepruet anbol dee
l'iver, kidney, 5} §%d8Whvid sec utlhai tsu-trnea, coaglg hgpfuft e rcsa phail

over convewottcihonpalploartgfaonr ms due to their 96 wel

extracell ul ar matrix and tubul ar geometry. M
compl exommodat e the bil ayebuiddsipwmp ss emtsioals
chall enges to scaling up production. The seco

plastic ridge which creates a menisbtysirpgehin
matrices and grow cells on either swdalel ofgl athee
format and allows them to culture up to 64 ti:
integrated TEER sensorsethibfMenomMihti sr blhighpiuer pl @i
has been used to model vasculature, kidney, ci
and tubul ar geometry, however only half of t he
matri x andishexpbbed hal plastic substrate whi ¢

PREDIMGT and OrganoPl ate platforms cannot be n

ability to model organs such as |l ung, tgait whe
these | imitati onr96 abnodt hOrtghaen oPPREBRIeCTp |l at f or ms
utiliz-wedgl mbbtrmats for advancing microphysi ol

mi crophysiol ogi caweldyspleartse wWidrhmartwsl, o nwe oo r ¢
constraints of-omdmnmyperstyisdreans ddruganl so open th

opportunities to advance preclinical model s f
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a) Vasculature b) Fluid Flow c) Extracellular matrices d) Mechanical stimulation
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Endothelial cells ~ [/ <« [ A|—
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Figure 1. Microphysiological se®tlemns iamdoift Dic

el ement s. Adapt €d-h Appmo&tlmes feor abi of abr i
Adapted from SQaolglhP@ended\te¢ddjlOpter alt i onal feature

cat

n MPS. Adapted®landmYaadzkilidseteoplaysi ol ogi cal
mu kwteil | formats. Af8aptdeBeba®mi EGanneet ahl
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1. 30bjectives and thesis outline

Al t hough significant strides -lheawel bfelemctimmaade
mi crophysiological systems, t hoerc Hiipre t leamp enrr 0 U
wi despread adoption in drug devieweodpmefnar. maPtrse v
mi crophysiological systemsveldvaefvdlcleesn od hermnt f
membr anes rather than authentic extracellul ar
hydrogel s whil e tphleasrteintai nCloenrs eggruoewst |oyn cel l s
bi ochemical cues, i mpeding accurate disease n
bridge this gap by fabricating 3D perfusabl e

hith oughpwel Imuft oi mats therefore integrating t

orchip can off ®dAuswi tonf t2hDe ceedsly cul t ur e. Thi s
devel opment-welf| twloatmud t ms : | FI owPhiadcle ame Ao
free, scaltaobslee and easy

Chapter 2 outlines the devel opmentasodédmblFy owfP
endot hel i al cells to form 3D perfusabl e vascu

was used to address a criticiad dulmidraeg, owhiod h
of vascularization. By i nt egssad minlge dc op eornf uosr aghal
bed, we achieved intravascular perfusion of o
the recruitmemm ovfasmanaacytces cful ati on to respo

infl ammati on.
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Chapter 3 describes the development of Angi oP
create complex and intricate 3D perfusabl e st
by developing a subtractive fmanufhac tfulrdxigb|ltee
material to change shape from 2D to 3D when in
to create a vascularized renal proxi mal t ubu

complex fully emheddved Il t i olmyndat ogel

Chapter 4 focuses on further developing the A
simplify device fabrication to allow for the
matri x. This all owed usepbr anaaddil cT @R dbatedn i
tubulointerstitial fibrosis. This chaptasi vel s
hi¢ghroughput TEER meter that can be seamless]l

measuring of reneadrietpyi.t hel i al barrier int
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2.1. Abstract
Despite the complexity and structur al sophi st
of vascularization and perfusion | i mit t he

physiology effectively. We hanameéentFH e wmmkh ehtga

which we can culture up to 128 independenttg
Unli ke traditional microfl wvomhec pdeleivces, wotimh
wel |7 design dodasrmat pempi ng 3wypytems and al
downstream analyses, such as histochemistry o

the ECM and the cul tur ec uletdu aedieapianueldanciod no,n voer
succllsygf wi t-assemblseed fvascul ar net work and fo
significantly better in our platform under C
Furthermore, we demonstrated a coluomctiindn awhreart
circulating monocytes can be recruited from t
infiltrate the col onaonffjhaommdsoriyn cegsphbnse $D

ability to grow vascul arviasedl @aol preréugioni do
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platform could unlock new possibilities for

N

rel evant di seases.

2.2. Introduction

I n an effort to explore modeli hgnoestyisdomesns andt a
systems as physiologically relevant as possib
drug devel opment and biological research, ma

organoids. Organoi ckcdofrag@&niaz8®d dieffilecehtiuaei nf

such a remarkable modeling system is their at
organi zation on a smaller scale, while also d
theional §t iThese cell s are usually grown on nat

the structur al support forOrcgednoiadtst accahnmebnet daenr
(ESCs or i PSCs) , or adul t primary tissues. (
devel opment characteristics and provide a go
devel opment of gemndatnigc tdies carpdoerosp.r i Bayt ep rba wic hen
is now possible to culture many 3diifrftée shigitanians p €

and pfostate

The main advantage of an organoid is structur
the |l ack of vascuUl®aODiganhobodsandepasbtiabdegncul t
pl at es. Even though vasculature is prevalent
omit the vascular networ k. For the ones that

i mvmascul arliy Reeehts$egd researchers have develo
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f

or

vascularizing kidney organoi ds. However,

(fl ow over the ovaaowl as)pamfdusniooniwhirah | i mit

probe wvhsciumtaraspace of 1% ePrveavsicouu sarsi tzueddi eosr gha

that i1 ntravascular perfusion is critical for
vessel TelrTehsesriedmor e, integration of both wvas
crucial for generating functional vascular ne
strategies for vascularizing orgaeadiasdvyielad
excel |l el®® ndxewslet s ack scalability and adaptab
| mportant bi ol ogical e v etnalsk, siumrhunaes cierdtl ermi
bi omol ecul ar transport, occur at thewdy stsawe
access this biological interface, some biologi
tissue i nflammati on, cannot be easily recapit
devel oped a platform twi vgastbhkeamnirganor danaviid:
vascul arasbednbsedf from endot heVvasadulcaerl | ger fTuhsi
vascul ari zed organoids for the first time. We
well platetoéhasel ™e boanPtvatliech we can readily f;
and test up to 128 independent wvascularized
mi cr ofblassiedli csyst eved,| tdleesi gmeml|l | ows t hef otri ssue
downstream analysis, such as gene exmr evsisvioon

transplabhanatign we exploited the uniqgque perfu

on inflammati on, which all owed us to obser

process such as recruitment of colrcnul at gamgo imdb

di fferentiated macrophages in response to epi
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2.3. Materials and Methods

Fabricatmoborofl| ashei c device

Using standard photolithography technique, a
and outl et channel s i nwehk pbatmat waé &i rsgtan
pol ydi methyl sil oxane ( PDMS) , p ur cOhla9s8e6d2 ) f, r owra s
prepared at a ratio of 1:30 and poured onto t
mi nutes and ftCheweawmrightat The PnboMSd endo | adn dw asso at kf
5% (w/v) pluronic aci € 5(0%i)3gohamiAn udtreisc.h ,AfGaetr# 3FC
PDMS mold is then washed in ditsrtadtleed onattieaals
polystyreré.csmhegtde(rrly.’”s Artar ama, Cat# V16013
di met hyl ether (PEGDM) -5§05G)g maa Al tdhre rt hi, n jCad the di
outl et channels and al Cowele xttq ftihlel PtDIM& antod rdr
room temperature, whiscdl iadilfoyws Tihhee PPDEMGSD Mnotlod rw
from ybeypehe sheet, and the PEGDM features i
channels were then transferred onto the polys

PEGDM structures was theareldgl pé diteghiug i migb @ad the mi

glue at a ratio of 1:10 (ElIl sworth Adhesives,
well platety (W&s owlkPéat packaged-ranyd sdteariilliizagad o
Endot hel i al and stromal cel |l culture

Green fluor daggrede hprmatne iutmmbi | i ¢ al-HWWeHE W) , e nadnodt |

primary human |l ung fibroblasts were0O®bO1IGFPB,Uurc

PC80QQ13) -HWHFHCs were cultured i n Enaov2t heldaita#l 1
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C22011) as instructed by the supplier (Cedar|
cultured in DMEM media supplemented wi4t4h 10%
streptomycin solution (100X) and €l $HEaPrEeS K eltMy
pass®&geP2ior to cell seedinmn callll cdlrlas neerse t:

cel |l suspensi on.

Organoid culture and expansion

The colorectal organoids were acquired from -
Margaret Living Biobank indéorwverdoo€gnanadadsTiv
by Hamilton I ntegrated Research BThi dhe Boal d
organoids wer e EMhlutmame drigrmanlontde gtrioavd lht medi a p
Technol ogies (Cat# 06010) according to the ma
organoids were thawedf aacntdo re nrbeeddidd€adr nNhantgy,ri @@a h
CACB356231) . Each vi al oL oorf g aVhad ifldh gvedosr gmai nxoei dd s
cul tured iwelal rpelgautlearwi2tdh ma b viMEDtrirgiacgoenit da i nmii xntg

in the center 'obdomeh)e. warlglan(oNadtsr iwgeerleh ecyu | ftuul rl eyd

recover and | ater passaged. Organoids were di:
For the mechanical di sVscoocntaaiiminn gmetthheo dg r gt ahneo i M
from the wells and colNlwast é¢dheinn baokeme.i nThhe sN

repeated pipeoiisgedsiPagta@aufri pépet fwasTaddkds
and platedwiehtophanew 2&For t he"warsy pfLiE snte tdheogdr, a
i ncubatrignmgtotihdess owi th 1 mL of Cell Recovery Sol

each well on ice for 1 hour. To this mixtur e,
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Cat# -026834 was added and centrifuged at 200G
the MBAftrragmdnts were discarded, and the)organc
for 10 minutes WiMkptheslmhzgmeT@HEPDbPEOThICatmi X
is then centrifuged again dwa20@a6dedr adtmrndi
supernatant . For both methods, organoids fron
splitting rati oweorfe 1c u3l.t ulrheed ofrogranao iwlesek and t |
t wo days. The organoids expanded wusing both
hydrogel into small fragmendYcselandc uclotlulreec tferde el
(Gi bco, @©dtod .1F®48 all expeMi noerngtasn oii nd st hwee rleF Itc
the frozen vials and applTiheed cdoilroercetcltyalt oo rtghaen o

experiments werel et ween passage 13

Hydr ogel formul ati on

The hydr ogel mat ™iced d fseredil R owRlraet eprepared
fibrinogen with. 10me (Ryd)odakr mpet it eal wguet s |
To thnhs gk25 ami @pdott hr2dmbin (1.5 U/ mL) was adde
nm. of this final mi xture was then cast into e
mg/ mL fibrin, 10mg/ mlwefrieb railns oa nuds epdu.r eF i Martirni oggee
purchased from SigmbhG,Al @B8B®UN) ( Cantd¥ sFt308c7k9 s ol
prega as per manufactur e2®&. iMmort reixpe ninme mtnsd
conditions, we suspended"acnod ocnu lotrugraendo i tdhse m ni np

a reguwelrl 3mBl4date with no perfusion.
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Cell seeding and device operation
Sterilizedwas| bwPsatencubated with sterile di
inside the plate and ®ri Aétetheopkanhegbverncghb
then centrifuged at 40G for 30 seconds to rem
then rewashed with sterile water to remove an
Fi broblascel (§/ mL) | i and -1c2o | oorng aonrogi adnso/iwdesl | () 1 Owe r
the hydrogel mt keuhg daogelt dif wogf mutbhaitsi ogne |l 2ndi x t |
added to the corresponding tissue wells. The
bottom of the plate. Th € portdOwmsnuhesn iocab
prevent the gel from entetiofy therinlegeéel aptdOon
with 10 U/ ml Thrombin) can be applied to the I
well . After casting ninhtehe ndertt earn dweolult,l etth ewec
removed. Endot hel i al cells (0.6 million cell s/
pl ate was maintained under the static conditioc
weer changed in all wells the following day an:i
that tilanhglaet @ah80tilt direction was programn
perfusion. The culture media wer(eSigumap |lAd e n tce
61630OMI to prevent fibrin degradati on. The
day. For optimizing vascular network formatio
colon organoid media whd) thatromacecarei iglly .or
and colon organoid media at a ratio of 1:1 (M

for the culture of vascularized colon organoi
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| mmunofl uorescent staining and histology

The entire i mmunostaining pPMunedur epewd 31 s idom
programmabl e rocker. CWdetrer €d rtsits smaessh eidn wli B lho
residual media. The tissue wasCtwenbhfil@gedFoves
solution. The next day, the fixative was r emo

three times and blocked for 2 hours wunder per
serum (Sigma AlldML)c hc,o nCadi #8802 The ti ssue was |
with primary-CoORBtli f Adicasn, ~LriviWNF apRABS&WPICANLYI

AndLiaminin (Abcam, Cat # °Ca bulnld5e7r5 ) p eorvfeursniiognh.t Tahte
ti ssues wer e was hreadb bwitt hs ePcBoSh. d aTrhye aannttiibody ( A
Factin conj WCeadtag | amtei bLoca8bls0,) GCreabskt @andgdsSeddi Sti hg naA P |

Al drCazihhg5-88MGgnd i ncubated at room temperature
i ncubati omms weéeree smaagphed i n PBS overnight and |
(Ni kel MR or i mage cytometer (Biotek I nstrumen

ratio in PBS with 2% (v/vVv) FBS. For hmaltiohogy

solution for 48 hours. The tissue was then re
in histology cassettes. The cassettes were th
wax embedding. The embeddandd tsgtsaiuresd wwirteh t hen

eosi-Gladheerin ( Abcam, Cat # @aabbhl2481366)4,) ,CDv3 1 | (i Ab  &A
ab130751) and Ki 67 (Abcam, Cat#16667). The hu
anal yses were a generous gift from the John M:
For imaging vascahsmi aigitovor El eecsti mgn TMi cr oscop

fixed for 1 hour in 1% osmium tetroxide in 0.
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a series of ethanol dilutions (50 %, 70 %, 70 %

sampl e. The dehydrated sample was then embedc
polymerize overnight. The embeddedr aniysls uaec entaas
and |l ead citrate before iIimaging.

