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3D EPITHELIAL ORGANOID CULTURE SYSTEMS AND METHODS

CROSS-REFERENCE TO RELATED APPLICATIONS

{86011 This application claims benefit of U.S. Provisional Application No. 83/505 486,
filed June 1, 2023, which is hereby incorporated herein by reference in iis entiraly.
BACKGROUND OF THE INVENTION

[0802] The gasirointestinal (G1) ract is not only responsible for digestive functions and
absorption of nutrients, but also plays a key role in mediating the abscorption or other bicactive
compounds {e.g. drugs, gut flora metabolitss) and shaping host immune responses (Lindsll, A,
E., et al. Nat. Rev. Microbiol. 2022 1-13; Ma, W. et al. Front. Microbiol. 2018 10}, As such, it
has come under increassd scrutiny for potentially contributing to areas of human health far
bevond the Gl tissue itself. This has been demonstrated in the case of cardiovascular health
(Wang, Z. ef al. Nature 2011 472:57-85; Koeth, R, A et al. Nat. Mad. 2013 19:576~-585;
Gregory, J. C. et al. J. Biol. Chem. 2015 280:5647-5660; Claesson, M. J. et al. Proc. Natl.
Acad. Sci. U. 8. A 2011 108:4586-4581, Jie, Z. et al. Nat. Commun. 2017 8:1~11) and in
neurodageneration (Holmgvist, 5. et al. Acta Neuropathol. 2014 128:805-820; Scheperjans, F.
et al. Mov. Disord. 2015 30:350-358, Braniste, V. et al. Sci. Transl. Med. 2014 6; Sampson, T.
R. et al Cell 2016 167:1469-1480.212; Mertsalmi, T. H. st al. Eur. J. Neurol. 2017 241375~
1383, Pietrucci, D. et al. Parkinsonism Relatl. Disord. 2019 65:124-130), although the exact
molscular mechanisms and causal links have yet {0 be studisd in detail. Whils in vivo studies
using animals such as gnotobiotic mice have been indispensable in observing associations
between the gut and wider aspects of host health, in vitro models of the Gl tract are highly
coveiled due fo their relative simplicity and relative ease of use. Due o the absence of crossialk
and other convoluting faciors associated with normal host physislogy, simplified in vitro modsls
of the gut epithslium have immense utilily in facilitating molecular mechanistic studies that
provide clinically-useful insights into the manifold ways in which the Gl tract regulates human
health. This is especially so considering the rising global health burden of not only Gl- related
chronic inflarmmmatory conditions {(e.g. inflammatory bowsl dissase, Crohn's disease and
ulcerative colitis) (Kaplan, G. G. Nat. Rev. Gastrosnterol Hepatol. 2015 12:720- 727, Ui, K, st
al. Front. Med. 2022 9:1-11), but also that of cardiovascular dissass’® and neurological
disorders {James, B. et al. Neurology 2014 82:1302; Winblad, B., et al. Lancet Neurol, 2016
15:455-532, Association, A. Alzheimer's Dement. 20198 15:321-387) and Gi-related chronic

inflammatory conditions.
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[06031 Early in vifro models that use transformed cell linss such as Caco-2 or HCT118
have steadily been replaced by in vitro primary-derived intestinal epithelial tissues as the lalter is
demonstrably capable of producing models that successfully recapitulate physiclogical
functions, model! Gl disease pathophysiology and studying drug responses {Sontheimer-Phelps,
A. et al. Cmgh 2020 9:507-528; Jalili-Firoozinezhad, 5. et al. Nat. Biomed. Eng. 2018 3; Co, J.
Y., et al. Nal. Protoc. 2021 18:5171-51982). Modsls enginsersd from in vifre primary-derived
intgstinal epithelial tissues rely heavily on ECM materials such as MATRIGEL or collagen type |
to enable successful cell proliferation and differentiation, whether as 3D organoids (Sato, T. et
al. Nature 2009 459.262-265; Zhang, Y. G, et al. Physiol. Rep. 2014 2:1-11) or 2D surface
monolayers (Wang, Y. et al. Cmgh 2817 4:165- 182.67; Wang, Y. et al. ACS Biomater. Sci. Eng.
2017 3:2502-2513; Nikolaev, M. et al. Nature 2020 585:574--578}. Typically, Lgrb stem cell- rich
crypis are harvesied from animals or patisnts and are then expanded in vifro io form
organcids by suspending within ECM, typically MATRIGEL due to its similarily with basement
membrane matrix, or plated on ECM substrates (e.g. collagen type lor MATRIGEL} to forma
continucus surface monoclayer. Nevertheless, these ECM materials possess extremely low
stiffnesses (<1 kPa) and slow gelation kinatics espscially in the case of collagen type |, which
fimit their ease of handling in bicengineering approaches. The same problem is more or less
true for other recently developed scaffold materials derived from fibrin (Broguiere, N. et al. Adv.
Mater. 2018 30) and polyethylene glycol (PEG) {Gjorevski, N. et al. Nalure 2016 539:560-564)
as these material systems were specifically engineered to match the low stiffness of MATRIGEL
or native iniestinal epithelium ECM.

SUMMARY OF THE INVENTION

(0804} Disciosed herein is a 30 culture system that can produce epithelial tubular
organcids. In some embodiments the 3D organcid culture systam involves a filament having a
bicactive hydrogel core and an inert hydrogel sheath, wherein the bicactive hydrogel cors is an
extracelluiar matrix hydrogel.

[00G05] In some embodiments, the inert hydrogel has a diffusion rate for growth factors of
from 1 x 107 to 9 107 om¥/s, including from 1 x 107 fo 5 x 107 cms, 5 x 107 1o 8 x 107 cm/s,
2x107 08 x107om¥s, X107 o 7 X107 omé/s, 4 x 107 1o 6 x 107 em?s, Ix 107 10 9 x 107
omés, and 1 x 107 i0 7 107 omés.

(008081 Without wishing to be bound by theory, the diffusion rate of the inert hydrogel can
accentuate Wit signaling in the transverse direction and result in hyperpolarization of the

organoid while also allowing for a sufficient ievel of growth factors at the initiation of culture.
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[06071 In some embodiments, the extraceliular matrix hydroge!l is a natural or synthstic
hydrogel with active cell binding sites. In parlicuiar smbodiments, the exiraceliular matrix
hydrogel is MATRIGEL, collagen, or a mixture of MATRIGEL and collagen. For example, the
extraceliuiar matrix hydroge! can be a midure of 80-70% (wilv) MATRIGEL and 10-30% (wi/v)
coliagen.

(06081 In some embodiments, the inert hydrogel is polysaccharids hydrogel For
example, in some embodiments, the inert hydrogel is agarose or alginate.

(08091 In some embodiments, the core has a substantially cvlindrical or cuboidal shape.
In addition, but independently, the sheath can have a substantially cylindrical or cuboidal shape.
Other shapes can be selected based on the choice of extrusion nozzles.

(06181 In some embodiments, the corg has an averagse diameter or width of from 0.3 {0
1.0 mm, including from 0310 05 mm, 0510 1.0 mm, 040 0.8 mm, 0310 8.0 mm, 0310 0.8
mirt, 0.4 0 0.9 mm, or 0.4 to 1.0 mm.

(08111 in some embodiments, the sheath has an average thickness of from2.010 6.0
o, including 201040 mm, 40060 mm, 3.8t 50 mm, 3.010 8.0 mm, or 2.0 10 5.0 mm.

(00121 In some embodiments, the bicactive hydrogel core does not comprise more than
0.05%, 0.1%, 0.2%, 0.3%, 0.4%, or 0.5% {(wl/v) agarose. In some embodiments, the bicactive
hydrogel core does not comprise any agaross.

(08131 in some embodiments, the filament comprises two or more bicactive hydrogel
coras coverad by the inert hydrogel sheath, e.g. 2, 3, 4, §, 8, 7, 8, or more bicactive hydrogs!
cores covered by the inert hydrogel sheath.

(00141 In some embodiments, the system further involves stem cell organcids in the
bicactive hydrogel core. For example, the core-sheath hydrogels can bs produced using co-
andal extrusion of a bioactive pre-gel soltion and an inert pre-gel solution, whersin the
organoids ars present in a bicactive pre-gsl solution prior to extrusion.