Ti ssue quantification

We quantified the increase in the size of the
per condition. For each well, five independent
organoid area on Day 8 wasest feor necarcnma Icioznedd ta goe
di ameter of the vascular networks was also qu
ten different positions were measured per we
experi ment al egar ooufp .o rBgoatnho itdhse aanrd t he vascul ar
using | mage J. To quantify the vessel area,
vascularized colon organoi &3 ,i wedufskedr Angi ma&d,i
We measured the organoid growth and the vesse
the assembly process of vascularized organoi d
6 wells). We quantified the urerlckelidva®lea so&fatoirc
condition with and without vascular network b
at |l east three different wells per condition.
the colon epitheli uwumbantd thluemame arod N M a ssalle |

measurements) and vascul arized colon organoi d
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Vessedr @qamoi d perfusion studies

To study the perfassieonb!| edr saglcudbar selt ivor ks,
with 70kDab®RIE®A@ dextranml(lSiadmiaG)Al dmi dh,i sCaetx#®p
addedL 900f TRbLECI| ed mhexntLr)an n( 5POBOS t o nthef i RB&t
to the tissue well. The perfusion of the dext
i maged using amBiiomage l optomiedwse( | magkes Oif me e
15 minute time intetrhveadtsipmeer ¢ magetsyr ediaftbiso me

the edge and center of wells (n=5) 2€Pe cal cu

. p O O 1Q
T

O O 30
Her@andlhepresents the average intensridpreessant s
the average bacwkigsr otuhned tiinnee nisnitteirevsa.l bet ween t
di ameter of the vessel in the chosen ROI.

To calcul ate the shear stress of the vascul ar

particles (1pm in di ameter}egflee wm@mngtl @s ctoop em
programmabl e rocker. Videos otcpanfilushenewpbns
was set at 700 ps. For calculating the shear
and the vessel diameter were used. The instant
positions imamevsn ardd atclteemtv ds s el di ameter was

was calcul ated®®ds+ng tWee cfadrcmdlaa ed the shear

regions in 6 wells. To demonstrate perfusion

net wor ksulwiafch f I9W00or escent papgltiacefi eBBSninhtehe n
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delivery of particles to the organoids througt

cytometer.

Modeling colon infl™@mmation in | FlowPl at e

To model colon inflammation in our platform,
culture media 1-awintchu bs®Cfrdgr/arll 23oifo u'rN& (n=3) . Fo
group (n=3), media waas WAdOtesuppcemanti ed, wit hle
and -THRonocyte cells (-€6@arbhan®. Bams ] | Can#TEB
|l abeled using red cell tracker (Thermo Fi sher
addediod0 cel |l suspensmoonf tcoultthuer ei nmMeedti aantdo 60h e
gradirt wen perfusion. The&C pfloart f300r mmiwnaust hegsel.r ft Nhesxet

networks with culture media to remove unattac

37C overnight under perfusion. The monocyte at
Day 1 were imaged using the i1image cytometer.
percentage of organoid infil tanattiifoyh |eCeApM e g8 a Dt

we stained t hter etarteeadt evda sacnudl anroinz etl CA-Mg § Abdic @ mt i ¢

Cat#ab2213) atnod quseendt ilfnyagtehel percentage of sta

Sample size and statistical analysis

Normality and equality of wvarfitamnawayw®ON®VAest e
onreay ANOVA on ranks in c®ingakcean oDunmwm'tdh a@n t hu
was used to determine the statistical signif

independent sampl esipged. c®@adiat i on awér graph we
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2.4. Results
2.4.1.  Device fabrication
To createcal perfupbbl &orm, wavedustpdmitzed ya agide

channel s -swvethi amctoifons 3Wi0d nth iam dh eli2Zg0ht at the bo

to connect three adjacent wel | s toget her . Tl
independé&ngufai Tha well in the middle served
natural hydrogel mixed with cells and organoi c
as the inlet and outl et umedi @ hee et v gier .p | R&xd rei

programmabl e rocker tdheatr eei lathgd et o pPlratdacat .
drives media perfusion from the inlet well t h

media perf peiromdfsogr tlhhenger fusi on direction wa

to change tilt direction every 15 min. This <c
pump, was able to maintain constanthememiid per |
plate simultaneousl! y. Gel casting, cel l seedi

performed with simple pipetting techniqgques or

designed to contain miinngnagyl menouot s PDMS dmafge

unspecific absorption of smal | hydrophobi c mc
optically transparent polystyrene sheet of | e
in standarddpl atbger egdemet ans. Next, to suppo

using this platform, we optimized theFiegureace
lc) Specificall-der iwee du sheaeda Iptantyi ecmdal on organoi ds

approach could potentially be applied to othe
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M

Connecting channel Hydrogel
Step 1 Assembly of iFlowPlate. Step 2 Casting of hydrogel . 3 K
matrices containing colon S . b

organoids, ECs, and FBs.

Step 1 ECM optimization
b | Culture media A’\ Change in tilt Step 2 Media formulation optimization
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'
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'

Vascularized
colorectal
organoids

Step 3 Oscillated perfusion of the 3D culture . .
IFlowPlate™ with culture mediaonarocker. =~ TTTTTETsTsssssssssssssssssssses

Figure 1. IFlowPlate™ operation and setup a, Image of anFlowPlatéM filled with different

colored dyes to depict the I-d8&lependent units. The microfluidic device is fabricated by
introducing microchannels to a customizable-884 plate. Three wells (inlet, tissue well and
outlet) together make one perfusable unit. Eheasrfusable microchannels are shown with color
dyes for better visualizatiom-c, Illustration of our microfluidic device and experimental set up

for vascularization of colon organoids cultured in IFlowPlterhe matrices containing colon
organoids, etiothelial cells and fibroblasts are cast on to the bottom of the tissue well. After
gelation, media is perfused into the vascular network by placing the plate on a programmable
rocker. We also tested different hydrogel matrices and media formulatiomsl tth& optimum

condition for growing these engineered vascularized colon organoids.

2.4.2.  ECM optimization for vascular network formation and colon organoid culture

Previously it has been shown t hat -aessnsdeortbh el iianlt
a perfusable vascular net wolt/k Hiem<si, d ewec Ischsoenme dn
assembly capability is not (IFRingiutreedH 2o na pmii anra
endot hel i al cell s mi xedaswietnhb | heu mannt of iab rpoebr|faussta
network insideplaatalsi o(nmkizgureewdshlyf)so usad semb | s dl |

vascul ar network can cover the entire welll. A
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endothel i al cells were sufficiently c¢close to

This process can take place in fibrin gel Wi
(Figure. 2Whi lteopi)t i s well k mpacswsne ntbH aet qeun d cet haeell
matrices, most of the "oremafobde&iuhs urasgesqu
l aminin and coll agen |V which are the buildin

the organoid epithel Nalmondlevwee tthedmrde st, hatm tMae r
unabl ecasspemelld into &§Fvagscel @&c,Tnhetstvoinsn) | i kel y
endothelial cells alone cannot eas#.| yThree neofdoerle
to support endothel i al asdemmpyewet hpuwer adode
Mait gdéln fibrin gel and demonstrated that vascu

place in thiBigetefdc mubati om) (

Thrombin concentration -awassembdl yo o¢r wreamidaolt hed i a

matri ces. Lower concentration of thrombin (1.
of the well, thereby facilworgbumpgl|l ¢ment ar ynaFi g
The network can connect to the inlet and outl
through the entire network on day 5, as showr

dextRkiaqourfe e yeroffustahbei Inett wor k was highly ¢
wel$Swspdl ement gr.y Thiegwemd i2 e vascul ar networ k f

can contain | arge proteins. Although vascul ar
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edges due to | ower flow resistance, vascul ar

that vessels were not | eaky and pFrirguwrsgat2eds di
a Culture media b

Endothelial -

culle % Hydrogel §

X , mixture
/*/‘" e B

Perfusion oy Vascular network

C Fibrin

F

5 mg/mL

Day 3

w
z
Fibrin + (10mg/mL) g
Matrigel + (10% v/v) Matrigel
~
®
[a)
/

Edge

Diffusive permeability, P4 (cm/s)

Figure 2. Culture of perfusable microvascular bed in IFlowPlaté™ and optimization of
hydrogel matrices a, Illustration of the experimental setup, Fluorescent images of GFP

HUVECSs (green) assembled into a microvascular network and perfused with fluorescent 70kDa
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dextran (red) over time in the presence of fibroblasts. Images are stitched from multiple images.
Dotted white lines outline the edge of the wells and the microchannel. Scale ba, Domfocal
fluorescent images of selissembled microvasculature network in matrices of different
formulation on IFlowPlatB’. Cells were stained for-&ctin (red) and DAPI (bluell, Timelapse

of perfused (70kDa dextran, red) vessels used for permeability quantification on Day 6. Images
are stitched from multiple images.c&e bar, 1mm.e. Quantification of vessel diffusion
permeability in different regions of the network. n=5. ns indicates not statistically significant.
Fluorescent images of vessels stained for CD31 (red), VWF (red), Laminin (red), GPF, and DAPI.
White arrows indicate VWF fiber. Scale bar, &0 g, Transmission Electron Microscope image

of the crosssection of a single vessel. Scale bamns

Due to-atslsembeélyf nature of this system, t he she
vary from O0.022ctoonsilsPendtynest bmprevi oifs rep

Suppl ementary Figure 3, $Hwopelveme nttahriys Miedveeol

expected and resembles native tissues. The Ve
Will ebrand Fampobotan{vWe) thrombogemiicht@pgasamen
membr aFngsurge. 286peci fically, we found the form

direction consistent -dwiit\nemprays emEP yr Ewios v WE o1
assembled perfusable microvascular bed is pos
wi || allow the addition of other tissue sampl

the extraction of the tissue from the wel.l

To validate the feasibility of integrating enc
pat-seetific colon resident stiem v¥Hatiglus) et cdagr oV
culture the colorectal organoids in this stud

maxi mi ze the contact surface between the orga
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Figure 3. Optimization of hydrogel maéari ces
Il 1 lustration of bt hBr ieglptefrii erlech tiarha gseest ugpf. col on
of different for muedtli opnl actveerm B @anhed dlonadag fH3VAD r e
i mage of colon organoids gr ownf oirn efiigbhrti nd agyesl

condition. The orgaoabid Wased)st dmnad@uartioirf(ilbelaute
organoid areas in different hydrogel matrices

analyzed per group). Stati gt iovmaey ASN@WA fwictahn cHc
Sidak method. *P<0.05 **P<0.01 ***P<0.001
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2.4.3.  Formation of perfusable vascularized colon organoids

We determined that both vasculature and col on
combined fibr%inThnd Matdigele groundwork for
vascul ari zed celudn uareg arf o iod-ggsatngobi ldicss hwei d hmiac rpor vee
We next optimized the medi ac ulotrummud adfi oo ltchrato
vadau(uriegur e Bhrmed)media formulation that c¢comt
(ECGM2) and col on medi a Fatgudyief f¥r e notu nrda ttihoast ve
al | three media conditions weactwel arblrettwo rskugp pfo
medi3a wer e quRitgeuinea rWe w s(eda Mgl mdagelJ softwar
the vascul arization of the co(l FPing wir@Vada dded s hien
organoid area between the three media conditic
the vessel diameter and vessel area were signi
conditions. The averagéeweerssewo !l eogthi rdg )st

significantly better than media 2 but showed

gua i fied junctional density (junctions/ area),
the three media conditions. Given that the | a
would all ow for better perfurst agme odf t\hes soerlg a
observed in this condition, we decided that
vascularized colon organoids in |IFIlowPl ate
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Figure 4. Media formulation optimization of vascularized human colon organoids on
IFlowPlate™. a, lllustration of the experimental setup, Table listing the different media
conditions tested for optimizing the growth of vascularized organoj@sightfield-GFP overlay
images of vascularized colon organoids in different media formulations. Zoomed in fluorescent
images of the selissembled microvascular network (green) and vascularized colon organoid
(Brightfield-GFP overlay) are shown again dretright to visualize the assembled tissue better.
Images are stitched from multiple images. Dotted white lines outline the edge of the wells and t
microchannel. Scale bar, 1mmi-g, Quantification of characteristic features of the assembled
vascular network in different media formulations using AngioTool and Image J (Day-8) %3
Quantification of organoid areas in different media formulatidng. Statistical significance was
determinedusingoray ANOVA on r anks ejh, Statistidalsignificasce me t h o

48



was determined using omeay ANOVA with Holm-Sidak method. *P<0.05 **P<0.01 ***P<0.00.

ns indicates no significant
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the organoi ds. Mor e i ntveasecsutlianrgil zye d coorngpaarnr ceidd st,
organoids were surrounded with perfusable bl o
native colon tissues. We measdraddthédednetaby
compared it against native colon tiBisgljse 5SMe
Suppl ement agmorkioywemre 39% and 28% of vessels ¢
di stance equal hebi Wm iwnthumadare eelidn tissue a
respecrltoi vfeulryt.her wunderstand theculmporé¢é ahoe of
growt h, we guanti fied t he percentage of rec
experimental conditions, incl ud~RNngWet hoeb sceornvveedn
the colon organoid formation w&a\ nsitdrei fpirceasretnl
both vascul ar n(ekiwgpu-lke aSpdg cpiefrifcuasliloyn, we f ound
cresad k between the vasculatuftMasanmd gahei dor ga
completely stopped without the presence of V ¢
media formulati on. This highlights the 1 mport

organoid growth and devel opment .
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Figure 5. Culture of vascularized human colon organoids on IFlowPlaf®. a, Brightfield

images of vascularized colon organoid overlaid with fluorescent images edsselinbled
microvascular network from GFP endothelial cells (green) in media 1 on Day 13. Fluorescent
images of the selissembled microvascular network (greee)strown again on the right. Images

are stitched from multiple images. Dotted white circles outline the colon organoids. Dotted white
lines outline the edge of the wells and the ntbiannel Scale bar, 1mr, GFRbrightfield

overlay images of vascularized colon organoid perfused withgiFfcle (Inm) in IFlowPlatéM.
Fluorescent images of the perfused vascular network are shown on the side for better visualization.
White dotted circle labels the organoid. Scale barn#&@, Confocal fluorescent-gtack image

of vascularized organoids stained foraétin (red), DAPI (blue), and GFéhdothelial cells
(green). The inset shows the creextion of a colon organoid, Quantification of the dynamic
assembly process of vascularized organoids over 11 daysen#éscularized colon organoids