(00151 In some embodiments, the organceids arg produced from stem cells or progeniior
cells. For example, in some embodiments, the celis are intestinal, colonic, gastric, hepatic,
pancreatic, rectal, mammary, or lung stem cells.

(06181 Also disclosed is a msthod for producing an elongated epithelial fube from stem
call organoids that involves culluring the disclosed 3D organoid culture system in a growth
medium under growth conditions o produce the elongated epithelial tube.

(08171 in some embodiments, the stem cell organocid is an intestinal organoid and the
growth medium is an intestinal organoid growth medium. Other combinations of organcid and

growth mediumy are known in the art and can be used in the disclosed systems and methods.
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For example, in soms embodiments, the organoid comprises duct epithalial celis, such as
mammary or kidney duct epithelial cells.

(008181 In some embodiments, the mathod further involves removing the core coniaining
the elongated epithelial tube from the extraceliular matrix hydrogel.

[0819] Also disclosad herein is a screening method that invoives contacting the
elongated epithelial tube with a candidate agent, culturing the siongated spithelial ube in a
growth medium under growth conditions, and svaluating the elongated epithelial tube for a
physioclogical effect. For example, the physiclogical effect can be one or more biomarkers of
diffsrentiation, one or more stem cell biormarkers, ong or more gene mutations that lsad to
inflammatory bowel disease or colon cancer, or any combination thereof,

(06281 The details of one or more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other featurss, objects, and advaniages of
the invention will be apparent from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF FIGURES

(008211 FiGs. 1A to 1C flustrate various embodimenis of a bicactive-inert hydrogel core-
sheath structure for culturing epithelial organcids to form tubular organs. The bioactive hydrogel
is shown in the core of a core-sheath structure. The sheath can be a oylinder (FiGs. 1A and 1B)
or cuboid (FiGs. 1C and 1D). Likewise, the core can be a cylinder (FIGs. 1A and 1C) or cuboid
{(FiGs. 1B and 10). Modulated diffusion of growth factors and other bioactive agenis through
inert sheath allows the grganoids in the corsg o form a tubular struciure.

(00221 FIGs. 2A to 2E show Agaross-Malrigel dual layers promots intestinal organoid
growth and elongation in vitro. FIG. 2A is g schematic of the in vitro culture of intestinal
organocids using agaross-Matrigel dual lavers in a Transweli setup. Matrigel layer: §.5mm;
Agarose layer 3mm, 1.5% wiv. FIG. 2B contains timelapss images of organoids grown in
Matrigel only versus agarose-Matrige! dual laver in a Transwsll setup. Scale bars: 250 pm. FIG.
2C contains plots of the degree of elongation in organoids (assessed by taking the ratio of the
bud and core lengths) over the course of a 13-day culture. The solid line in the middie
reprasents the median. FIG. 2D is a histogram of organoid bud lengths in Matrigs! only versus
agarose-Matrigsl dual laysr cullures at day 13. FIG. 2E contains immunoflucrescencs images of
intgstinal organocids with slongated morphologies. EdU was used to stain Lgrd stem cells and
transit amplifying cells undergoing proliferation and was pulsed for 24-hours in all the images.
Actin was used to stain the entire cell cyloskeleion. Lysczyme was used to stain Paneth cealls.
The arrows in {iv) indicate regions stainad posilive for Lysozyme and are forming new budding

structures. * p < 0.05, ™ p < 0.01 and * p < 0.001, respectively, using Mann-Whitney U-test.

4
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(06231 FIG. 3 shows bright-field and immunofiuorescent staining of slongated organoids
showing apical-in polarity of cells, with F-actin as the apical marker. Scale bar = 250 pm.

[0024] FiGs. 4A io 4] show adjusting agarose layer changes the growth kinstics of
intestinal organcids. FIG. 4A contains graphs comparing the 7-day organoid growth (projected
arga increase) in MATRIGEL-only versus dual layer cultures with 0.5mm, 1.0mm and 3.0mm
thicknesses of agaross laysr. FIG. 48 is a graph comparing the bud lengths in MATRIGEL-only
varsus dual-layer cultures with 0.5mm, 1.0mm and 3.0mm thicknesses of agarose layer. FIG. 4C
contains histograms of bud length at day 7 for different agarose layer thicknesses. All agarose
used in paris A-C are 1.5% w/v. FIG. 40 contains graphs comparing the 7-day organoid growth
{projected area increass) in MATRIGEL-only versus dual laver cultures with 0.5, 1.5 and 3.0%
wiv agarose. FiG. 4E is a graph comparing the bud lengths in MATRIGEL-only versus 0.5, 15
and 3.0% w/v dual-layer cultures. FIG. 4F contains histograms of bud length at day 7 for different
agarose concentrations. All agarose used in parts D-F have a thickness of Tmm. FIG. 4G
contains graphs comparing the 7-day organoid growth (projected area increase) in dual layers
with unconditionsd agaross {prepared using PBS) versus conditioned agarose (prepared using
growth media). FIG. 4H is a graph comparing the disiribulion of longest buds in MATRIGEL-only
versus 0.5, 1.5 and 3.0% w/v dual-layer cultures. FIG. 41 contains histograms of longest bud
fength at day 7 for different agarose concentrations. All agarose used in paris G-l have a
thickness of 3mm and a concentration of 1.5% wiv. * p < 0.05, * p < 0.01, ™ p < 0.001 and =
p < 0.0001, respectivaly, using Mann-Whitngy U-taest. All violin plois show the median (solid line)
and the 25" & 75" percentiles {(dashed linss).

[0025] FIGs. 5A to 5F show transwell top compartment media composition influence
organoid growth and pravalence of elongation phenomsnon in infestinal organoids grown in
agarose-MATRIGEL dual layers. All dual layers used have a thickness of 3mm and a composition
of 1.5% wiv. FIGs. 5A 1o 5C contain graphs comparing the 7-day organoid growth {projected
area increase) and longest bud length when different top compariment media is used.
Histogram shows the longest bud length distribution at day 7. FIGs. 5D to 5F contain graphs
comparing the organoid growth {projected area increase) and longest bud length with diffsrent
combinations of agaross conditioning and top compartment media composition. Histogram
shows the longest bud length distribution atday 7. " p < 0.05, ™ p < 0.04, ¥ p < 0.001 and =
p < 0.0001, respectively, using Mann-Whitney U-tast. All violin plots show the median {solid line}
and the 25" & 75" percentiles (dashed lines).

(0828} FiGs. BA o 8E show Bioprinting MATRIGEL-agarose core-sheath filaments. FiG.

8A is a schamatic of printing process for MATRIGEL-agarose core-sheath filamenis. FIG. 68

[y}
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contains imagss of MATRIGEL-agarose filaments. Part (i) shows spools of filameant in a2 80mm
diameter petri dish; part (it} shows a 15mm long filament with danse organcid suspansion (~4000
organcids/mi) at day 12, with the right end sealed up with additional agarose postprinting; part
{ili} shows the cross section of a MATRIGEL-agarose filament, with MATRIGEL outlined in blue;
Blue arrows indicate the organoids inside MATRIGEL core. part (iv) shows micrographs of the
organcids grown in part {(ii}. Scale bar is 500 um. FIG. 6C contains timelapss images of
organcids grown in different filaments. Interface between agarose and MATRIGEL shown in
dotted lines. FIG. 6D contains violin plois of bud lengths for different MATRIGEL-agarose
filarments. FIG. 6E is a histogram showing distribution of bud lengths atday 12. *p < 0.05, ™ p <
0.01, 7 p < 0.001 and ™ p < 8.0001, respectivaly, using Mann-Whitney U-test. All viclin plois
show the median (solid line} and the 25" & 75" percentilss (dashed lines).

[008271 FiGs. 7A and 7B show heterogensous growth of intestinal organoids in core-
sheath filamenis with thick cores (1.5 mm) over 12-day culture. FIG. 7A is a schematic of core-
sheath filaments illustrating edge versus center regions of the filament. FIG. 7B contains bright-
fisld imelapse images of argancids grown in MATRIGEL-agaross core sheath filamants.

[0028] FiGs. 8A o 8E show dislodged MATRIGEL filaments support intestinal organoid
culture and 20-3D hybrid morphologies. FIG. 8A contains a schematic and images of the
MATRIGEL core dislodging procass. Micrographs show the organocids in the MATRIGEL core at
day 6 before and after dislodging. Scale bars are 5 mm and 250 um for macroscopic images
and microegraphs, respectively. FIG. 8B contains violin plois comparing the bud lengths of
organcids in filaments dislodged at different fimes. FIG. 8C contains histograms of bud lengths
at day 12. FIG. 8D is a top-view of hybrid 2D-3D organcid morphologies on dislodged
MATRIGEL filaments. Scale bars = 50 um unless otherwise noted. DAP! was used as nuclear
counterstain; F-actin was used o mark the apical surface of calls that typically face inwards.
Lysozyms was usad (o stain Paneth cells. FIG. 8E shows orthogonal visws {front and cross-
sectional) of 2D-3D organcid morphologies. Scale bars =50 um *p < 0.05, ™ p <001, " p <
0.001 and ™" p < 0.0001, respectively, using Mann-Whitney U-test. All violin plots show the
median {solid line) and the 259 & 75" percentiles (dashsad lines).

(06291 FIG. 8A shows whole organcid showing 20-3D hybrid morphology. Left: Bright
field image of organcids. Center: Immunofiuorescence image of infestinal epithelial with 2D-3D
region highlighted. Right: 40x image of 20-3D region. FIG. 9B is a 10x objective
immunofiuorescence image of intestinal spithelial tissus, with circled portions denoted arsas

with high expression of F- aclin, suggesting surface breakihrough.
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[0638] FIG. 10 is a schemalic of dual layer sffsct leading to elongatsd organoids, with
accumulation of Wit antagonists leading o hyperpolarization of organoid to drive prolifsration in
the horizontal direction.

[00311 FIGs. 11A to 11D show adjusting agarose layer changes the growth kinetics of
intestinal organcids. FIG. 11A is a graph comparing the bud to core length ratios in Matrigel-only
versus duallaysr cultures with §.5mm, 1.0mm and 3.0mm thicknesses of agarose layer. FIG.
118 is a histogram comparing the bud length distribution at day 7 of culture using different
agarose layer thicknesses. All agarose used in parts A-B are 1.5% wiv. FIG. 11C is a graph
comparing the bud o core length ratios in Matrigsl-only versus dual-layer culiures with 0.5, 1.5
and 3.0 wiv.% agarose concentration. FiG. 11C is a histogram comparing the bud length
distribution at day 7 of culiure using diffserent agarose layer concentration. All agaross used in
FiGs. 11C-11D arg 1.0 mm thick. . " p < 0.05, ™ p < 0.01, ** p < 0.001 and * p < 0.0001,
respectively, using Mann-Whitney U-test. Statistically insignificant comparisons are not shown.
All piots show the mean (solid line).

(08323 FlGs. 12A to 12D show bioprinting matrigel-agarose corg-sheil filamenis. FIG.
124 is a schamatic of printing process for Mairigel-agarose core-shell filaments. Part () shows
spools of filament in a 60mm diameler petri dish; part (i) shows the cross section of a Matrigel-
agarose filament, with Matrigel outlined; arrows indicate the organoids inside Matrigel core. Scar
bar = 500 um. FIG. 128 contains timelapse images of organoids grown in filament. Interface
between agarese and Matrigel shown in dotled lines. FIG. 12C is an image of an intestinal
fissus from 3D printing. FIG. 12D contains confocal images of MINI gut. Scar barfor Pant (- iv) =
500 um. Scar bar for Part {v- viil) = 250 um.

(0833} FiGs. 13A and 138 show Agarose-Matrigel core-shell structure promotes muscle
stamt calls (MuSC) growth and differsntiation in vitro. FIG. 13A is a bright-field imags of MUSC
differentiated myotube growth in agaross-Matrigel bioprinting filament over 7 days. Scale bar
500 pum. FIG. 13B contains immunofluorescance images of Musc differentiatsd myotubs with
DAP, Actin, and myosin heavy train over 14 davs. Scale bars: 500 um.

[0834] FiGs. 14A and 148 show bioprinting agarose core-shell scaffold for MCF10A
culiure. FIG. 14A containg schematics of (i) printing agarose tubs using a customizad printhead
nozzle and a glass capillary, (ii) injecting cell-containing bioink to printed agarose fube, (i) a
cross-section of bioink-filled agarose filament. FIG. 14B contains experimental images of (i)
printed agarose tube, (i) bicink filled agarose filamsants, (i) a zoom-in microscopic image of a

bicink filled agarose filamen and (iv) its cross-sectional image. Dotted blue circle indicates the
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bigink and red amow indicates MCF10A organcids. Bioink coniains 40% {(v/iv) Matrigel and 10%
{(viv) collagen. Images of Hi-iv in B were taken afier 4 days of culture in growth media.

[0035] FiGs. 154 and 158 show agarose cora-shell scaffold promotss the growth of
MCF10A into dense, connected mammary organoids. FIG. 15A contains brightfield images of
the growth of MCF10A cells in (i) growth media only, {ii) growth media and differentiation media,
and {iiiy growth media, differentiation media and lactation media. Note differentiation media was
added at day 8 in (ii} and lactation media was added af day 12 in (iii). FIG. 15B contains plois of
normalized filament length over time. n = 3, 6, and 14 filamenis for growth media, growth and
diffsrentiation media, and growth, differentiation and lactation media, respectively. Dotied
vertical lines dictate the day to change media type. Dala are repressnted as mean £ 3D.

[0638] FiGs. 16A and 168 show laclion madia anhances the exprassion of epithelial
mucin (MUC 1) in MCF10A organoids. FIG. 18A contains confocal images of the cross saction
of MCF10A organocids cultured in growth media only, growth and differentiation media, and
growth, differentiation, and lactation at day 22 {left to right). DAPI stains for nucleus, MUC-1
stains for the mucin protein, Ep-CAM is an spithelial cell adhesion molecule for cell-cell contact.
FIG. 168 contains qUR resulls.

(00371 FIGs. 17A o 176 show long-term culture creates transparent, hollow MCF10A
organoids. FiGs. 17A and 178 contain brightfield images of the transparent MCF10A organoids
culiured at 32 days at 5x magnification FIG. 17A) and 10x magnification (FIG. 178B), revealing a
monolayer cell network on the organcid surfacs. FiGs. 17C and 17D contain confocal images of
fransparsnt mini-tissus stained with Ep-CAM, MUC-1, and DAPI at 83x magnification of the
entire tissue (FIG. 17C) and ifs zoom image (FIG. 170D). FIGs. 17E and 17F show cross-
sectional bright field (FiG. 17E) and confocal images (FIG. 17F) of the hollow MCF10A
organcids. FIG. 17G shows organoid length over time for minidtissues that wers seeded as a
monolayer with Matrigel and collagen into agaross, resulling in mini-tissue transparency at day
27.

[0038] FIGs. 18A to 18D show MCF10A cells grown with Matrige!l into organoids, then
seaded into agarose filaments with Matrigel and collagen. Crganocids were cultured in the
agarose filamsnts in growth media until Day 6, cultursd in differsntiation media until Day 12, and
factation madia until Day 22 (FIG. 18A). FIG. 18B shows maeasured mini-lissue length over time.
Organoids cultured with pure Matrige!l cultured with all media types. MCF10A cells seeded with
only Matrigei formed mini-lissues which aggregated on Day 3 and shrank in length over time

untit day 21 (F1G. 18C). FIG. 180 shows mini-tissue length over time of this culture grown with
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Matrige! only. No difference in mini-tissue growth and shrinkage between a bioink with pure
Matrigel and a bioink with a mixiure of collagen and Matrigel.

(00391 FiGs. 19A {0 186 show transparent organoids grown by first cublturing MCF104A
cells in Matrigel for four days. Brightfield image of transparent organocid inside agarose at day 25
(FIG. 18A) and zoomed in o ils monolayer surface (FIG. 19B). FiGs. 19C and 18D show
confocal imags of the same transparent organocid outsids of agarose at 25 days (FIG. 19C) and
zoomed in of the surface (FIG. 18D) Confocal images represent 100 stacked images. FiGs. 18E
and 19F show confocal image (FIG. 19E) and brightfield (FIG. 19F) of cross section of
transparent organocid at day 35. Confocal images represent 24 stacked imagses. FIG. 18G shows
organoid length over time for mini-tissuss that grew in Matrigel for 3 days prior {o being sesded
with Matirigel and collagen into agaross, resulting in mini-tissue ransparency at day 25,

[0040] FlGs. 20A and 208 show limsline of transparent mini-tissues. Mini-lissue
transparency is cbserved at Day 32 for cultures grown from MCF10A monolayer (FIG. 204).
Mini-tissue transparency is observed at Day 25 for cultures grown from MCF10A arganoids
cuftured in Matrigel for 4 days (FIG. 20B).