(the entire tissue including the vasculatures) on day 11 were picked out of the well using a tweezer
(shown bottom left corner) and then sectioned for histology. Histological section of ranmeah

colon tissues, vascularized colon organoids andwvascularized colon organoids stained for
hematoxylin and eosin (Nuclei stains blue; ECM and cytoplasm stain pirdggiierin, CD31,

Villin, and Ki67 (dark brown). Scale bar, 1@@n. f, Quantification of the distance between the
vessels and the colon epithelium in both vascularized colon organoids (vOrganoids) and human
colon tissues (hColon). n=8 independent samples with 69 measurements. 19% and 28% of
vessels counted were in diretntact (a ditance equal to 0) with the epithelium in human colon
tissue and vascularized organoids, respectigglBrightfield images of colon organoids at Day 9
grown in IFlowPlaté™ and static 384vell plate with and without endothelial -@ulture in a
combination of fibrin gel and Matrigl h, Quantification of the percentage of colon organoid
formation in the four conditions (n =3). Statistical significance was determined using\wag
ANOVA followed by the HolmSidak method. *P<0.05 **P<0.01 **P<0.001
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2.4.4. Vascularized human colon organoid model of tissue inflammation with innate

immunity
To demonstrate the i mportance of vasculature,
exampl e, which involves the complex interact.i

and colon epithetaiiuni.| akenlae asg afyt dNFne durin
triggered the €lx psruersfsacoen roefc elpGAM on t-he vas
receptor then facilitated the attachment of «

Adhered monotytbrbhgh weansendothel i al mi gr at

macrophages and | astly, i RfguleaGhabs entorehpt
captured and visualized in our mode®lossWibtk ¢
embed monocytes in a matrix around the col on
have to be controlled manually in an arbitrez:

monocytes which plays a a¢muidiaanlman wlreg irre stploen sa
addition, without transendotheli al mi grati on,
di fferentiate i n€CS%F mawhiophaigesnaowti tinhwWsi ol ogi ¢
endotheliumaniveihal praye i n t he activation a

macrophafes

We demonstrated that the extent of monocyt e
infl ammati e@anredreadsdNBby simply perfusing circ
vasculature emulating the exact process that
activating theCHiEn@auy-de s6 vitahdhtTMFRI|l at i on, mo s t

monocytes were quickly captured by the microv
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the netwstkmuhathed vascul atur e. Af ter oene day
di fferentiated macrophages were able tea infil
sti mulFatgiugre @®Ppecifically, we found the macr o
aggregate around the cell debris produced by
the scavenger function of macrophagesi.t fanten t
and activation of circulating monocytes and t
bi ol ogi cal process that cannot be accurately

Therefore, we think thiso nmaxkpasnd hteh ep | aap (f loir ama tal

to new biological processes. Here we are usi ng
we think this platform wil/| find more utiliti
bi ol ogi calhapr ocnevsoslevse tvascul atur e and t he i n
epithelium.
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Figure 6. Vascularized human colon organoid model of tissue inflammation with innate
immunity . a, lllustration of experimental setup and the process of monocyte infiltration into colon
organoids in response to inflammatory cytokinbs.Brightfield and fluorescent images of
vascularized colon organoid immediately and one day after monocyte perfusion with and without
TNF-a stimulation (50 ng/ml, 12 h). Monocytes are labeled in red. Vasculatures are labeled in
green. Dotted white lines outline the edge & wells and the microchannel Scale bar, 1rom.
Fluorescent images of blood vessels (green) treated with or withoua B stained for ICAM

1 (red) and DAPI (blue) Scale bar, 1muih. Quantification of ICAM1 staining. n=3.e,

Quantification of monocytes attachment with and without JFaNFstimulation. n=3.f,
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Quantification of monocyte infiltration into colon organoids with and without -EN§timulation.
Statistical significance was determined using-aag ANOVA followed by the HolrrSidak
method. *P<0.05 **P<0.01 ***P<0.001.

2.5. Discussion

Some existing approaches combine organoids with eogamchip systems by dissociating
organoids and then seeding tieterogeneous cell population into a membitaased organ chif

Even though vascular perfusion can be established in this format, the membrane physically
restricts 3D biological remodeling that organoid culture offers. Therefore, there is a need to
vascularize and perfuse organoids as is without cell dissociatibagonentation to preserve the
organlevel architecture and the remodeling capability of the organoids. The challenge we seek to
address here is the incorporation of perfusable vasculatureahlat guide the development of
organoids without using physical structures to artificially define and restrict biological structure
and remodeling. We found the microvasculature to be in close proximity to the organoids and
physically intertwine with th@rganoids Active flow circulation through the vasculature around

the organoids could potentially enhance mass transport across the organoid epithelium and

i mprove organoid function. | t ' s-asaembled vasaulgror t a n
nework does not have uniform structures and flow rates, native vessels do not either. This level

of heterogeneity we see makes the biological model more physiological and certainly more
interesting to study. Furthermore, the vessel structures are noastiian also vary from day to

day. The selassembled vascular network is constantly making structural adjustments in response

to flow and to nearby organoids, which is a valuable physiological feature that we cannot acquire

if we force uniformity on theystem.
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The platform also allows the organoids to be placed both inside and on top of the gel. However, in
this work, we choose to embed the organoids inside the gel because we would like to introduce
more contact areas between the organoids and the matrix twernbe vessels with more
opportunities to intertwine with the organoids. In addition, supporting cells like fibroblasts were
also incorporated in the gel. This embedding strategy is especially important to smaller epithelial
organoi ds t h aits owh matrix.tWitlwowot ensuppuerting) rhatrix, it will be difficult for

the vasculature to grow upwards into the organoids if most parts of the organoids are exposed in
suspension. For tissue explants or larger organoids, surface vascularization migtitibetsas

the vessels will be able to grow into the organoids in the presence of significant tissue mass and
matrix within the organoids. A potential advantage of surface vascularization is that the organoids
will likely be less sensitive to the choicé the matrix, hence perhaps allowing the vascular

environment and the organoids to be decoupled.

The scalable, robust, and cedtective manufacturing of this platform will be a significant
advantage to the future commercialization of this technology. The minimalistic design of this
platform simplifies the manufacturing process. In fact, with theustribl injection molding
method, the manufacturing process will just require a simple modification to the design of the
injection mold of a standard 38#ell plate to include an array of short straight channels. The rest
of the manufacturing process wi#main the same. For this reason, there is no need to invent new

manufacturing methods, which will significantly reduce the barrier and costs of translation.
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2.6. Limitations

With a perfusable vasculature in place, it remains to be seen if the size of these organoids could
continue to increase and thus overcome the oxygen diffusion limitation for tissue dgratuite

studies are also needed to confirm the feasibility of applying the same technigues to other types of
organoids. Orgaspecific endothelial cells could also be used for the vascular assembly to provide
a more orgaspecific microenvironment aroundetitolon organoids. In our future studies, we

intend to analyze the change in organoid gene expression in response to the vastiiareco
However, conventional transcriptome analysis of the bulk cell population wikHalit for this
complex culture environment that involves multiple types of cells in close proximity to each other.
Singlecell sequencing might be needed to dissect the heterogeneous cell population. If it is critical
to provide unidirectional recirculagyflow in the biological model, the fluid circuit inside the plate

can potentially be adapted based on recently published st&t&tygrnatively, the plate cap could

be modified to include an array of microfluidic pumps to recirculate the media back to thé.inlets
The shear stress we achieved in the microvasculature was still significantly below the
physiological range. If shear stress is an important parameter to study, the height of the well plate
could be increased to apply a higher pressure gradient. Furtleetim®incorporation of pericytes

and smooth muscles has been shown to decrease vessel diameter, which will help increase shear
stress inside the microvessels. Considering the large footprint of thee3Bglate, connecting
multiple types of organoids eween different wells through the perfusable vasculature is
potentially feasible. It is also potentially possible to scale this method up to@ 2@ well plate

system. Given the right cell density, it appears the endothelial cells will have n@rmrobl

connecting with each other and transport fluid across a large surface area.
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2.7. Conclusions

Organoids will likely become an indispensable tool for biological research and drug discovery.
We will continue to see an expanding application of organoids. For instance, organoids can also
be used to study genetic mutations where mutations can beuogtdy CRISPR/Cas9 systems,

SO precise control of gene expression allows for a detailed study of genetic manipulations. In
addition to the application of biological modeling, another promising application is in regenerative
medicine. Patiendlerived orgaaids can be grown in the lab and transplanted back into the patient
to correct disorders. For this application, the ability to mature and grow the organoid in vitro and
then collecting the tissue for implantation becomes crucial. This is one of the ladylit@s that

IFlowPlaté™ could provide.
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2.10. Supplementary Materials

2 U/ml thrombin 2.5 U/ml thrombin

1.5 U/ml thrombin
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Supplementary Figure 2. Consistency in vascular perfusionFluorescent images of

vasculatures (GFP green) perfused with 70kDa dextran (red) over time in multiple wells of an

Imm.

IFlowPlatdM. Scale bar,
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Shear stress (dynes/cm?)

Supplementary Figure 3. Shear stress distribution in the vascular network on IFlowPlaté.

a, Fluorescent image of the vascular network perfused with red fluorescent particles (lum in
diameter).b, Quantification of shear stress and shear stress distribution by tracking particle

perfusion in the vascular networks. The histogram was produced by analyzing 18 regions from 6

different wells.
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Mechanical Dissociation TrpLE Dissociation

Supplementary Figure 4. Organoid passagind3rightfield images of dissociation, passaging,

and growth of human colon organoids in pure MatfigeScale bar, 106m
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Suppl ementary Figure 5. AssociationHoft vlac@iud

section of vascularized colon organmm.ds stain
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3.1. Abstract

Organona-chip systems that recapitulate tisdeeel functions have been proposed to improve in
vitro—in vivo correlation in drug development. Significant progress has been made to control the
cellular microenvironment with mechanical stimulation anddflilow. However, it has been
challenging to introduce complex 3D tissue structures due to the physical constraints of
microfluidic channels or membranes in orgama-chip systems. Inspired by 4D bioprinting, we
develop a subtractive manufacturing tecjus where a flexible sacrificial material can be
patterned on a 2D surface, swell and shape change when exposed to aqueous hydrogel, and
subsequently degrade to produce perfusable networks in a natural hydrogel matrix that can be
populated with cells. Théechnique is applied to fabricate orggecific vascular networks,
vascularized kidney proximal tubules, and terminal lung alveoli in a customizede3Bglate

and then further scaled to a-2#&Il plate format to make a large vascular network, vasaedri

liver tissues, and for integration with ultrasound imaging. This biofabrication method eliminates
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the physical constraints in orgam-a-chip systems to incorporate complex redohperfuse tissue

structures in an openell design

3.2.

bui

sl o

Introduction

address the | imitation in existing precl.i
| ding advanced 3D human tissues by incorpo
ces. Advances in biofakkdfifoati o Darbe o@mi nmi
h as Freeform Reversible Embeddiamgd of

reol f,t hagreapblkyn used to build tissues with
hough the tissue production process 1S gen

ds to be manually connected f e®@r cmuddiua ep erafr

i t2i aTrids represents a significant engineer.

nting to perfusion camdhirg.s\Ont dmebaad ran
ices or microtdimnmepepfasedipconmineéesk bunsheée f

roducing complex 3D tissue stérudt urhes gthh anta

functional features of complcmchirgasy Styesms
physical constraints of plastic microchar
ices | i mit t he stmiucrtawemvi rdoensmegnnt otfh att h ec atn

egrate perfusion and compl ex 3D -ftabsrsiucea tsetdr,
perfusable networks can be subsequently
rodi ssecd owhitlee hhnhigset eglesioqwe i pnodeae sir ke
w and difficult to scale. Hence, praduci n

nection for perf wnoiton,riavndlhiaghkd saalldbimuicth
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4D printing, defined as “3D printing + time”,
printed structure can changrcadeda WwWiunhkti ooalbf
behavior, printed composite hydrogels can be
change shape over timeVewlhkaamp!| iommedsddiisn owatee
extended this concept to demonstrate that a f
can changewké@dmapenioaooBDact with a nat ulrianksh,ydr
the structurally transformed flexible sacrifi
degr aded pteor fpursoadoucee net wor ks, which are then g
compl exspercgdn ¢c Wet rteatmerde st.hi s met bbdr isnugpt wiat
swelling induced stochastic folding due to t
sacrificial material. As a result, the sacri
integratedewighnhead e eddiper dsuxstem and give ri
when triggered at a | ater stage. Further more,
we adapted the technique taovebdl hpght eh(beghkpu:
Angi oFl gtig eon which we can readily transitior

culture for an array of wunits.