(00417 FIG. 21 is a brightfield image of branched struclure from popped organoid. This
branching structure was one of the leaked contenis of the transparent organcid after prodding
the transparent organocid with a glass pulled needle. The branch is reminiscent of the {ubular
structures found in mammary glands, confirmed from other literature.

[0042] FIG. 22 is a brightfield image of MuSC diffsrentiated myolube in paraliel multi-
channel agrose filament {channel number 5). Scale bar: 500 ym.

DETAILED DESCRIPTION

(0843} Before the present disclosure is described in grealer detail, it is to be undersiood
that this disclosure is not limited io particular embodiments described, and as such may, of
course, vary. His aiso to be undersicod that the terminology used herein is for the purpose of
describing particular embodiments only, and is not intended to be limiting, since the scope of the
present disclosure will be limited only by the appended claims.

(0844} Where a range of vailues is provided, it is undersiood that each intervening value,
to the tenth of tha unit of the lowsr Imit unless the context clearly dictatss otherwise, between
the upper and lower limit of that range and any other stated or intervening value in that staled
range, is encompassed within the disclosure. The upper and lower limits of these smaller
ranges may independently be included in the smalier ranges and are also encompassed within

the disclosure, subject to any specifically sxcluded limil in the stated range. Vhere the siated
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range includas one or both of tha limils, ranges sxcluding sithar or both of thoss included limits
are also included in the disclosure.

(00457 Unless defined otherwise, all tschnical and scientific terms used hersin have the
same meaning as commonly undersiood by one of ordinary skill in the art to which this
disclosurs belongs. Although any methods and materials similar or equivalent o those
described herein can also be used in the practice or testing of the presant disclosurs, ths
preferred meathods and maierials are now described.

(00487 All publications and patents cited in this specification are herein incorporated by
referance as if each individual publication or patent were spscifically and individually indicated
to be incorporated by reference and are incorporated harsin by refarence {o disclose and
describe the methods and/or matsrials in connection with which the publications are cited. The
citation of any publication is for its disclosurs prior to the filing date and should not be consirued
as an admission that the present disclosure is not entitled to antedate such publication by virtue
of prior disclosure. Further, the dates of publication provided could be diffsrent from the aclual
publication dates that may need {o be independently confirmed.

(00471 As will be apparent {0 those of skill in the art upon reading this disclosure, each
of the individual embodiments described and illustrated herein has discreie components and
features which may be readily ssparated from or combined with the features of any of the other
several embodiments without departing from the scope or spirit of the present disclosure. Any
racited meathod can be carried out in the order of events recited or in any other ordsr that is
fogically possible.

[0G48] Embodiments of the present disclosure will employ, unless otherwise indicated,
techniques of chemistry, biology, and the like, which are within the skill of the art.

[086481 The following examples are put forth so as to provide those of ordinary skill in the
art with a complste disclosure and description of how to perform the methods and uss the
probes disclosed and claimed herein. Efforts have bsen made {0 ensure accuracy with respect
to numbers {(e.g., amounis, temperature, efc), but some errors and deviations should be
accounted for. Unless indicated otherwise, parts are parts by weight, temperature is in °C, and
pressurs is at or near aimospheric. Standard temperature and pressurs are defined as 20 °C
and 1 atmosphsre.

[0050] Before the embodiments of the present disclosure are described in detail, itis to
be understood that, unless otherwise indicaled, the present disclosure is not limited {o particular
materials, reagents, reaction materials, manufaciuring processas, or the like, as such can vary.

It is also o be understood that the terminclogy used hersin is for purposes of describing
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particular smbodiments only, and is not intended o be limiting. 1t is also possible in the prasent
disclosure that steps can be execulsd in different sequence where this is logically possible.

Definitions

[00511 It must be noted that, as used in the specification and the appended claims, the
singular forms “a,” “an,” and “the” include plural referents uniess the context clearly dictates
otherwise.

{08521 The term "hydrogel” refers {0 a matrix comprising a network of hydrophilic
polymer chains. A “biocompatible hvdrogel” is a polymer network that is not significantly toxic to
living tissue and/or cells, and does not elicii an immunopathogenic response in healthy
individuals. A biccompatible active mechanism is a process that is not foxic to particular calls or
tissuss, for sxample a temperalure increass within the physiclogical temperature range of
tissues, or that is applied brigfly enough so as not io cause significant toxicity.

[00853] The term “culturing” cells refers to the process of keeping cells in conditions
appropriate for maintenance and/or growth, wheare conditions refers o, for example, the
temperature, nutrisnt availability, atmospheric CO; content and cell densily in which ths cells
are kgpt. Cails can be cultured in vivo or in vitre. The appropriats culturing conditions for
maintaining, proliferating, expanding and differentiating different types of epithelial celis are well-
known and documentsd. The conditions suitable for organoid formation are thoss that facilitate
or permit cell differentiation and the formation of mulliceliular structures.

(085841 The term “organocid’ refers to three-dimensional culture systems of organ-specific
cell types that develop from stem cells and ssif-organize (or self-pattern) through cell sorting
and spatially restricied lineage commitment in a manner similar to the situation in vive. An
organoid therefore reprasents the native physiclogy of the cells [66] and is has a csliular
composition {including both remaining stem cslls, a near-physiological niche, as well as
spacialized call types) and anatomy that emulats the native situation. Stem cells may be
isolated from tissue or organoid fragments. The cells from which an organocid is generated
differentiate io form an organ-like tissue exhibiting mulliple cell types that self-organize to form a
structure very similar fo the organ in vivo. Organoids are therefore excellsnt models Tor studying
human organs and human organ devslopment in a system vary similar (o devslopmaent in vivo.
Epithelial csll organoids are organsids containing epithelial calls.

3D organocid culture system

[0858] Turning now to Figures 1A to 1D, disciosed hersin is a 3D organoid culture
system 100 involving a filament having a hydrogel core 1280 and an inert hydrogel sheath 118,

As can be seen in Figurss 1A 1o 1D, the core 120 and the sheath 110 can each indepsandantly
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have a substantially cylindrical or cuboidal shaps. The cors 128 can therefore havs a length that
is greaier than s diameter (d) or widih {w). The sheath 110 can also have a length thatis
greater than its thicknass (th), i.e. the shorlest distancs from a position on the sheaih’s 1180
outer surface to the core 120. Organoids 130 can be injected into the core 120 and cultured in a
suitable growth medium.

[06581 In some embodiments, the bioactive hydrogel core 128 is an extracellular matrix
{ECM) hydrogel. Examples, of ECM components include, bul are not limited to, collagen,
fibronectin, laminin, hvaluronates, elastin, and proteoglvcans. For example, the multiceliular
aggregates, in some cases, contain various ECM proteins {(e.g., gelatin, fibrinogen, fibrin,
collagen, fibronsctin, laminin, elastin, and/or proteoglycans).

[065871 In some embodiments, the bicactive hydrogel is derived from an ECM from an
animal tissue or fumor. For example, the bicactive hydroge! can be derived from the basement
membrane exiracted from a tissue, such as a tumor, Examples include MATRIGEL, GELTREX,
and LUNAGEL. In some embodiments, the bioactive hydrogel core 128 contains gelatin,
collagen, fibrin, fibrinogen, laminin, fibronectin, protecogylcan, or any combination thersof.

(06581 In some embodiments, the bicactive hydrogel is a synthetic hydrogel with aclive
cell binding sites. Synthetic hydrogels can be made from synthetic polymers, such as
poly(acrylic acid} (FAA), poly{sthylens giycol) (PEG), poly(vinyl alcohol) (PVA), polvacrylamide
{PAAM}, and polypeptides.

{08591 In some ambodiments, the core 120 contains atleast 85%, 70%, 71%, 72%,
73%, 74%, 75%, 768%, 77%, 78%, 79%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
8G%, 90%, 91%, 82%, 83%, 94%, 95%, 96%, 87%, 98%, 99%, or 100% (wt/v) MATRIGEL.