3.3. Materials and Methods

Angi oPl ate fabrication

Standard photolithography techniques were use
negative mold, a PDMS (EIIl sworth Adhesive, Cat

onto the SU8 master mold and cmoled was 4508 ICe @\
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w/v pluronic acid (Sigma Aldrich, Cat# P2443)
and then capptde @atnesd @olpy satsymaene sheet (11.5
V1i6013). Assembled PDMS mol danasnfde rprodwdg ktt oy pak acenee
To fill the entire pattern with 3% w/v alginat
solution was pvedredliartteo (t¥yER)oCaan# a06B17HAg asse
mol d and sheet.olAdttiean tfhiel laeldgiunmmttehes patterne
solution was aslpimkhteldgionat e, To78mbssef 5. 5% w/
(Ca&Cl (Sigma Aldrich, Cat# 22131506 ) owarsniagldte.d A
l'inking, t hcsof @esi dmalwa€aClemoved and -lriimksed w
alginate within the -dPrDMSd cfhoarn n4e8 sh owarss .t hMeenl taeid
di met hyl ether (PEGDM) (Sigma Al drich, Cat# 4
all owed to fill at 70 °C for 1 hour to encaps!
solidifies, PDMS mol d was peeled off and the
transferred onto the polystyrnegnet hseh epeat.t eTrhnes |
bonded onto aveddt tpdmlteessusd3ith4g a high viscosity
Cat# 2137054) at a ratio of 1:10. The assembl
temperature. Assembdeflodev2i 6ebboweseusiagi F02%

was washed off during the stteretizasidaea parbices

(BSC) for 12 hours and stored at 4 °C wuntil wu
Cell culture
Green Fluortsagged Puobei Umbil i cal -N&VECENndOot

Donor sex: pool ed f rPorno tneuol miiepd CeC Ad#FnPOYT AsR e rAen gg ro¢
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Endot helial Cell Growth MRRiOdl)EC@GMzZel ( Prcarmd Q¢
with 0.2% w/v gelatin R8ngma PAlbdi imah, TChu#eG
(RPTFEERTIal e ,dolbwer ycyt-@0-@0@azt)# aGHlT Lung Al veol
Cells (A549, mal e don®231)Cevwanré¢é anel Ltabesd Lat
instructi-0BRT1 RPEFIEICS were gtrowed Rsoxdp tihedirae
EvercytMHT Caj) # A549 cell s2WemgeCeadbt uard Labd
302004) supplemented withiW sewtf 8i apr bldoudkc)he, s €
1% pendgtcidgtioomycin solution (1020EBELW seidt 1B4d
HEPES (1M, Wi sent -8bBlpyodQeltilss Wared | gB@Wn uirre 1

in an incubator mai nuaitnéd tdatey3 et € 80@ 5®WnCI

passaged for further experiments. Cells were
cel |l suspensieediprgi.ofAlt oceeéllls used i-h. t hi s wo
Hydrogel casting and device operation

Hydr ogel used in our device was 10 mg/ mL fib

hydrogel <casting, the hydrogel was aliquoted i
25L pof thrombin (7 U/ mL, SigmaeAl dif xth g fC@#A
solution was then cast into each well. The pl
gel ation. Alternativel y2. Snegu/tmla,l i oerdn iRagt, T@a tl #
with an ex#B&®s Z0T%evimoc BcGeaetn#t 114190144) can be
of natur al extracellul ar matRBX.s upp ldeme mtdeed
Aprotinin was added to all wells and the pl at/

dailycbhbanhger Alternatively, DMEMstoerpaomyognl!
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HEPES solution and 1% Aprotinin was added to

i ncubator at i ncubfaotre d4 8ath o3u7r°sC waintdh 5d% iACQ/ med i

then primed again with cell cul tfuacre 2 dh au rasn d
to cell seeding. Aftpprofefmoeshgmatl at was madda:-
and pL26f the cell suspension (0.6 million cel
The ©plate was plbaacteodr ffloart 2i nhotuhres itnocual | ow c
attachment, culture pmefdin @s vame dieanowasl , addad 5t0cC
90L pyto the inlet and outl et wel | s. To 1 nitia:
progr aemmalbcker that tilts at a 15° angle and

1% v/ v aprotinin (2 mg/ aM), waisgnmeaddddrtic hg!l ICam
fibrin gel degradati on. Media wagedh&ngeedyewype
tubule model, endothelial cells were seeded f
from the inlets and outlets wells. For the va
were seeded firocut Ifetoam welel 3 ndred st mendl ung al ve
inl et weTd toemmstdaagl gi.nate degradation, the netw
and/ or TRI TC nmaltiegkmab eAal ddsr i (cth.,0 Cat # L1030 and 1

1:5-ABS.D An i mage cytometer (BioTek I nstrument

Kidney tubule permeability

To assess the permeability of the kidney prox
with 70kDa FliB®GeddedTRIexk@ran (Sigma ALdofch,
FI'TC and abRIITE&d de/xmr)aBg 50® t he 1 nl et we l |

proxi mal tubul eslL roePsBpBe cttoi vtehley tainsds ue0 wel | . To
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dextran molecules through the tubular and vas«
|l nstrument s Il nd apseFmpemf ubeon-mmmages i nakenal
calcul ated the diffusive per mehkhbpd IPiatsy pafevi be
repdftiaakhdarle the average intensitiies tahe fawnean a
backgroundslimntteme ittiimes .i nterval and d is the &

channel s.

- p O 0O 71
T

Gl ucose reabsorption assay

To model glucose reabsorption carried out by t
media mixed at 1:1 ratio and -Gobunt@8isemé gAladr iad|
Cat# G5767) to all the wells on days 5, 9 and
net works were collected separataeneyasatedr ug#4n:

calibrated gl®Nexme tOmre (Mgdretrgur

Cytokine assay

To stimulate renal ti ssbd inmgj/ urkywoefrcallNiFdid ed mte a
vascul ar netwbat®eafnarnt BT shsaierss.i ncubated with
suppl emehNawe we t ins edAfats€rcboméd®d .per fusates fro
untreated tubul ar and vascular channels were
then centrifuged at 1000 rpm to remove cell d
atd80 ©°©C wunthke aeohl gsted Fupernatant was sent t

prionf | ammatory cytokines using Human -Llygxx ki ne
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panel (Cat# HDF15). The tissuksamweqlle @AM @ sfsii ¢

was quantified using I maged from the fluoresc

Fabrication of AngioPlate |id for mechanical ;
A SUS master mo | d patterned wi t h air di stri
photolithograpByppleemantqady ( Sisguercea f6 ¢ desi gn
PDMS was mixed at a ratio of 1:10 and poured
temperature for three daynol détde aRBDMEr smmetd w
di mensions ofwed | sApd marer.ay 34 2 mm hol es was |
outl ets using a biop4g2pundhhétVeVRwag&€apgdkab&oDDb
Cat# -28614for t-hB giofi RDMSE. at0Oa ratio of 1:1
the | i1d. The drill ed hol ep,waps peempot api { ¥i she
705507). Toimagle OelptdDXG maf PDMS at 1:30-ratio
wel | pl ate and |l eft to cur e froirngiswowedraey smaadie rf
PDMS sheet with a 10 rmm GAMEc)h efro r( MWRe, oQuattetr pAe
mm bi ophlser pfumarc t he inner perimeter. The PDMS s
the plate | id with PtDrMSa tcods eu sTveegheairncoBERreapd! uaost s a

Pl asma trea2@AC)Y MolkéyBWDere then é&o®dregs twe rea

aligned to the channel outlets and bonded to
silicon tubing with an outer diameter of 4 mm
The tubing is then ecronnearcdtelde rt ot uab i ;nygr ienxgtee nfsii
external ventilator (Harvard Apparatus, Mo del
Cat #0050 ¢f or e mechani cal actuation, the plate
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plate | id iIis secured onto the weltli gphltatsee awi.t |
ventil ator was set to actuate the tissues at
process was vVvisualized ueiaimngd aa mMa lkyome d rfi rgcdhm fti he

using the PIV plugin in | mageld.

| mmunostaining and histology

To prepare for i mmunostaining, culture media
wer e was hRBIS wtitrheeD ti mes. The tissues were fi
(El ectron Microscopy-SPciaendeS Ce@attitntyds 10&F4d &
wit BB, then blocked and permeated overnight
containindg¥Xe1.010% TIlrhietnont he ti ssues were incubat
48 hours at 4 -P°BG fwaalslho weetdd 8b WD rfso t o remove r
antibodies from the gel. Secondary oOor conjuge

i ncubated for 48 hours at 4 PBS Thae t4i8s shwalg sv

prior to i magi ntgerwi ti liuMaigoen sc yutsoende f or al | an
bel®wr 3D confocal i mages, stained tissues wer
For histology sectioning, tissues were fixed
pocessed at the Histology Facility of McMaster

i mages shkawicred l[tuhear features of the endothel]
El ectron Microscope at the Electron Microscory

Mi croscopy at McMaster University.
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Antibody used and Catal ogue #

Anti bo Type HostDil u Brand, Cat
FactircConj uc - 1:2C Cayman Chem3 G
CD31 Prima Rabb 1: 1 Abcam, abz28

a-t ubul Prima Mous 1: 2C Si gMladri ch,

SGLT2 Prima Rabb 1: 2C Abcam, ab85
Na/ K AT Prima Rabb 1:2C Abcam, ab76
| CA-M Prima Mous 1:1C Abcam,2213
DAPI - - 1:10 Si gmMladri ch,

FI TC Secon: Goat 1: 2C Si gmladr i ch,
Al exa F|l Secon:' Goat 1: 2C¢C Abcam, ab1l1l5s

Al exa FI|l Secon: Goat 1: 2C Abcam, ab1l15012

Statistical anal ysi s

SigmaPl ot and Prism were used for all/l stati st
equality of wvariance. To dvatye AlNIOVAwW adY aANMBVYA Cc a
on ranks wbSitdhak hmetHlddn was amEplwieadk. pDhattd eidn ass
standard deviation using Graphpad and at | easHt

for all quantitative analysis.
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3.4. Results

3.4. 1Subtractive wianhhfawelulrimg i nduced stochas
Quobjective is to develop a scalable 3D-1t1issu:
in fluid connec toimecnhsi pass yisnt emoss tbudr gaadnso a way
high | evel of structur al comphexingy d% madee)
proposed using a flexible sacrificial materi al
i nt o a mibcarsoe dc hdaenvniecle f or perfusion but can al

structures whehydrratgigeem.edThe fl exible sacrif

patternabl e, and compatible with various natu
al so degrade in response to a second trclgger
of a material that meets -khewa bromatenialwe a
can be rdpinkled carnadds sdiegr aded in response to cC;
used in biological appandatdiramgs da¥d’i viessignuge aas |
combination of techniques, i ncl uebiansge ds tcaanl dca ru

gel aSupml dment gr,y wei gouartet er ned an array of 128
fibers on a polystyrene sheewelclorpleapendiTheg
al ginate f i beSrusppweernee ndtrgirenMdiidrisegen (Assembl ed ag
38vel | milgurre (1@ this format, the plate can
radiation, aWbdeobengstdhredhdpbéat eh,yd2bdgel sol uti
Coll agen) were dispensed onto t Ha galrgi ndt,e st e
During incubation, the dried alginate network
and changed shapeSuipmpdiedree ntt e yhTWideth@ gienle ¢hy dr og

l inked 4te.87, Coll agen and Matrigel) or throu
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the folded al gi nFatgeurst r)uc t Rsrtreapi Ing ,p | pahcoes p(hat e |
PBS) or culture media with | ow 2&&2/00imgm mdan dca nmh
MF&100mg/ mL) was used to extract the calcium f
net wor k, resulting i n an oedpeesni gmerdf usoa bd @n nneect
inlet/outlet WwWeblbsef ®dh, PetrBpsiBom (wasdriindan at ¢
fl ow by simply tiabtenont he pploaffiagnartacd bl b dmtkep
ensure the stability of the tissue model over

attach to the polystyrene surface to form a t.|

cells can grow intohitdhhlr hellpti/iomoufbemi cdpaanelb:
transition between the plastic and the gel i nt
fibrin gel degradati on waesl csocnapflfeotledliyn gp rweavse rstt
presence of fibroblasts. This feature of fibr
gel compaction and degr adtadrim nc wlatnu rbee. aH anvag wer

needed when tworfkibmg nw-gehkiarsg tdiee ecdrt cusesedd Kty

controlling the concentration of thrombin use
to dissolve resulting in incomplSupeplreetewmdrak y
Figuy.e Ribrin gel stiffness can also be modi

fibrinogen and thrombin to mimic tissue speci
that as the concentration of ftiubrilnomgdn| asdhbadr

increases, yieldithg stiffer fibrin matrices

The extent of alginate f-bidkingg i speaed eamdned

hydrogel solution and can result in compl etel
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which adds one more di mension of control. How
exact positioning of resultFnguret Waurpkpd ewielnlt a
Figur.e I3n the native tissue, no two biologica
stochasticity is natural. Despite the stochas
resemble various organs or eevceanp Fwaneigpu(stThar t s
overall arcHiit.ect urtahle da saimen er |, deafsinegd iamdt
initiaWedbavgnbuildt a 3D networ kFirgewsieembhi ng
intricately folded gFomengl &te nsed yelpaicikkea kiec
(Figuye 4adnmnadl iwgendd vesseHisguase iAn tah omwshc lae s(i gni f
transformation from the initial design is not
plastic base due to abhgenatesoswell|l migriognuset

from direct contact with the hard plastic for

Step 1. AngioPlate with Step 2. Cast hydrogel matrix.
patterned alginate network to induce alginate shape change

Sy By

= Step 3. Remove alginate in Step 4. Formation of perfusable
AngioPlate calcium-free media or buffer network in hydrogel matrix
Design B Construct e

Figure 1. Subtr avdttihv es wadnu fnagc tiwinrdiurcged st ochas

mat erfioal st abricating compl éxmager fods &mnlcaptsiud aat ¢
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net wor kswellnl bBpl38tdbemati c on the use of Angi oPl

folding of the alginate network in the hydroge
C, Il 1l lTustration of a gederPiea fluisfi wormc atlivmg ersetewn
green) through the assembled 3D network in a

net work design showg Perdusboal efbamu, tl pmm. n.