(088071 in some embodiments, the inert hydrogsl is a polysaccharide hydrogel.
Polysaccharides can be derived from plant, marine, animal and microbial mstabolites.
According to their main functional groups, natural polvsaccharides utilized for hydrogsl
construction can be divided into anionic, cationic and neutral polysaccharides. in some
ermbodiments, the inert hydrogel can be based on hyaluronic acid (HA), alginate, chitosan,
dexiran or celiuiose. In some embodiments, the inert hydrogel is a starch.

(06811 In some embodiments, the inert hydrogel contains at least 85%, 70%, 71%, 72%,
73%, 74%, 78%, 78%, 77%, 78%, 79%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
89%, 80%, 81%, 92%, 93%, 849%, 5%, 96%, 97%, 98%, 88%, or 100% (wi/v) agarose and/or

alginate.
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(06823 In some embodiments, the organcids arg produced from stem cells or progenitor
calls, For example, in some embodiments, the celis arg intestinal, colonic, gastric, hepatic,
pancreatic, rectal, mammary, or lung stem cells or progenitor cells.

(00631 In some embodiments, the 3D organoid culture system disclosed herein can be
produced using co-axial exdrusion as shown in Figure 8A. This process is well known in the art
of 3D printing.

Mathods of Use

(00641 Disclosed herein is a method for producing elongated epithelial wbular
structures, the method comprising encapsulating single stem cells or multiceliular organocids in
the cors of the disclosed 3D organcid cullure system and culturing the cells or organcids under
suitable stem cell expansion conditions.

[0085] Also disclosed is a method for gpithelial fissue regeneration comprising a)
encapsulating and expanding of patient-derived epithelial stermn cells or organoids in the
disclosed 3D organocid culture sysiem under suitable stem cell expansion conditions or
suitable organoid formation conditions, and b) transplanting the sxpanded stem cells or
organcids back into the patient.

[0068] Also disclosed is a methaod for screening of libraries of pharmacologic
compounds, biomolecules or cells for physiological effects, the method comprising i)
encapsulating tumor cells or organoids in the core of the disclosed 3D organoid cullure system
and culturing the celis or the organoids under suitable conditions in the presence of the
compound or compounds to be tested, and il) monitoring the elongated epithelial tubular
structures.

(08871 in a further aspect, the invention provides a scalable and reproducible method for
adapting the disclosed 3D organcid culture system for modeling human intestinal diseases such
as cystlic fibrosis (CF) and inflammatory bowel disease (1BD) in 2 mannsr that is amenable for
personalized therapy. To this end, the disclosed 3D organoid culture system can be employed
as screening tools to investigate the effect of pharmacologic compounds or biomolecules on in
vitro grown intestinal biopsy samplas from individual patients. Such a method for screening of
libraries of pharmacologic compounds or biomelscules for efficacy in treating intaestinal
diseases, the msethod comprising 1) providing intestinal biopsy sample from a patient, i)
encapsulating and growing the intestinal biopsy sample in the disclosed 3D organoid culture
system and culiuring the biopsy sample under suitable conditions in the presence of the
pharmacoeiogic compounds or biomolscules (o be tested, and iii) in the case of cyslic fibrosis,

assessing the successful function restoration of the cystic fibrosis ransmembrane conductance
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regulator (CFTR) by means of monitoring Forskolin-induced organoid swelling. iv) in the case of
inflammatory bowel disease, monitering the successiul reduction in inflammation, cell damage
or death, or restoration of epithelial junction integrity.

[0068] In a preferred embodiment, infestinal diseases are selected from the group
comprising cystic fibrosis and inflammatory bowel disease.

[0068%] The disclosed 3D organcid culiure systam are impactful as both basic and
transiationai research tools. intestine-specific processes, including 18C selfranswal,
differentiation, crypi-villus patierning, inflammation and malignant transformation, as well as
general epithelial phenomena, including establishment of apicobasal polarity and iumen
formation, can bs studied in a fully chemically dafined and reproducible environment. The
effacts of microenvironmental paramelers, including ECM proteins, cell-cell interaction proteins,
matrix degradability and mechanical properiies, on various aspects of intestinal biclogy can be
slucidated. Furthermore, the chemically defined environment provided by the three-dimensional
hydrogels of the disclosed 3D organoid culture system will be particularly valuable in the context
of pharmacologic compound or biomolecules screens, costly large-scale endeavors whers
reproducibility and reliability are of utmost importance. Monolayers of the colorectal
adenoccarcinoma-derived Caco-2 cell line are the current norm as intestinal absorplion models in
pharmacokinetic studies of orally administered drugs. Primary intestinal organoids can serve as
a histologically realistic complement or alternative o the Caco-2 model, also offering the
potential for personalized studies using patisnt-derived organcids. Interfacing the hydrogel
systems introduced hers with robotic and liquid-handling technologies io afford high-throughput
drug screening is readily conceivable. The disclosed 3D organoid culture system can be readily
adapted for expanding and transplanting not only I1SCs and intestinal organocids but also other
types of epithelial stem cells and organocids, including those derived from the stomach, colon,
racium, pancreas, liver, lung and mammary gland.

Embodiments

(00701 Embodiment 1. A 3D organoid culture system comprising a filament having a
bicactive hydrogel core and an inert hydrogel! sheath, wherein the biocaclive hydrogel corg is an
extracellular matrix hydrogel, and wherein the inert hydrogel has a diffusion rate for growth
factors of from 1 x 107 to 9 x 107 cm/s.

(006711 Embodiment 2. The systermn of embodiment 1, wherein the extracellular matrix
hydrogel is MATRIGEL or collagen.

(0872} Embodiment 3. The system of embodiment 2, wherein the extraceliular matrix

hydrogel is a midure of MATRIGEL and collagen.
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(06731 Embodiment 4. The system of embodiment 3, whersin the extracellular matrix
hydrogel comprises 80-70% (wt/v) MATRIGEL and 10-30% (wi/v) collagen.

(06741 Embodiment 5. The system of any one of embodimants 1 io 3, wherein the inert
hydrogel is polysaccharide hydrogel.

(0875} Embodiment 6. The system of embodiment 5, wherein the inert hydrogel
comprises agarose or alginats.

[00878] Embodiment 7. The system of any one of embodimenis 1 to 6, wherein the core
has a substantially cylindrical or cuboidal shape.

(06771 Embodiment 8. The system of any one of embodiments 1 to 7, whearein the
shaath has a substantially cylindrical or cuboidal shape.

[06781 Embodiment 2. The system of any one of embodiments 1 1o 8, wherein the core
has an average diamster or width of from 0.3 16 1.0 mm.

(06791 Embodiment 10, The system of any one of embodiments 1 to 9, wherein the
sheath has an average thickness of from 2.0 10 6.0 mm.

(08801 Embodimant 11, The system of any ons of embodiments 1 to 10, wharsin the
bioactive hydrogel core does not comprise more than 0.1% {wi/v) agarose.

(00811 Embodiment 12. The system of embodiment 11, wherein the bicactive hydrogel
core does not comprise agarcse.

(06821 Embodiment 13. The system of any one of embodiments 1 {o 12, further
comprising stam cell organcids in the bioactive hydrogel core.

(006831 Embodiment 14. A mathod for producing an elongated epithelial tube from siem
cell organoids comprising (a) providing the sysiem of embodiment 13; and (b} culturing the
systemt in a growth medium under growth conditions o produce the elongaied epithelial tube.

{06841 Embodiment 15. The mesthod of embodiment 14, whersin tha stem call organoid
is an infestinal organoid and whsarsin the growth medium is an intestinal organoid growth
medium.

(00851 Embodiment 16, The method of embodiment 14 or 15, further comprising
ramoving the core containing the elongated epithelial ube from the exiraceliular matrix
hydrogel.

[0088] Embodiment 17. An slongaied spithelial tube produced by the method of any one
of embodiments 14 1o 18,

(08871 Embodiment 18. A scresning method comprising contacting the elongated

gpithslial tube of embodiment 17 with & candidate agent, culturing the elongated epithelial tubse
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in a growth madium undesr growth conditions, and svaluating the slongated epithelial tube for a
physiclogical effect.

(006881 Embodiment 18. The method of embodiment 18, wherein the physiclogical effsct
comprises one or more biomarkers of differentiation, one or more stem cell biomarkers, one or
more gene mutations that isad {o inflammatory bowel disease or colon cancer, or any
combination thereof.

[00888] A number of embodimenis of the invention have been described. Nevsrtheless,
it will be understood that various modifications may be made without departing from the spirit
and scops of the invention. Accordingly, other embodiments are within the scope of the
following claims.

EXAMPLES

Exampls 1: Bioprinting Multi-Layer Hydrogels for Intestinal Epithelial Tissue
Engineering

[0G30] Here, the use of agarose in conjunclion with MATRIGEL was expiored for in vifro
intgstinal epithelial engineearing. By stacking layers of MATRIGEL and agarose (which ws coin
“‘dual layers™, it was possible to support the growth of intesiinal organoids in vifro. Analysis of
organoid growth and morphology using bright field and immunoflucrescence microscopy reveal
the presence of highly elongated organocids grown on dual layers marked by exiendsd
proliferative budding structures similar to intestinal crypis in vivo. Using these findings, a protocol
is also reportad for bioprinting core-sheath filaments consisting of MATRIGEL and agarose i
produce in vitro intesiinal epithelial tubes that are sasy to handle due to the mechanical integrity
of agarose. This protocol was also used o generate thin sub-millimeter diameter MATRIGEL
filamenis suspended with organocids that are not only capable of producing elongated organocids,
but also hybrid 2D- 3D intestinal epithelial tissue morphologiss that exhibit apical-out epithelial
monolayers as wall as crypt siructures.,

Malerials and Methods:

Reagents:

[00891] DMEM/F12 with HEPES, IntestiCult™ Organoid Growth Media {(mouse), Mouse
intestinal organocids and Geantle Cell Dissociation Reagent wers purchased from StemCell
Techneologies. 30 wi % BSA solution was purchased from VWR. MATRIGEL, growth factor-
reduced MATRIGEL (#356231) and Costar 96-well plates (#3595) were purchased from
Cormning. UltraPure™ low melting point agarose #16520100) was purchased from Invitrogen.

intestinal Qrganoid Cufture and Expansion:
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(06921 Mouse intestinal organoids ware purchased from StamCell Technologiss in
cryovials. To thaw the organoids from cryvopreservation, the vials were warmed in a water bath
at 37°C until the contents of the cryovial have mostly liquefied. The contenis were promptly
mixed with 5 mbL of 1 wi.% BSA solution in DMEM and centrifuged at 200 x RCF for five
minutes. The organoids were then resuspended in 30 ul of 1.1 ratic of MATRIGEL and
INTESTICULT media per well, pipetted onto 4 wells within 24-well tissue culturs plates, and
incubatad at 37°C for 10 minutss to allow polymerization of MATRIGEL. 700 ul of IntestiCult is
then added into the well, and the media was exchanged every two days.

[0693] VWells were selecied for subculturing upon organcids exhibiting proncunced
budding/crypt-like structures (typically within 5-8 days). Msadia was aspirated before introducing
1 mb of cold Gentle Csll Dissociation Reagent inlo these wells. The contents of the wells were
then pipstied up and down 20 times {0 break up the MATRIGEL before being transferved into a
15 mb conical tube. The tube containing the resuspended organoids were then mechanically
dissociated further by inverting for 10 minutes before being cenirifuged at 300 x RCF for five
minutes. The supernatant was discarded befors resuspending the organcids in 10 mb of
DMEM/F12 and centrifuging at 200 x RCF for five minutes. All centrifugation steps were
performed at 4°C. The supematant was then discarded, isaving behind a pellet consisting of
dissociated organocids that could be sub-culiured for subsequent regular organocid culturs
maintenance or for experiments.

Hydroge! preparation and organcid growth experiments in Transwelf inserts

(006941 Agarose solution was prepared by dissolving the appropriaie weight percent of
agarose into 1x PBS. In order {o ensure the osmotic pressures are in the expected range when
constituting 1x PBS agarose, Di water was added to replenish any volums lost due o
evaporation. For agaross conditioning, agarose pre-gel solution was mixed at a 1.1 ratic with
IntestiCult media to form a final agarose concentration of 1.5 wi/v% agaross. Once the agarose
solution is properly constituied, it was added into the Transwell insert at a volume comesponding
to a desired layer thickness (~32 ul per mm thickness) and allowed to undergo gelation for 10
minutes at room tempsrature.

[00698] Following this, organocid-laden MATRIGEL suspension was prepared by mixing
MATRIGEL in & 1:1 ratio with organoid-laden {~800 organoids per mb) InfestiCult media priorto
being pipetied onto the Transwell insert for a 24-well plate. A 0.5mm-thick layer was formed in
the Transwsll insert by pipetling the appropriate volume of the MATRIGEL mixture ether on top
of the agarose or on the bare Transwell, and the MATRIGEL was then allowed to undergo

gelation for 10 minutes at 37°C. Following this, 708 ul of IntestiCull growth media was added to

17



WO 2024/249802 PCT/US2024/031924

the bottom compariment while 180 ull of IntestiCult growth medium was addad to the {op
{Transwell} compariment, thus completing the setup. The media in the bottom compartment was
replaced every 2 days, while the {op compariment was left unfouched throughout the culiure o
avoid washing away the organocids suspended in MATRIGEL.

Growth quantification

[0698] Images ware taken using a Leica DMIB microscops, and all imagss were
analyzed using Imaged. Growth was assessed by measuring the projecied area of the
organoids in select locations in each well over the course of the culture. The measured areas
fromdays 3, 5,7, 8, 11 and 13 were normalized by the projected area of organcids on day 1.
Organoid longest bud lengths at various days were determined by tracing the longsest budding
structure of sach organoid through its centar to where it msets the darkened rounded core of the
organcid. in the case where organcids displayed a high degree of blsbbing and darkening to ths
point where no viable budding structures could be identified, longest bud length was determined
by measuring the length of any darkened structures thatl resembled typical budding structures.

imimunoffuorescent Staining:

(00971 Solutions prepared for use in immunoflucrescent staining include 10% Formalin,
permeabilization/washing solution (0.2 % Triton X-100 + $.05 % Tween-20 in PBS), blocking
solution (8% goat ssrum + 5% BSA in washing solution), primary antibody solution (rabbit anti-
mouse Lysozyme monoclonal antibedy, MAS-32154, 1:50 dilution in blocking solution) and
sacondary antibody solution (anti-rabbil goat Alexa Fluor 594 secondary antibody, A32740,
1:500 dilution in blocking solution).

[00G98] Frior to fixing, organcids were suspended in cold PBS for up io 10 minules to
ensure dissociation of MATRIGEL. Organoids were then fixed and permeabilized using 10%
Formalin for 20 minutes and washing solution for 20 minutes, respectivaly. Foliowing this,
organoids were bocked with 5% goat serum + 5% BSA in washing solution (0.2 % Trilon X-104
+ 0.05 % Tween-20 in PBS) overnight at 4°C. Nexd, organcids were incubated with primary
antibodies solution ovemight at 4°C, followed by washing 3 times with washing solution.
Following this, secondary antibody sclution was added {o the cells for 1 hour at room
tempsarature, followed by 3 more washing steps. Finally, Hoschst 33342 and optional phalloidin
stain was added to the cells. Organoids wars then transferred {o a glass chamber slide for
subsequent confocal imaging. For EdU staining, Click-iT EdU imaging kits were used following
the manufacturer's protocols.

Core-sheath Filament Printing Selup
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[063991 A coaxial printhead assembly was built using a glass capillary (side langth ¢f 0.4
or 1.05 mm), a male-io- male luer connector and a custom 3D-printed nozzle {outlet diameter of
2.5 or 4.5 mm). The 3D-printed nozzle was dasigned on SolidWorks and mads using Formiabs
Form 38 SLA printer with Surgical Guide resin. The glass capillary was centered inside the
barrel of the 3D-printed nozzle prior to being glued o a male-to-male lusr connector to form a
walertight seal and complete the coaxial printhead assembly. Polyethylene tubing (18 or 27.5
Birmingham needls gaugs) was usad o connect the coaxial printhead assembly o the bicink
feads.