Scale bdy,, IZnamme-specbfgannetworks with struct
initial designs shown on the | eft and the res
(tm, green) for visualization on the right. Sc
3.4.2Vascularized proximal tubule compl ex

Expanding the technique, we incorporated mult

same matrix to reproduce -ttuhbeul sap atniealwoyr kisn ttehra

vascularized proximal Suppl emammaidle xXEads i we lal k
terminal |l ung alveoli composedSwgplbeomentad vy off i
3ecC) . For the kidney model, we have three netw
wel FisgRadhe networks were designed to be in

possi bl e to f acHIilg bbreet.e Hwoansesv etrr,an op @mrtev(ent t he

with each other, we purposely kept a minimum
is |ikely the mini mal di stance on how close t
Il i mi taticarm fwibtrh crait i on. Despite this initial d
networks in some areasn ¢twotaet workls each doth:

noticed that even when the vascular channel [
the proxi mal tubule cells tend to not mi X Wi

compart mesamd.s separ at
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The proxi mal tubule cells formed a confluent
endot hel i limg @& .r i Tere (t ubul ar epithelium cont a
TubuFigefewhich are involved i'h mhuobaenitm@nt
SGLTRI o @y)e arnm/dkANaP akieg @r)e whi ch are key transpol
in glucosébrréWe saolrpa ifomund that the epithelial
the basement membrane on HRihgeRirleaTlaée¢ i sdeues ¢
extracted and sectionEdg@&pe Bomuntolhe st olcdlean s
compartments maintained high barr Fegkklp.nctior

Gl ucose reabsorption being one of the pri mar)

filtrate is transported %, dnwer euntaill itzuebdu | ceusr bkai
demonstrate this key process in renal physi ol
vasculature can be independently perfused, we
vascul atur e tfirwen meckiia persfpescat es. As expect ec
confl uency, a glucose gradient bet ween the t
established 24 hours after glucose injection

reabsorption fuRicg@me in the tissue (
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capi-pd@axiymal tubul e c eHWPIEECs o agacked )wiatnld GHR R n e
cells on day 7d, ZZwmalme dbiscamme e 1i mmany epsr oaxfi mad p itlulba
compl ex throughprudcdedhe. caha2Qs arai hig22® i on of t
of epithelium and efpQoontfhoeclalu m noang ed aoyf 7a pnr=o3x.i r
Factinat(uled)i,n (green), and mbARI F(l lloue)s.cedd ali
showi ng -&écet icorno scsf the proximal-acdtuibrul €r egp) t h8
(green), Na/ K ATPase (green), Lammn, nHi(gtrelemgy
ti ssue section of a proxi mall ntsuebrutl es hsotwaiinnge da w
ti ssue remawevedckeromatdlhgef or khi Ctapprdagrxaicad!| stewh u
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compl ex perfubexdtwanh(MT&Rd TC70kDa-Pexnhr dme( drude
70kDa) in the wvascular networ k. Perfused netw
mml, Quantification of diffusmveGpecomeabl évels
perfusate from vascular and tubul ar networ ks ¢
seeded on day 4. Statistical -wayg®RINOMBaOB&L wa
**B. 01¢r.*0*0P1. ns inditd¢ygt @s fhetremitgni fi can

3.4.3Modeling renal infl ammatory response in /£
To model infl ammatory dmeecalse tcheadiits$omes nwe
TNR. Td&was perfused through RihgGavea sRmue waitau | ¥ ,0
astimulation of vascul ature has been shown t

mol ecules and cytokines to aidctAw adx paicetasnd

expressionl,ofa |IsCArM ace gl ycoprotein i mportar
transmigration, on the endotheliumawasatmgmt f
(Fi g @b-cg . The perfusates from both the vascul al

and analyzed for a range of cytokines ?2%e@trete
TNfsti mul ation resulted in a significa®t 1incr
which is involved in r-2caodaS@EF8nwhiocfh naeruet rroepshpi
recruiting circulating monocytelsacwehidiriinsg at
infl ammagidde We observed an-6i n@iN&as ibregnt rsénrodvr
have |l esser effec6 oomphaeeproduct hern® oWwd Idhimdma
not expect to see any changes in the other 1
cytokine paSwedplaennad nytzérdy. AHitghdoruegrhg aef f ect was
the vascul ar compartment, the effect ean t he

del i vered through the vascul at ur e -hwausr ctornefaitnmeec
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period. This indicates the source of iIinfl ammai

have an effect on tissue response, at | east |
occasi onal |l eakage in thetvawsueultar ior utriyve wthu k
di fferent cytokine profile in the tubul-ar com

a, -8 L -GBIF sedrng@@ien (

*k
Step 1: Perfuse Step 2: Collect media b No treatment TNF-a treatment  —
TNF-cfor12 h perfusates for 58
cytokine analysis s
B
v
4
o
o x
Media ® 2
=
perfusate =
<
Q
0
/ Control Treated
d [ Control M Treated
o000 % ns 15000 % ns 4000 ns ns 5000 _*** ne 400 : =
y & v
5 = — 3000 5 4000 2 300
E 4000 £ 10000 ] ¥ % _— 2
g g & 2000 s & 200
o ® @ : 2000
% 2000 3 s000 3 é ‘E"
5 = 1000 fasa 5 100
[ 0 0 0 [

Vessel Tubule Vessel Tubule Vessel Tubule Vessel Tubule Vessel Treated

FigwBreytokine secretion analysis of vascul ar i
i nf |l ammaEtxipoernr i ment al-asteitmypl a@atoironfTNFhd sampl e co
analbsiTs ssues sflailimed)f amdl OARst (mbuadi aht eBc

men. | ELAMXpression | evels gqguaQuamtiefdi st in@gn |
|l evel s in media perfusates, n=3. Svagt iIANtOVAa |
and -wanye ANOVA on raniSs dewkt met hed Hohm i ndicat
di f f et0e.n0t5¢0** PR ¢O*.*0*0PL. ns indicates not signifi

3.4.4Vascul arized terminal l ung model
To develop a vascularized ter minal l ung al veo
(Figua)e dWevel oped a structure resembling the 1t

and five al veol aFi gsdlces Bwa ct ahu sneo tohuet | feitbsr i(n gel
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can stil]l be seeded into the network as cult
through the porous gel while carrying the cel
side of the alveoli structthur esd atrlee Ipiealf usalbll ®
alveol ar epitheli al cel | sFiccpdoreec. 0 aRr otnh ed aeyn t4i rtec
we found the epithelium thicknessFisgdgnei fOrcant
day 7, t hehedliwem lbaarr ré pirt becomes pol aactizied as
staining developing on FEihgdfyfagp i Tchad Isumge alfv & dles
is in close proximity to the wvasculature whe]
touched each other but Fiagugdeai Hedtodi sgiynadatiisy
showed the presence of i nteCazehénmnmlmar sfjancitngr

CD31 positive vascular netweokisgé#hpheclTlhsehipsoal

section shows the cancerous alveolar cell [ i n
due to the | ack?2oTheoataeodl amhcbamben can get
cells can physically obstruct the entire c¢hamt
a di ff eraenrctermars cel | |l ine or healthy primary

stabl e model

To demonstrate that the | ung structure can b
devel oped a customized | id with an array of m
of the |l ung SuUpyelod me rstt ruy (TRiireggucrest omi zed | i d w
ventil ator which can repeatedly pump air in
through the air distribution channel s. I n res

alveol ar cdooluy dingalsl&y gdraTche( extent of the e
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with i ncreasi nRgi gpfirflees s ulrhei si ndpeuntosn s(t r at i on |1 ndi

branched struotudud ed swictamo watl sanywe created usir

technique-iaan@getrfassbwinl tconnection is robust ev
Previous studies have shown that lungncebhls c
sti muwPatiOam future work wild explore the eff
response to injury and drugs in our platform.
presence of interstitial mad a p ix | rlwdiirigcrhbians tah ek ea
This would allow us to embed supporting cells

di seases such aswhpubm&lCMr ydrfiiveso stiisdo wé wseera,s e

removing |iquid from thibsg@Ddstnuetfiaeet wasst:t!
require further optimization. But recent stud
under i mmersi-bhqwi dR%awkirdimcaoul d be a better
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of the alveol:ii ter minal actommaj-ked Vegt @ar vmap i
guantification that show the physical expansi
pressur e, n=5 alveol i. St ati stwiacya |IANOVRANO B iPc an
**¢B. 01 ¢0.*0"0P1

3.5. Discussion

For the first timeemhedhey peompueaxblheg driogeles
mu hwteil | plates to mimic tissue specific struc
membr anes or *pllaBunichehmomne) sunl i ke ot her 3D
multiple steps of device a@assemel)hotdompiveisicadid sac
and tubular connections to the biwdlalbrplcaattee.d T
i's no manual procedure needed to establish <cc

scal abl & rmddtyh.ess®ubtractive manufacturing tech

the scalability of 2D patter naenlgl tpol aitnetse gfroart ee
but also applies a swellable sacr3Dipgenml usnahle
structure for improved model comp-fFabritgatBdc¢a
time it takes to build tissues using the Angi
Therefore, di fferentofromsS8Desprembeadded cwil i h
experience minimal stress during the biofabri
Compared to a previous published platform, 1|FI
generatidamrobghtpwth vascul arized tissues, t he
capability to create hiedaffioménbal vhsvebael nbt
di amét.€¥sngi oPl ate also allows users to create
seddsemble I i ke endothelial cell s. When comp
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platform, epithelial tissues on Angi oPl ate do
artificial barrier that db9@&4nhtoughl adwmef sweméc
stochastic folding met hod i ntroduces struct
(Suppl ementary Figure 3b), these structural v
from capturing siglnipfercnaenab iclhiatnyg ecsa utséei dg absys ec y |
2 or glucésgur)eadwsmpiocrht nfeans the system can b
especially with significant exiprougnemetl| f ¢amap:

pl am.f or

The use of fibrin is also an importaaspect of the tissue fabrication process. We found fibrin
strongly adhere to the polystyrene surface to form a tight seal between the inlet and outlet
connection channels and the network inside the gel. These connections are strong enough to not
only withgand gravity driven perfusion but also mechanical actuation by an external ventilator.
Collagen on the other hand results in weaker adhesion and connection, sometimes delaminate from
the polystyrene surfaces. The use of gravity driven flow provides ermmeghure to perfuse the
networks with various sizes to support cell growth. However gravity driven flow is not designed

to achieve physiological shear stress in these vessels. The shear stress in these engineered vessels
are usually below 1 dynes/énThe networks in the 384ell version of AngioPlate are sufficiently

perfused with gravity driven flow.

Another key feature of our platform is the opeall design. Different from the conventional

closed microfluidiebased systems, our device allows easy tissue extraction for downstream

analysis. We demonstrated that not only is the platform compatible histbpathological
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assessment, which is the gold standard in clinical diagnosis of disease and drug injury, but when
scaled up, is also compatible with clinical imaging techniques, such as photoacoustic imaging.
Molecular analyses including RNA sequencing and proteomicglacepossible experimental
readouts with this system. These features could allow direct comparisoniivitre data with

human clinical data in future studies for model validation.

The openwell design also allows piabricated tissue to be easily added to each well. For
instance, a monolayer of orgapecific epithelial cells could be cultured on the top surface of the

gel with a supporting perfusable vascular network undernedtérnatively, tissue spheroid,
organoids or tissue explants could be vascularized by placing on top of the gel and the supporting
vascular bed. The platform could also potentially be integrated with extrdoaged 3D printing

in the future to expand modedmplexity further. By having an opewmell design and by removing

the geometric constrain of synthetic membranes or microfluidic channels, the platform becomes
highly versatile. The tissue models, built entirely inside a natural hydrogel with no restricti
boundaries, could be seeded with stem-defived organoids and serve as the initial structural
template to study tissue development and morphogéhdsistly, when using our device, users

need only pipetting techniques for handling all reagents. It does not require users to assemble tubes

or pumps, making the platform compatible with the robotic fluid handling system for automation.

From the aspect of device fabrication, our <cu
we l | pl ate with a pprlomsa yreneéf’bqd a da PDhSied s t
repl aced depending on the application. I n add
wel | I's not always easy to control, which cou
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failure. This problem i s mi-welglat glda&Btea aduaxriggnm.e
platform is fabricated in a | ab setting, some
damaged structures caused during fabrication.
with a si mphleeri ndccerseiagsre,d compl exity of Angi oPlI
required for perfusion does reduce experiment :
of 40 kidneytanHel madetpesupbkat e. However, to
due to quality control, around 20 Ttiessnaée s PoOE
of failure we often encounter is in the plate
pressure sensitive adhesive, hot embossing b
accessi bl Becausprdabttrhe | ack of access to thes
used to bond the plasteées a@editcieowali chabnevat iat

to failure.

From a design aspect, different from 3D printing, our current method does not provide the
flexibility of changing the design on demand. Howewtbg master molds we used for alginate
patterning could be 3D printed without the thw@suming photolithography step, which would
combine the scalability of the 2D patterning with the versatility of 3D printing to allow rapid design
iterations. Alternatiely, the patterned 2D alginate features could be directly 3D printed with an
extrusionbased 3D printer withouwtsing any PDMS molds, which could significantly shorten the

fabrication process while providing even more design flexibility.

To avoid the use of any calcium chelating agents that could potentially damage cells, we used

buffer or culture media with low calcium ion concentration for the degradation of the alginate
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sacrificial material. This degradation is a slower process that can last two days. But considering
the overall length of a typical culture and tissue maturation process, this is a minor delay from an
enduser perspective. D u ant to gote tthat snedia @erfasior i entiredy , i
driven by gravity which varies over time due to the depletion of the pressure heads. Moreover, the
flow pattern is bidirectional.If a constant unidirectional flow is required, customized lids with
built-in microfluidic pumps could be used to recirculate the media from outlet wells back to inlet

wells to maintain fluid pressute

3.6. Conclusions

The tradeoff between model complexity and experimental throughputs has been-stammuing

issue®. More studies are needed to understand the level of tissue complexities that are necessary
in model systems which is likely specific to the biological question of interests. But when complex
tissue structures and the use of natural extracellular matex naeded, the subtractive
manufacturing technique could offer a new way of approaching tissue production and culture to
close the existing disparity between model complexity and throughputs. Moreover, the emergence
of stem celderived organoids will reqee platform technology that can accommodate organoid
growth with an amenable matrix and offer perfusion capability without compromising
experimental throughputsin future work, the integration of organoids and the AngioPlate

platform could be exploréd
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38vel | pl at e. PEGDM solution was injected int

the alginate fiber to facilitate alginate r el
polystyrene sheet patternedembltend aolngtion at ke alm
bott omlwesdd FP84ate, encasing and sealing the al
gl ue.