(01007 Agarose (3% wiv) in the liquified pre-gsl state was added to a 10-mL syringe. The
syrings was subsequently wrappead in a syringe heating jackst (Naw Era Pump Systems) set at
40°C and loaded onto a syringe pump. The syringe was connected via 18-gauge polyethylene
tubing to the 3D-printed nozzle and the fubing was quickly filled with agarose prior 1o setling the
flow rate at between 0.3 {o 0.4 mL/min to produce filaments. Upon verification of steady-state
agarose filamsnt production, organcids-laden MATRIGEL suspension was added into a 1-mb
syrings which was then loaded onto a separate syringe pump whose flow rats was set to match
the velocity of the agarose layer. Core-sheath agarose filaments were collected in a 8Omm-wids
Petri dish and at 37°C for 10 minutes upon completion of printing. Immediately prior to adding
8ml media for 12-day cuiture, the filaments were optionally sealed with 3% w/v. agarose at the
ends {0 prevent unintendsd disiodging of the MATRIGEL core mid-culture. To trigger dislodging
of MATRIGEL core, ends were cut/left open and media was lightly perfused to impinge upon ths
MATRIGEL core until it slides out. All filaments/cores were cultured in 8 mb of IntestiCull media
for 12 days, with 3ml of the media being exchanged once at day 6.

Statistical Anaiysis

(01011 Siatistically significant differences in organcid projscled arsa and longsst axis
were assessed using nonparamelric Mann-Whithey U-test in GraphPad Prismy when p-values
under 8.05. Annotations used include: ns = not significant, "= p <005, " =p <001, ™ =p<
109, 2 < 10,

Results

Elongated organcids on agarose-MATRIGEL dual layers

[0102] To test the compaiibility of agarose with MATRIGEL, a2 Transwell inserf setup was
used to compare the growth and expansion of murine intestinal organocids when cultured in
MATRIGEL versus a dual laysr setup featuring a layer of agarose alop the organocid-laden
MATRIGEL layer (Figure 248). Since, agarose is water-permeable and allows the transport of

nutrients and growth factors much like the track-eiched membrane on the botlom of the Transwell
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insert, it was hypothesized that dual layers should support celiftissus culture much the sams iis
MATRIGEL counterpart, so long as agarose is constituied io resemble physiclogical ocsmolality.
Timelapse imaging over 13-days of culture revealed thai both MATRIGEL-only and dual layer
trials exhibit standard intestinal organoids growth behavior. Specifically, organoids initially
produce Lgrd stem cell-rich budding structures and gradually develop darkened cores that then
overtake the budding structures (Salo, T. &t al. Naiture 2008 458.262-265). By day 13, many of
the organcids grown in the MATRIGEL-only control exhibited a low number of buds and
predominantly consisted of the darkened cores. At the same time, within the dual layer
experiments, there was a subset of organcids where one or several budding structurss grew far
bayond {> 500 umj) the bounds of the darkened cors, resulting in a highly elongated and snaking
appaarancs in contrast to the more rounded appearance of regular organocids (Figure 2B).
Overtime, these highly elongated buds also bagin o round out and form darkened corss, as
seen in the day 7 and 13 images.

(01037 Analyzing the bright field timelapse images, the growth kinetics of dual layer
organoid culturas shows broad similarity with the MATRIGEL-only control at the start of the 13-
day culture. Starling at day 9, however, the madian fold-increass of the dual layer selup begins
to overtake that of the MATRIGEL-only control. By day 13, median fold-increase was 34.4-fold
{n= 22} vs 16.5-fold {n = 23) in the dual layer versus MATRIGEL-only conirol, respectively
{Figure 2C). The same frend is present when analyzing the longest organoid bud length. in both
dual layers and MATRIGEL-only controls, the bud length increasss steadily and peaks at day
11, bafore falling off at day 13. Dual laysrs generate comparatively shorter buds compared {o the
MATRIGEL-only controls up to day 9 but overtake the MATRIGEL-only experiments starting in
day 11, with the median longest bud length in dual layers excesding that of the MATRIGEL-only
experiments by 34% and 81% atdays 11 and 13, respsctively. This is further evidenced by the
distribution of longest bud lengths at day 11, with 25.6% organoids in dual layers longest bud
langths being greater than 500 ym compared 1o 12.5% in MATRIGEL-only (Figure 2D).
Altogether, these results indicate that addition of the agarose laver in the Transwell setup is not
only compatibie with MATRIGEL for intestinal organoid culture but helps {o induce highly
profiferative organoid phenotypss that can outperform MATRIGEL-only culturss.

(01041 Immunoflucrescence staining revealed that the highly elongated budding
structures contain a high proportion of EdU positive cells {afler a 24-hour pulse) and a lesser
number of Paneth cells localized in regions where new budded struciures are emerging as
gvidenced by the curvature (Figurs 2E). In terms of apical-basal polarity, F-actin staining shows

the apical surface facing the inlernal volume of the organoid, consisient with the apical-in
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polarity of regular intestinal organcids (Figure 3). These results indicats that the highly
elongated budding structures are reminiscent of reguiar Lgrb siem cell-rich budding structures
seen in regular intesiinal organocids. Their glongated appearance compared fo regular budding
structures is due primarily to their relatively high level of proliferation. At the same time, the
presence of Paneth cells along the long budding structurs is likely indicative of the production of
new Lord stem cell-rich budding structures, similar to crypt fission svents in vive that lead to
formation of new crypts {(Langlands, A, J. et al. PLoS Biol. 2018 14:1-31).

Agarose layer properties directly influence infestinal organoid growth in dual lavers

(0108} To slucidale the means by which the addition of agarose in the dual layer
organoid culture promotas elongated morphology and organoid growth, the Transwsll growth
experiments were repsated whils making changes in agarose thickness and concentration.
Analysis of organoid growth revealad that thinner agarose layers provide a significant
improvement as early as day 3 in the case of 0.5mm. Atday 7, the 0.5mm dual layer had
produced a median fold-change of 15.61 (n = 16) versus 8.05 {n = 11) from the MATRIGEL-
only control. This is particularly striking considering how parity with the MATRIGEL-only
organcid culture was only achieved by the dual layer in day 9 as shown in Figure 2 whean the
agarose layer was 3mm. Similarly, addition of thicker agarose layers (1.0 and 3.0mm) also
rasults in an improvement in argancid growth over the MATRIGEL-only culiure, but only at iater
days (i.e. day 7} (Figure 44}, When comparing the distribution of longest bud lengths, a similar
trend was observed with the thinnest agaross layer giving a comparatively early boost o longest
bud length at day 5, in contrast to thicker agarose layers which did so atday 7. The 1.0mm
agarose layer produced the highest median longest bud length of 229.7 um, which is 28.3%
higher than 177.7 um from MATRIGEL-only experiments (Figure 4B). Comparing the
histograms of longest bud lsngths at day 7 reveals a consistent right shift when agarose layeris
added (Figure 4C).

[0108] Changing the agarose permsability had a similar sffect to with varying ths
thickness. When agarose concentration was decreased from 1.5 10 0.5 % w/v, it conferred an
garly benefil {o the organoid growth; quantitatively, the 0.5% wi/v produced a 3.15-fold change in
organcid projscted area versus 2.57-fold from the control at day 3. Strikingly, an sarly
improvement of similar magnitude (3.37-fold) was also seen whan increasing the agaross
concentration from 1.5 1o 3.0% wiv. In subsequent days, however, the early improvement from
3.0% wiv agarose over the MATRIGEL-only culture all but disappeared, while lower agarose
concenirations produced a sustained improvement in organcid growth throughout the 7-day

culiure (Figure 4D}, A similar trend is seen when analyzing ths longsst bud length where ths
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0.5% wiv agarose provided an sarly and sustained improvement, reaching a maximum msdian
fongest bud length of 267.6 um at day 7 compared 1o 232.2 um from the 3.0% w/v dual laysrs
{Figure 4E}. Comparing the disiribution of longest bud lengths show that 0.5% w/v agarese has
a clear lead over the more concentrated (or less permeable) agarose dual lavers (Figure 4F).
Taken together, thinner and more permeable agarose iayers confer an sarlier benefilio
organcid growth than thicker and less permsable layers. This may be attributed {o sarlier
breakthrough times for the diffusion of growth factors/nutrients o the organcid-ladsn
MATRIGEL layer.

(01077 Next, it was hypothesized that the initial conceniration of growth factors/nutrients
in the proximity of ths organoids in the MATRIGEL layer plays a critical role in the successful
growth of organocids in dual layers. To produce a higher initial conceniration, the agarose laver
was conditioned by mixing it with infestinal organoid growth media at a 1.1 ratio prior fo plating.
The Transwell experiments were then repeated comparing regular dual layers (or
unconditionsd) with conditioned dual layers over a 7-day culiure.