Collagen Concentration (with extra 20% PBS)
2.0 mg/mL 2.5 mg/mL

Fibrinogen Concentration (with 1.5 U/mL Thrombin)
2.0 mg/mL 3.0 mg/mL 4.0 mg/mL 5.0 mg/mL 10.0 mg/mL

Thrombin Concentration (with 2.0 mg/mL Fibrinogen)
0.5 U/mL 1.0 U/mL 1.5 U/mL 3.0U/mL 10.0 U/mL

Thrombin Concentration (with 10.0 mg/mL Fibrinogen)
1.5 U/mL 3.0U/mL 5.0 U/mL 7.0 U/mL

Alginate degradation time (with 10.0 mg/mL Fibrinogen, 7U/mL Thrombin) in PBS with 1% Aprotinin
Day 1 Day 2

Suppl ementary Figuréy@rogptimhizak x mgr @dndi t i
net wor k fRlrunarte sment i mages o fm nfeltumorressc epnetr fpu
(green) under various gleasedadggedbnadmd i gialbr ii Re O c
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| abel the good conditions that resulted in th
bar, 2 mm.

a GFP - HUVEC R GFP - HUVEC + RPTEC/TERT1 b Variation in structure

Variation in structure

/

Suppl ement &r yAnHii-ppuPnlgateen d a, KiTdnaegys.e br i ghtfi el d
vascularized proximal tubule compl ex. Endot he
were seedeldd dardayi 8n in the structure of t h
resulting from al gi nate Floulodriensgc.e n3c ailnea gheasr olf
tubule compl-axtsehai(ned) feand¥mpBEe pbigéa})field
vascularized alveoli st evremien asle.e dEmd cotnh edayal O cee
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seeded fonVdayaB8ion in the structure of wvascul a
folding. Saohl eFlbuaorr elscnre'mt i mages of a wvascul ar
actin (red) and DAPI (bl ue).
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Suppl ementéar YCyRiogkurnee assay oGyt oK il meanman alrys ikg
perfusates from tissues-a,trneSaBtaed swi thl osi gwiiti
deter mi nedaysANQVWnwaryd ANOVA on r ankisd anki tnme tthhoed
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Plate Lid with air inlet

Plate Lid with air inlet

PDMS Sheet with air inlet
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Suppl ement@r Wekihgaumriecal actuation | i d demage,

of the pl ate |b, dJdoopwna nv i Aenng i o0of P Iddhbep oavant wa teiwo o fl i
actuation | id on eaurngdeawircaegy wiot hsohuaw tahlei g me n
Angi o®l aAtses.embl y of di ff eregmt mearsti © nisn atnlde daecti
of the plate actuation | id, irnicnlgusd.i nAgl It hlea baeilrs
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Chapter 4

Hi ghhroughput Pl at form
Tubul ar I njury (ATI) 1 n
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4.  High-throughput Platform for Modeling Tubular Injur iesin Kidney

Shravanthi Rajasekar, Anushree @Ohaknavarthy
Hendrickson, Ahmed Attia, Mdurd i 3 @bl deuxapynaveArn n a

Sotr a, Dawn S. Y. Lin, Feng Zhang, an

Manuscript under preparation.

Copyr@Bghytang Zhang Lab 2024.

1 Abstract

Renal tubular injury is the |l eading cause of a

n kidney function. This condition occurs wh

damage from various sourcewerntus hl eaadinreg htrot towx|

fibrosis and eventually organ failure. Despit
tubul ar I njuries remains inadequately wunder st
preclinical ngooael .urBpirleddi ous wor k, here we

r

enal proximal tubul est modedgRRrput nmiAanmgo Pl iadiec

well plate format. Furt henrvnacsriev,e waen dd eavuet | oonpaet de de

Epithelial Resistance (TEER) device called An

f

t

or -tnenel mgnofotubul ar barrier integrity 1 n he

hi s pl atfor m, we sudanadsuafoul ldy amad daleercer agegdl

platform' s ability to produce perfusable netw
renal fibubsusi bg €obroblasts with renal pr ox
versatility of oumadndiumhaedree doRIr eamal hpd a»i t
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enues for a deeper understanding of under |

eat ment options.

.21l ntroduction

e kidneys serve as a lvadiads ,fiwittrhatti loeni rs ypsrtiel
mo v al of waste products from the bloodstrea
uci al rol e i n regul ating fluids, el ectrol
ignificantlowetral maihmtmeiolit@despioxomal bobdpul e
e the primary functional wunit, responsible f

om the glomerul ar fil2dr amhe | baclkenaht aamhge |

ywhere in the kidneys such as the renal vas
ten the proxi mal tubule (PT) that bears the
rect ekposteecé¢dmBRBnaht subul ar injury, in wh

|l 1l s are damaged duenephegposunse, tvivasesyusi

ading cause of acute and chronic kidney di se

clinical trials due to nephrotoxicity, onl
d®l sThese discrepancies are |ikely due to t
ansporters often observed in traditional tw

e absence of physiologicabnduestsackl|l asl aub
ich are crititcallhéeroef oreen atlh efruen citsi oan need f or
n better predict renatlormmijprifdtaV Al s thoaeshs fs

capitulated many key structur al and funct.i

nephrotoxicity, most of t!Rédsehpivet pbymscaflt eo]

10¢€



as membranes oOof4‘pThissiceshanoesstheir ability

as renal fibrosis, which requires an amenabl e
cells in the interstit®itUm during disease prog
Il n this work, we | everagethroughputevmioaso iyl il

Angi olP| atoe construct engineered 3D perfusable
injuries in response to nephrotoxic drug cisp

us to generate 128 sets of engi nNeerped fpursoexdi mva |

the need &%. ''avhoyr epouvneprs, t he entire proximal tub
matrix without ahlyl3p¥fysifaali | coaseraiomtsnuous
to renal tubul ar baTrrranesr Hlnecrtersipcoan s eE ptid hied ji
commonly wused in preclinical model s due to it
cells or cell ul?a¥® Dmis@ri d en ViHEmEcRathen® g intonl acks
i's prone to errovam@anativams abnl t e ynp e unea niuceel, p F

handPi’?fo overcome t his [|tihmiotuagthipount aanudt oanhal toewd f
within ouwe plleavteflorpme;sdinaasiopedomabibd device ref
Angi oTEER, that can be seamlessly integrated

ti ssues unde¥rtibmemi nibtled 3 Bidir madalof Angi oPl ate e

mi cropl at e rme adtaprinso ugehyppuemahomper meabi | ity assay
extent of i njuryrtotrhenalndegpremidermn.t Ncrrdawsda on
all owed us to collect media perfusates from e

the | actate dehydrogenase (LDH) cytotoxicity

toaklvantage of our platform’'s capability to



incorporate fibroblasts in thefinbartablxastto carld sos

mi mi c-BHiGFduced tubul ointerstitial fibrosis.

4. 3Materials and Methods

Cell culture

Human Renal Proxi mal TublNEIRET 1E p imaHl e2l idaoln o€ 8| lwse
from Evercy06&@300Q0Zpnt #REHECs were cultured in P
(Cat #O0MB)Y foll owing manufacturer’s pBe)owel e |
pur chasCedd afrrloame L &2W0€113)CatFBsPW®re cul tured ir
supplemented with 10% W asttalt Bowipne-igey awm C&E
penisitbkleipmnomycin solution (10008L)Wiasnedntl 9% i HER|
(1M, Wi sent Bi opSBilducftos,| oGwatn#g 3nmBanuf act urer ' s
cultured in T75 flasks inside &a%. CO@tubatwer e
subsequently passaged for further experiment s

utilized for this w6rk were between passages

Angi oPl ate fabrication and operation

Using our previously published techniques, we
The PDMS molds wwte plakewdi ¢ nadi%d (Sigma Al di
mi nut es, washed with distilled water, dri ed,
sheet. Assembled PDMS mold and adveddi wd asthee e tT
t he rmmiaoomed s with 30% w/v gelatin solution, \

inlets and by applyiwg waceumbkte tbefolukl ehes

10¢



was maintained at 60°C throughout to prevent
gelatin, the molds were left to dry in 4°C at
peeled off, |l eaving the dsied gbhkatsn Thbend
containing the gelatin fibers were then asser
mill ed microchannels that connects three adja
The assembled AegUVPkatei tazetdhandbstolTed at

cast hydrogel, 25 puL of fibrin hydrogel (10 m
10 U/ mL thrombin (Sigma Aldrich, Cat# T6884)

contai ni-mat ttéhrenepdr egel atin fihermrs.omlhe mpleatae uw
mi nutes to allow for crosslinkingwadfmdRiBlEd i n h
supplemented with 1% v/v aprotimwe(2 mgdmd, t
al | well s and the plate wher i hchbatred oatal Bod¥
degradation. After t-RPBS diegradhbht  weh!| sf wgeéeatep
solution containing ECGM2 media suppl emented

and 1% v/ v aprot ibmitre.d Tahe 3phoéalteea nwagH €6 MCadu al | ow

solution to coat the network. Next day, coatir
media suppl emeanpgreadt imitrh wWwes ev/awvdded to all the
for 48 hours before cell seeding. To seed cel

wel |l i, o030 ProxUp2 media supplemented with 2% v
into the tiswpksuef wehéeé eeldl 126spension (0.7 mil
inlet and outlet wells. To allow for cell att:
2 hours after which medisa awds dchamgedidndtpmpe mpf

was placed on a | Fl owRocker (OrganoBiotech, C



its tilting direction edvreirwens frd onhit eFse rt eog gad rliol

fibroblasts were mixed with fibrin hydrogel at
wel | s -cuHotrurceo experi melnttsr,edliln tRrsexu@pEp2 wae ki & U
2% v/v serum and 1% v/ v aprotinin. Cul ture

experi ments.

Dextran permeability assay
To assess epithelial barrier integrity of Kkidr
assay was used. For this assay, a stock solut

Dextr anAl(drigana, Cat #46944) 4qr5d géhmrkeh, TRIaTG O
were pregameduePaecytyh onofDade ¥t,r ®M st ock sol utic
and outl etuwelfl scudndair@0 medi a were added to tl
vol ume across aell |l shr &d uoorseemed i ntensity r
Biotek Cyt-modenr dadnead tat O hour and 1 hour ti
contr ol groups without cells were included. £
fluoerts i ntensity readings of dextran solutio
used for quantifying diffused dedtugntr dhemars
assess barrier disruption dtuye a sos anye pwa so tpoexrifcoir

7 for all experi Aiernetes ttios seunessu rwee roen Isye |leecatke d f o

Angi oTEER setup and operation

The three c¢omponeamt sADbf4 1An gripeeTdEaBhR e sensor , a

an electrode array were assembled together to

11C



sensor were conf-t9Qemn&dampl appde afpaddkW mV and
the conventional TEER meter EVOM2. The mul ti
el ectrode array on one side and tiinopresd afnaccei |sietne
micro pitch header strips Al t ipd aélkdctamad ewse
configured ae€lceoardditnogo otloogay .f ofthre el ectroni c com
a 3D printed enclodsynrenma deanacfi aawar.o/tiTidaen & Ir 11l nep e
range of thisQHreei cwestiesm 1de Widdel . vBabs% cealriobrr)a tael
known resistors and against conventional EVOMN
ensure accurate measuretmenbde .pdwer ac vti ltreo wals a

and was also €quitppead |wiwt hf oOWi aut omat-bwei Imeas u

software. Al | components of Angi oTEER incl ui
sterilnidz atteinoppneraat ures up to 65°C. Angi oTEER we
to taking TEER measurement s, culture media w
mi nutes at room temperature. The el ecamold®s w
mi nutes each and then allowed to dry at room
measurements. AngioPl ate was placed on a war mi

to keep the temperature conistihstAenngti.o TAENEgR ocPd ratt e
electrode pairs and the readings were-baut ot mat
software. Tonawaomidadcdi ons el ectrodes were wash
From the raw Ohn weelruee so b tTab R evda lboyeed e | tciomlt aicn |

with th(e0I@ahr.ent
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Cytokine secretion analyses

Medi a perfusates from each day of drug treatm
coll ected perfusates were then prepped for cyl
10 minutes to remove any <ceéllectdeldriasnnd PpPhe®ceas
Technol ogies for quantifying cytokines in res
Panebl pbl ex assaly@ )Xaol#knfHKbOMMat ory (Cat Hl BEOFBAS)S

Cytokines which wer ectOQRe cfuorra ttehley awsesraey etxoc |dued e

LDH cytotoxicity assay

LDH cytotoxicity assay was performed wusing th
(Cat# C20300) following manufacturer’'s -protoc
drug treatments were f i fpdtatpo dlpleatheiadmiidaotr ed i
weraed demdidn c u lmatoeothe mp e patod & dendd I Omi n uA fets3elr

mi nutt leee,acwason pupsednQg- o st s p | uftridormkei Ra |l | otwvhitnBge
absor btermode lwlas eadd 9 musiBigotCghk ab mo hnioidreeader .

Backgarnbsonddhamrcecdd@mes iarbg o r rbeaandoiénuglsima dveiat ho u't

cell s.
Ci spiliatdiumred renal toxicity studies
After 10 days of culture in AngioPlate,- cell s

Aldrich, PHR1624) for 72 hours. Prior to drug

using the dextran permeabhnbuty -bAesEgy tmabktuiesn
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selected for dose response. Drug solutions we

day we

nstru

preven

medi a

dose.

per mea

cytoto

TGF 1 i

re collected for further analyses. Cisp
ctions and concentratiomrohgDBEPowase ma
t cytotoxicity. Vehicle groups were al so
supplemented with 0.1% DMSO, reflecting

At the end oé& egpeedmdéeémntr, barssees i we e
bility assay and TEER. Medi a perfusates

Xi city assays using the methods menti on

ndtuckewd! oi nterstitial fibrosis studies

TGHFlwas purchased from R&D systems, CaT&# and

nduce

groups

of Pir

theref

Ti ssue

perfus

perfus

guant i

perfus

mmun o

fibrosis, ti ssues -wk(rR&O rseydteedmswb a @a t14C
with and wit-hoeatedbgoblasfls 1laOnFdo gl/ Ohth epoM
fSe rgimdbam e chwe rP& 1ldldbded t oget her . Pirfenid:
ore vehicle groups exposed to culture me
s were treaflfedflwioGhilewi har P¥Dhifolre,t hr ee
ates were collected each day for <cytoki
ed with 4 kDa and 65 kDardatmeahs TbeatHs
ficatingn bwaghddmel dsi mageisngofl nRATgse aonl yM

ates collected were analyzed for inflam

staining and histology
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Prior to fixation, aIBIS wehlrlese we rme swa soh erde moivteh
medi a. The tissues were then fixed in 4% patl
Sciences, C®&®t)# aEME EFEL7Db¥ernighti oxatil &h owRoske
then permeated and blocked using 5X % Almc ana) |
Cat#) overnight at 4 °C overnight on | Fl owRocCc
with the primary antibbdotdees (a8l 6B&di nnPB%) st a
on | FIl owRocker. This was then followed by PBS
any residual primary antibodi es. The tissues
conjugated antibodi 48 WwotuhsDAP 4 °C overnight
then washed with PBS for 48 hours and then i

antibodies used in this study and their dilut

TabllemMBunost ai minmdg trheedagemnctast al ogue number s

Reagent ¢ Type Hos Dil ut Brand, Cat

Phal FoFilduionm Conj uc - 1: 20 Cayman Chem3Ql
a-Tubulin PrimaMous 1: 20 Si gmladri ch,
Na/ K ATP&:¢ Prima Rabk 1: 20 Abcam, ab?7¢
DAPI - - 1:10 Si gMladri ch,
Animouse F Secon: Goa 1:20 Si gmladri ch,

Ant abb#Hb©®4 Seconi Goa 1: 20 Si gmladrich, S

Statistical anal yses
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SigmaPlot and Prism websthused for statistical analyses. All data were tested for normality and
equality of variance. To determine statistical significance;vaag ANOVA oroneway ANOVA

on ranks withthe Holssi dak or Dunn’s method was applied.
mean with standard deviation using Graphpad and at least three independent samples were used

per condition for all quantitative analysis.

4. 4Results and Discussi on

4. 4Dévice fabrication and operational setup o
Our previous véfrswhinl efedalgli oy atlee model i ng
structures, had | imitations due to the use of

l onger fabrication and degradation timesa,s hin
fibroblasts into the interstitial matri Xx. To
opting for gelatin as the sacrificial mater i al
rates wer & ffuiWeh afdeosptteerd our previoushty pabltiesh
an array of 128 networks of straighsegsi ative
adhesive sheet, ma-we hl nSgulpaphl ee nfeonrtngarty DOFii gau t3e8 & s
from a polystyrene base to the adhesive sheet
patterned gelatin fibers were firstwdlrli egll atna
containich@nmied¢ so wiotfh 4d0iOmeunns idoenesp and 500 pm wi
pl at e,i ncgo ntnhercete adj acent well s t ofgied lhrbp. 1N bec
a single independent wunit, the inlet and out|
wel | iI's where hydrogel sol ut-iiomk é ¢, atdlde dg e I0atc

be degraded within oneehowr awul 8d?f€ wmsdng, wac

11¢



perfusabFegohanfikesé channels can then be poplt
Epithelial (RPTECs) <cell s. Mor eover, the shor
supporting cells such as fibroblasts (FBs) [
thwul oi nt er s?€i tTioalesdiabedses perfusion in these
programmabl e rocker that can change its tilt
driven flow, facilitating the circuldetniton ndft sr
simultaneously. Using this method, the tissue:
generation of wvarious readouts such as per me
secretion in response ited dpiantgh a phhoyussiaonldosg iod a lp od't
a single RAingupellad e. (
a b Inlet _ € Culture media
Tissue well
/ / /Outlet =
AngioPlate-384 | /
Microchannels J el o ‘
Gelatin min y
fiber Perfusable
network
128 independent units f f
d
( 128 Perfusable tissues 2 Tubular injuries 4 Readouts
Anetise Drug-induced Tubulointerstitial Lio
t%xicity Fibrosis .\.’ - E
m‘ Dextran -assay
; - i B2 7 I[E)}E-iR !iiasa_’
N—— "4KDa®65kDa || cisplatin TGF-B1 st e b
Day 7: Dextran leak test Day 11: Induce injury Day 14: Assay ready
Figure 1. obhregiadRPloamt eend envaplemaigeendfal am ed¢ mtpi r e

showcasi an

ng
i ndependent

array

one uni t of

Angi oPl ate which incl

11¢
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together by microplhaneehedacgtbiasimata ompreand c
i mages of open perfusable networks after hydr

media containing food dg¢Soclhoermadye fiod ust sabl bom

ti meline and readouts
4. 4CRaracterization of proximal tubules in An
To develop a kidney proximal tubule (PT) mode

the inlet and outl et well s Ringluiwa thaild dqiLf fl e rg
l iquid volumes generated a pressure head allo
within two hours of seeding after which perf.1
confluent epitheluilumrwiutjl@ihba owéék cokent of va
tubul e di amettewese n( ~d2i5f0ff epramwmat b et ii fsfseureesnt Angi oPl
to be Il ess than 5% and no significanbetdwéénrer

di fferent SAunpgpiloePieantteasr)y.( FHiugurheer2a haracteri zat

tubules (PTs) confirmed that the epithelial c
the cruci al renal mar ker Na+/ K+ ATPRisguiavdd v
. Additionally, the expr edairorreaf ttohitd et rbarsg
the tissue, mi mi cking the physiologi calgulrecal
2f) The renal eepxi ptrheesl siead pcreil mhasr yalcsiol i a whi ch h

as obser vleudb wlyi m | ¢hmpue.€sIkg i(maging further r e



in the renal epithelium had one primary ciliur

surface were cdvgrue.ce 2rh)microvi l i (
4 b Day 0
Culture media ‘:wl«g
= 000
RPTECs — —
R T SN |
s . : ¥y * e et ¢
Hydrogel TR i e s I
Q- '-..2: iy g - =
| I . 3 . . e

200 um

Figure 2. Characterization of ki.dandy uprtaxitmaln
RPTECs seelBmiggsteftiuepl. d i mages showing growth |
net wor ks. S cd@BIDes zbaack clommf.#dal st magepowtfaoys isuvond i
ATPase tr ahEKATloPratseer) (SNaa |l kdZ ba@amerd 2 Ontd ek © P a s e

staiem@mmf.oc al I maging s h/oRATPP@ seo Ilmamrikzat iton tdfe
t he fRD:n.f oc al i mage of PTs exptebdiSEm. pmamear 9 f
PTs expressing primary <cilia and microvill:i

4. 4A8sessing barrier integrity of proxi mal tu
Next, we evaluated the barrier integrity of |
crucial role of proximal tubules in forming a
To assess epithelial bdaerxrtirearn ipnetrengeraibtiyl,i twe das s
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medi a containing both 4kDa FITC Dextran and 6°
channel s for an hour, from which dextran that

7, we observed that RPTECs sgtcésshuldextfanme

to our no cell control group. This indicated t
(Fi gurbe Fde barrier was intact and stable even
of permeabitlwieeyy dalfdies embé tissues in an Angi o

indicating consistency within an AngioPl ate \

di fferentFicgounrdei t3iconsSu(ppl)ementary Figure 2b

Whil e the dextran permeability assay can pro
prevents the transport of molecules of specifi

measur ement si rcvaas iofd emo miothoirmen gp aaicmrtoss sd wrairn ¢ ue

However, conventional TEER sensor | ack high
measuring | @2°PgMorsamelre $ihzér manual measur e m
bias and error into the resul ts. To overcome

devel opetdhraoulgihghut and fully automated TEER n
(Figupe 2AamgiconhEBEERts of two main components: ar
of @dladed el ectrode pairs, and an enclosure d
use. The el ectrode biomrdSBdardoWiprped i wioteh gsa blb
easily ~connect the device to a computer to
automatically recor d-tt m%u ptpelaessnuer netda jvya | Fuhegsu e ent 2r
device was designed to repliican.e TAwa i palil rag eo fl

constitute one independent uni t . The el ectroc



f

r

aced on the AngioPl ate, one pair is inserte:
ddl e/ t iIFSgwe.ewa8lel) -feha s tfopal ogy setup, one
ectrical current to the system, while the o

om whi ch tot al el ectrical resi stance was

Angi ®BR,E we were able to capture the progressi

(Fi

met er and known resistors to ensure accurate

guye ABAhgi oTEERawas vaal dlat @tdedgai nst both coc

observed that the epithelial cells reached ¢

3

S

=]

—

-

(7]

c

di catiatge .stFardyt Isits reason, subsequent assay
The values report €e€ldt BlirectReiss sl AEREWhieph es
cludes resistances from both the owlet urcanme
troduce variability, a proper approach woul
only the mean values of each Day. However,
ogression of each tticc spet emtdi aplr owa rdieadt %bi)onnssi g
tween tissues within the same experi ment an
s@yuppl emeing ag Codmpari ng -oant RPTERCgcElef dues
ntrol gdempsthat' shevRPTEC cell s eX¥highiirte an

Il n contrast,-ccehé cesitsbange oup Dthis@maran e @ n

ggests that the increase in resistanche is p

ti ssues.
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4 kDa FITC-Dextran 65 kDa TRITC-Dextran

No cell control With RPTECs No cell control With RPTECs

1 Nocell control [ With RPTECs

Day 7
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o Day14
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| e 3
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Figure 3. Assessing barrier integrity of ki d
Fluorescent images of PTs perfused with 4 kDa
Day b@Quantification of di ffused dext-thAh, usi n
Variations in tissues within an Andgdoaploanteen tuss i
of AngrDelEiERe encl osur e, el ectrodeeplolawslt camit c
on electrode pair inserted intrest bicaswleetmeartd

fTot al El ectri Rarle aRaigiegneaincse of TE ndi vi dual PTs
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barrier for mat i ognT BBRh dmeianstuergermetnyt s( no=f S9PdA.tsi atnidc a
significance waswaegtANMYA.ed* RISO.n®5 o*n*eP<0. 01 * *

4. 4Mddel i ng -inidsupcleadt itnubul ar i njury in Angi oPl a

Cispl at i-mppracmmvd&dAchemot herapy belonging to the

treating ovari an, testicul ar, and bl adder C a
medi cati onnephg odoutiei ty, occurring in approxi.
dritg This toxicity manifests as injuries to t

treat ment dosage range for patients r%2cwitvhng
nephrotoxicity commonly ob3d%3ewheant tdanesd adrxd
vitro setting using a 384 well pl @Vt eb efi mrgmasta,f
and beyond that having a high risk of nephrot
tubule cells in AngioPl ate wityhyM ciospltdtriere dl@s
expected we observed significant tubuM)ar eaespi t |
evidenced by both brightfield images and dex:!
treecantbmm qurcg. 4Addi tionally, TEER measurements |
began to deteriorate within 24 hours of trea
emptying the holuamneclosnshyst 48t with our observ
(Figur.e Thde) Lactate Dehydrogenase (LDH) <cytoto
indicating elevatumddioBld Icewmelas eritgtuoyhes tdbdei 0c adtoi sn
renal i njury. These results together indicate

bet ween (M.1 TthoeslkO0 findings were con%itsatddnt wi
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established inf®Y¥howdogi ngatr aogesmodel <can cafj

tubules in response to nephrotoxic drugs.
a
RPTECs Tissue barrier Cisplatin Exposure Dextran Permeability Assay
seeding quality check TEER measurement
Tissue maturation Collect media and treat with Cisplatin
< > < > LDH assay
Cytokine analyses
Day 0 Day 7 Day 11 Day 14
b
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Figure 4. Mo d enldiuncge dc it supblud tairn i ngxupreyr iimme nAnagli otR |
for inducing ibnBrurgyhtafnidelrde admautess. of renal tub
of cisplatin at 24h, 48%8s assdtim@ddudre®lg eolaea rhaemr I
using dextran permeability assay (n=5). d, T
ti mepoints duriefMpdeap peurfas@n=5) .analyzed for
cytotoxi th Mgdi(aa=p@amfal yateels f or cytokine secret
Statistical significawmaye ANGVAd etre rAMNiOnVeAd ouns ir mag
**P<0.01 ***P<0.001.

Further analysis was performed to -4anahdzB8GAhe

in response to the injury wusing meidd wrhgp.edff us .
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While these renal mar kers were expected to be

decrease in the | evaMscisptassnesompaenéddt wi 0t
controls. We suspect that the observed trend
i nit-habur 2%i ndow, during which the cells may n
mar kemse lhefdergoing cell death.

4. 4 Mbdel i ngl h@Rtceldul oi nterstitial fibrosis in
To demonstrate the ability of our platform to
the interstitial space of renal proximal tubu
gel chisgbahg We found that the renal proxi mal t
and become confl uemhitg Biye DRyYyr trThars dedfogemgnt o
integrity using dextran permeability assay r €
without frirbedbd atsitghtf obarri er against dextran
with only fibirgtdda.stldowewearp,s We observed that
7 1 n -ctuhlet ucroe groups were significantly better
and on Day 14 no significant di fferences wer
fibsoll an the hydrogel, accelerated epitheli a
fibroblasts play al Reyregkeernatfanitoteéabingat
Staini-agtiony & cytoskeleton marker showed tha

matrix surrounding the proxi md&li gtbggleul es mi mi c

Tubul ointerstitialkiFdimeysdissdddé&)t hat ai £hcoms i

pat hway of alPF! Respieyediseasesvserity, there ar e
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prevent TIF progressidnaastiormnag Geuefidatnhdo Radte
fibroblasts have been identified 4% Pihefemiudao!
(PFD) i-spmr &cWWAd drug for pul monary fibrosis tfF
mitigating renal d@EE#Tonemibmi d nthd od It o inmgt errGFt i t |
the effects of PFD in AngtitcauRItautree, awed srteinnaul s
condi ti onBlowWiGHiLwilr GR FRARDfY(e I n the groups witho
observed morphol ogi cal changes such as tubul a
border i nTGRRIcmapsag etdo t o t kegoglki ¢he egrcsupng(ly
not observe these mor ghud It g ieE aghrdudpas g e sh oiwre v &
observed an increased proliferationmGBpfL fibroc
Suppl ement athy. FTlgius ew8@GHIX psedtnevdo lavsed i n the
fibroblasts proliferation in TIF. Further qua
groups stimudpht ee wubhl e area had significant
vehi cT&Fpawitht PFD groups i n Friegs@poen s\e tsou sfpiebcrt o sti
extensive migration of epitheli alGHlédlults nwe ol

caeulture conditions, dodlferbetdati 6o ohet phul

compensate for the absence of fibroblasts in
fi bfSoshwbrt her assessing the epithelial barrier
dextran permeability assay, we -oWblsteurvedcomdir!

induced -@liitni E@Eing tubul ar damagé&/(Fdi@myiest ent
We al so observed bartirent dGsfiaptti & Di n ndi saue
PFD was unable to prevent or reverse this dama

the media perfuddatres cfornamt ¢ @ n-isn ff loa mnbaott ohr yp rcoy
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expression | evligGHFglLaint G#pewiptom sHa Fghbk-(g . We observ
significantl y -ihnifglhaemmmalteovreytCss otfa kpringgE Bl & GdMo mp ar e d
both vehGEpLwi tamdPFD groups. We o0bsienrfvleadmnaa tdoercy
cytoki nes -tirne agirdodisdsa haio PFD c d@pMA Wed at s o obser:
decreasing -Il,evaelcsheniokMCPe i nvolved TiGHlmodocyt e
TGH1Iwi th PFD groups compared to the vehi-cle. V
1 levels in regpoipBleavte demogrieeviimnyulry -shown
1 therefore acting as an ifiminosheppfessart we
this further to understand thd bhgeflimki Simsr & ihs
PFD has been previously shown to-isndipraesnat buy
cyt ok-L ®8%.*%Aonsistent with these studi e, ime sz¢

ti sstdeaxractddGFpfand PFD. These findings indicat

potenti al treatment for TIF. While we did not
the positive shift in cytokine profipessuffest
t hat a | onger treat ment durati on mi g ht be n

Neverthel ess, the albidfifteycttso tdhertceuwcgh tah ecscembiinn &
underscores the strength of our platform. We
cytokines in tShuepppanmeelntanal y2vegdu (¢ | 3ct hese fi

suggest that AngioPl ate can be | everaged to s
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FiguMed®l i nfli mMER+Hcelul oi nterstitial I[flilbursdagiad iic
of fibroblasts seeding in hydrboBri ghtnfdi eRPdT EiCn

showing growth progression of RPTECs inside |
interstitial spRlceor &x@ad ret biamagdsnmof PTs per f
kDa TRITC dextran oQudayi f7fi @atdi dmyoflddi ffused
per meabil i tlyde¢a3sDssatyadkn =d@2ndB®Ec¢al sumagended by f|

the hydrogedctsitmiafng pbeRiIiment al ti meline for i
fibrosispuhtBr iTgdR fi el d i mages of PTs with an
treated wit-BbvieGHB vii ¢ h iT@MBNt i fication of tubul
group from brightfield jiAmasgess i-Bdimdeiklerda ghear X
di sruption in using dekX2)ymMéa&gica mpabf Usalyeasart
cytokine secreti oStsatdiuset itcomli msjiugrnyi f (i c=asgcye was
ANOVA or ANOVA on ranks. *®Pg0iMdi ¢cadtPed. ®d Si*gn

4. 5Di scussion

I n this study, we engineered functional 3D pe
all ows for the parallel culture of 128 indepe
versatility of our pl atfor mr éoryalmoidrejl Uri ings .t hT|
versatility and scalability is needed to acco
that often require numerous replications, and
The wwelltli pl atg wWwiotr mhgr agminfy|l ow t hat requires

t hem-tenassey al t ernatives compared to other microa
pl ate for mat al so makes them compatible witt
mi crtoeplraeader s, robotic handling systems, ma k
wor kfl ow. While current fabrication methods r
3D printing to print gel atin fbybegtsr edamleicntil ny

accelerating the f ab4%li cAattihoonu gghr ooctehsesr ipnr otxh emaf

12¢



mu kwteil | format exists, they typically only sup
with the other KAl brchhverad ant pfastat membr
matrix which are not Physnopil oRliatad | gl Irews eg s
perfusable | umen embedded in natur al hydr ogel
need for any specialized | ab equipment. Thr ou{
of our modeki wgthsmaysi pueh as dextran per me
analyses and LDH cytotoxicity assays. +Furthet
throughput TEER meter, Angi @ h&BaR iwhei,c hr agli ldo wree
t hr owtg htohe dur ation of experiments. Previous s
cyt oiknsheced inflammatddyltefivealtd be inteséesnei

potential of Angi oTEER in exploring similar p

Kidney is a complex and heterogenous organ wi
making it challenging to determine the relati)\
in the diose¢ease PFfoRgaresesx ampl e, chronic kidney

compl ex disease driven by a fibrotic niche co
underlying conditions all working together to
m&kes it challenging to study TIF, resul ting i

i mited tr éd%tWeinlte oprniimals TIF models could pr

however challenging to understand the individ
progression which could allow wus td? idweatify
di mensi onal TI'F models on the other hand, ar e
mi croenvironment. While there are existing ef



platforms, they however | ack throughput, tubu

per fA4Ps4%clnhese devices are also membrane based

remodel ing the matrix that is cruci al in TIF.
does not allow for any modul ari tysdarsads ilsi kod t-
Angi oPl ate holds promise as a potential solut
address specific biological questions in renal

The dbpendesi gn enahbel essntuisr et ot i esxsturea cftr otm t he w
anal yses, facilitating direct comparison wit
Moreover-st hrobughbpughheemd | yserapabilities wil/ al

new dwutgs) slo repurpose existing drugs to trea

4. 6LIi mitations

Whil e AngioPl ate offers numerous advantages o0
al so has | i fiEtRAt iiommso.r t Blhe zBd human pri mary r
(RPTEC/ TERT1) wutilized in thissskeygyt‘barcgphps s e

as the Sodium Glucose Transporter 2 (SGLT2),
| ack cruci al drug transporters | i ke the Organ

uptake and clearance of nQipdaoafoa voixri,t® Addrbuf gesv csouuckt

l'imt the model's ability to screen certain d
in vitro is a common | imitation o%s®rTwheed eiforle
to address this | imitation, a potenti al sol u

der ikvialhey 9&2gmnpidsi mal t ubu®AT1c/e3l)l whiinceh (hcaivi

13C



genetically engineered to stablynisexpoessds ©AN

model's capacity to accurately screen and eva
Due to I'imited access to human primary renal f
as a-oroonocfept to highlight the i mportance of i
space in proxi mal tubul eadseemoWhitlrat edr t 8udy g8
cul ture, showcasing how fibroblasts enhance t

fl-i nduced tubulointerstitisadecfiifbircosfiishr otbrlaamsstis
would allow us to explore the pathophysiology

further using our model

Il n our current study, our primary focus was C
with fibroblasts in the interstitial space, h
for future investigationsfibvo$vsngrtboaehemmuae

inclusion of vascdhl anobpepmightnbevasaoaol atur e
chall enge, as we would be able to easily add
our current fabrication method. This wil/l how

pdrusi on of both the vasculature and proxi mal

4. 7Concl usi on

Renal toxicity poses a significant clinical cc¢
di seases. While developing drugs with reduced
t he compl exities Il nvol vekd dney pdadiagei negar agd

131



devel opme®nt Mpreoess, di seases such as renall
approved treatments, and their underlying mec
the inadequacy of cddr rAenngti o Pt @at ki rhiocl adls o deenles
addressing these n-fedsn diylyrpordogviggduitn gp laatu soearm t
testing of 128 proxi mal renal tubules simulta
as automateidnd ,EEd®Re sternan per meability assay, L
secretion analyses. The platfforimngdl f apstsi amakl
invaluable preclinical t ool for scretymwiagdpot

studying renal disease mechani sms.
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4. 18uppl ementary Materials

a
Step 1: Pour PDMS onto the micro fabricated epoxy molds Step 2: Cured PDMS in peeled off the epoxy molds and laid
containing an array of microchannels onto a pressure sensitive adhesive with no applied pressure
1:10 PDMS
! J
\"l \
e T Inlet Outlet
\ 1 |\
L A L J
Cure at RT for 2 days
| ——
' *-----® PDMS mold with 128
% anian @ Micro fabricated epoxy : single micro channels
molds with 128single L ... .o Pressure sensitive
micro channels adhesive sheet
C d
Step 3: Gelatin solution is added into the inlets of PDMS Step 4: PDMS molds is peeled off and the adhesive
microchannels and aspirated from the outlets to fill up the sheet containing the gelatin fibers are assembled onto a
microchannels bottomless well plate containing milled channels by

applying pressure

Aspirate gelatin
30% w/v Gelatin solution to fill channel
Inlet Outlet “......s Adhesive sheet with
dried gelatin fibers
Dry at 4°C at 25% RH
for 4 days
—

©® PDMS mold with 128
single micro channels

.o Pressure sensitive
adhesive sheet

-® Assembled AngioPlate

Supplementary -bFysgepef abr iSd etpi ofi Mt AngsoPRPf atse
photolithography, we fabricated a PDMS mol d wi

i nl et and Johuet Inmeotl dweMals. t hen capped onto a pres



an arrayx hafm nmil canjeghtewonrektswor ks were i njected wit
into the inlets and aspirated out from the ou
the entire mol ddwaze IPOMS tmo | drsy waetr e4 pe.el ed of
containing 128 dried gelatin fiberswalelreplaastse

by applying gentle pressur e.
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5 Conclusions and Recommendati ons

5.1 Conclusions

Al t hough-t hbwoughgtht mi craowphysipodladgioc anls melr i de
this thesis wor Kk, it i's cruci al to emphasi ze
determined by the specifictkiclhogibeala @uevset if a
studying biological Jpoprogeeszeaesi omhabofrehei cellb
in devel opment al bi ol ogy has established that
devel opment ht onemeaebto Itihce nheiegds ofl oFTlhWandy-dami ag

assembly process through which both endothel

organi ze into vascularized organoids supporte
be | everaged for gaingegesieepeThisasighas aspe
cannot replicate. Additionally, the | FIl owPl at e
alterations, such as angiogenesi s or regressi
EndoaheGiowth Factors (VEGF) i nhi bitors such
various cancers by inhibiting the formation

regr és sBieccma us ea sosfe mbHey snealtfure of bl ood vessels

to recapitulate this regression morassembeégt i

process |l acks controllability &aheée epi mbeki pm
l umi nal fluid flow making it chall enging for
Angi oPl ate can be particularly wvaluabl e. We

| ocation of tubul arr esprraucu airlelse .maNa rneggo vi @r ,h itghhe
capabilities of AngioPl ate makes it a powerfu

vascul ature and epithelium barriers such as
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di sedsBhese points underscore the importance
the complexity required. That bei amgel daifdo,r mad

making them high throughput and caocsmpmitd rbd pel aw

readercsontheinggh i maging systems, and robotic |
coupl ed wi tflhr i ehédliy desergn, facilitates wi de
advancements in our undeantaseEpedi bindi sbhasdr

process.

5. 2Recommendations for Future Work
5. 2A0t omating platform fabrication and wor kf|
Even though the transition from alginate to

Chapter 4 has expedited the fabrication proces:s

prolongs the overall manufactureng maocabksinf
for gelatin restricts us to filling one col umr
can | ead to premature gelling before the cha
producti onenngoirneg cwiatlh our current approach. 1In

3D bioprinting to print-cgaltatilmhefdi peinntheiang o

sheets thus eliminating the need weorc uPrDrMESN tmoy ¢

to generate the straight gelatin channel s. C
Angi oPl ate (Chapter 3 &wed) pll att feo rf nesr matt i, | ipzreo
handling systems to aut olmaad ebd dhemesx preari anefnd ad i
way for streamlining the entire gel casting,

This automation of both the fabrication and e

14z



consistency and reproducibility while cutting

broadening the potential scope bBfguoheilause i
5.2l Ategration of Biosensors with | FIl owPl at e
While the integravasnvef  TEBRI d, entornode senso

described in Chapttecdiwely mbhiowomwsthe heal't

homeostatic and diseased states, in the future
fluctuations in pH, temperature, oxygens. | act
The fluctuations in these parameters represenit
mai ntaining physiological conditionsp® tFHosrsue
example, in the renal proxi mal tubules, el eva

di sruption of their reabsorption function and
di abetic ®nePyhriophéefhyati ng omhgen sessarshéenso
that changes in oxygen | evels can help detect
dr dgsl ntegrating such sensiomwsasdapabl dgoinhé naat
monitoring with our platforms would make t hen

towards more effective tFegtumentld and ti mely

5.2D8vel opi-omrggamulmadadel s in Angi oPl at e

Il n this thesis, we effectively demonstrated

including vascular and epithelial i nteraction
upon this foundation, t hersecopse ptoot eenntcicanhp atsos bm
t i slseuvee | interactions within organs. For insta

14¢



the lung's smal/l airways and alveol i, or exp

gl omer ul i and proxi mal tubul es. Expanding on
mu lotrigan i nteractions, aiming nheoswae-Otelpd he edeve
model . As discussed in Chapter 1, various ende
have successfully interconnected different 0

systemic circul atimmhaandnenbablciomgpl| ekepbysi ol

mul tiple &r g@inverysttleenssi mpl i city of our fabric
multiple wells, thereby enabli Fggmyer doreiodiec
t o i ncor psopreactief iocr gtaonpogr aphi es, we can use 3D

previously publPi s®eadh fa oml awufrorlmbwoul d great|

simul ate intricate physiological I Att herroaucgt hi pounts
manner
5.2S8udying sex differences in organs wusing |

Previous research has shown significant s exu.
responses to medicati é6h bert wieesnt arad e,s diinab d teim
been observed to progress more Asapand!|iyni ni anlal

journey of wunderstanding sex di f fFerreeinxcaess ,a nwde |

Ana Konvalinka to |l everage th? Maelres aotri |fietnya |oef
tubule cells were cultured on top of the hydr
(Figune 1d was observed that mal e cell s f or me
Freixas, et al observed that mal e <cell s h a
mi tochondria respiration rate indicaarngethig
function. This could explain the higher barrie
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hi ghlights the need for i ncorporating sex I

orchestrated using robotic liquid handling sy:¢
compatibility of these pl atsfdae msxperi mends ctilm
by fostering further collaborations, we can g

ot her di seases.

a. Automated workflow || b.Biosensor integration |

3D Bioprinting for printing Automated experimental workflow Rapid and automated sensing of TEER, O,, Glucose, Lactate
gelatin structures using robotic liquid handlers for real-time monitoring of cell function
c. Multi-Organ-on-a-Plate | | d.Incorporating sex |
PTECs Male PTECs Female PTECs
Intestine Liver Kidney
Hydrogel

3 No cell control [ Male PTECs Il Female PTECs

® O

7 5104+
]
§. 4x10-+ ITT
; -
& 3x104 - rashod
5 2%10++ B 3

Flow % w1044 [+ | . =
8 0-

Blood vessel Day 3 Day 7
Males form better renal barrier
Figure 1. Recommendat i Aamtsormatri ofnutafr ep Iwaotrfkosr. m

wor kflow using 3D bioprimtlert egmdé tliiooqpuiod Hhamdle
pl atforms t-0bi mé| 9en $iomgc MéltQriegialmPfl ulart cet iiaan .Angi o
connected through cemdacaiafli ccitrcapd @rtampmi.esOrgam
hydr ogel using 3D printedSsuawmpngecexi gdqud ffr
platforms (Adapt¥d from Freixas et al
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