(04108} Organocid projected area measurements revealed a boost conferred by
conditioning agaross as sarly in day 3 (3.45-fold versus 2.91-foid), and that this boost sffectively
disappears in subseguent days (Figure 4G). A similar frend is seen in the longest bud length
data where the conditioned agarose dual layers saw an improvement over its unconditionsd
counterpart betwaen days 3-5, but no advantage by day 7 (Figure 4H), which is corroborated by
largely overlapping histograms of the longsst bud lengths at day 7 {Figure 41}, Thess resuils
indicate that the initial concentration of growth factor/nutrients in proximity to the organoids
influences early growth kinetics.

[0109] Next, expsriments were devised where organoid growth media in the top
compartment was swapped for DMEM/F12 and PBS, hypothesizing that the growth madia on top
was responsible for providing a sufficient amount of growth factors initially. Analysis of organoid
projecied area and longest bud length revealed that organoids grown in dual layers where the
top compartment had DMEM/F12 or PBS instead of growth factor-containing media failed to
grow altogether (Figure BA-5C), thus supporting the hypothesis. Strikingly, conditioning the
agarose in dual laysrs where the fop compartment is growth factor-free (e, DMEM/F12)
provided full recovery of organcids, as exhibited by its parity with regular dual layer culfures
{growth media on top, unconditioned agarose) (Figure 50-5F). Taken together, the initial
concentration of growth factors is a key facior in successful crganoid expansion in the Transweli

dual layer selup, and that transport of growth factors from the bottom compartment alone
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through the agarose layer is capable of supporting organocid expansion for the ramainder of
culture since the top compartment remained untouchsd throughout the 7 or 13-day culiures.

Bioprinting MATRIGEL-agarose core-sheath flaments

(01107 Having established how agarose complements MATRIGEL for intestinal organoid
cufture, we then established a profocol for bioprinting using thess materials. Previous work
demonstrated the limited printabiiity of blended MATRIGEL-agarose compaosite bininks (Fan, R.
et al. J. Biomatsr. Appl 2016 31.884-882). As such, a core-sheath filament strategy was
decided in which an agarose layer surrounded an organoid-laden MATRIGEL core, thus
providing the mechanical integrity of agarose while keeping the MATRIGEL layer intact {Figure
8A). The cornerstone of this technigue is the conlinuous extrusion and gelation of agarose within
the nozzle through tight control over agarose tamperature and flow rate, which are chosen o
ensurg ideal flow/extrusion behavior. Specifically, agarose is fed inlo the nozzie as a warm pre-
gel liquid where it flows around the inner glass capillary. In the course of the flow through the
nozzie, agarcse cools and turns into a viscoelastic gel as it exils the nozzle, thus resulting in a
rafatively homogeneous and smooth agaross filament in conitrast to the rough and chunky texiure
from our pravious work., As the agarose filament emerges from the nozzie, an internal
cavity/channel corresponding to the shape of the inner glass capillary is formed that is
subsequently filled by flowing MATRIGEL bioink.

(01111 Agarose filamentis produced through this method exhibit high optical
transparency, display high shape fidslity and exhibil sufficisnt mechanical intsgrity for sase of
handling. As seen in Figure 8B, centimeter scale core-sheath filaments can be produced while
cells suspended in the MATRIGEL core are capable of expanding and self-organizing to the
point where it is visible 1o the naked eye. Inspecling the filament’s cross section, we see that
there is a defined core channel wherein organoid-laden MATRIGEL is located, and that this
cora-channs! takes on the shape of the inner capillary, which in this case is an 800 ym x 800
um square. With sufficiently high cell seeding densily, filaments can achieve nearly full coverage
of the core volume and create continuous epithelial tubes. Compared to other reports of tissue
engineering with agarose where agarose is first micropatterned before being loaded with
MATRIGEL (Han, S. et al. Biophys. Res. Comimun. 2018 488:785-791), our filament printing
strategy is capable of producing MATRIGEL-agarose filaments in one siep without the need to
muitiple pattern transferring steps.

(01121 Throughout the duration of 12-day cullure, the agarose sheath remainaed stable
with no sign of mechanical damage or distortion, thus mainfaining a consistent boundary/

interfacs with the MATRIGEL cors. Timelapse images of intsstinal organcids revealed growth
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and expansion that is consistent with regular organocids in that budding structurss formin
addition to darksned core domains (Figure 8C). The organocid growth in filaments was compared
with different geometries {e.g. agaross sheath and MATRIGEL core thicknass). Longest bud
length data shows that thin MATRIGEL cores are more conducive to arganoid growth than
thicker cores, with {.5mm diameter cores producing median longest bud lengths that are 86%
greater than in 1.5mim diameters at day 12 (185.9 ym versus 87.1 um} (Figure 8D-8E). Indeed,
close inspaciion of organcids in thick-core filaments reveals poorer growth at the cenler of the
filamenis away from the edges over the course of 12-day culiure. Organoids located furthest
away from the sdge of the filament and from the agarose-MATRIGEL interface sxhibit limited
sxpansion and produce fewer pronounced budding structures compared {0 organoids at the
edgs {Figure 7). Interestingly, the distribution of longest bud lengths in the bioprinted filaments,
ragardiess of geomeiry/thickness, is markedly lowsr than those gbserved in the Transwell setup
at similar time points. This was atiribuied {o the difference in layout between the Transwell setup
and the core-sheath filamants, with the former having two separate media compartments, one of
which is immediately adjacent to the MATRIGEL layer containing the agaross.

Dislodging MATRIGEL cores from core-sheath filaments

(01131 It was noticed during the preparation of Transwell dual layers that MATRIGEL
adheres poorly onto an agarose surface and that light mechanical agitation is often sufficient {o
successfully displace MATRIGEL. The same is trug in the MATRIGEL-agarose core-sheath
filamants whersin MATRIGEL cores could be dislodged from the agaross sheath when
subjecied io sufficient agitation of the liguid media, whether intantionally or otherwise. Thus, in
addition to producing core-sheath filaments, our bioprinting protocol is capable of producing thin
MATRIGEL filaments (< Tmm diameter) that took on the shape of the inner glass capiliary used
during the printing process. Although dislodged filamsnts freely float and flax within the culturs
media, they roughly retain their original shape over the course of culture (Figurs 8A).

(01141 Analyzing the longest buds of organoids within dislodged filaments, it was
ohbservad that the time of dislodging plays a significant role in subsequent organoid expansion,
with early times of disiodging (i.e. disiodge at day 0) resulting in the highest longest bud lengths
(Figure 8B-8C) and exhibiting a greater proportion of organocids with slongated budding
structures (>500 um) by day 12 of culture. Compared o the MATRIGEL-agarese core-sheath
filaments which had 1% organoids exhibiting elongated budding structures, day 0 and day 3-
disiodged filaments had 5.4% and 3.9 (Figure 8C}. These results confirm once more that the
positive impact of agarose on organcid growth in the context of the Transwell setup did not

transiate over o the bioprinted contaxt. This again was atlributs to the absencs of a separats
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media comparimsnt adjacent {o the organcid-laden MATRIGEL laysr that is otherwise present
in the Transwell setup.

(011581 Sirikingly, there were a number of occurrences where organoids from dislodged
filarments developed hybrid 2D-3D intestinal epithelial morphologies at day 12 that deviated from
typical organoid shapss. Specifically, these epithelial tissuas exhibiled surface monolayers,
marked by their cobblasione-like appearance, alongside standard folding/budding structures
ragularly sean in intestinal organoids {(Figure 8D-8E). That these monolaysrs exist on the
surfaces and not in the bulk MATRIGEL is confirmed by orthogonal views produced using
immuncfiucrescence microscopy also reveals high expression of F-actin in both apical and
basolateral surface for certain regions of spithelial tissue, including but not limited {0 those
corresponding to surface monolayers (Figure 9. Sinca regular organoids grown in bulk
MATRIGEL usually display F-actin on the luminal surface {i.g. the surface facing in}, these
regions of high F-actin on both surfaces would suggest & reorganization of epithelial cells and
may be indicative of a fransition from the folded/budding structure into a surface monolayer
whersin gpithelial cells are display apical-out polarity.

Discussion

(01181 Agarose is knowrn {o be a bioinert polysaccharide and unable to support cell
adhesion and growth. In terms of mechanics, agarose is an order of magniude stiffer than
MATRIGEL and has a higher crossover frequency (Zuidema, J. M., et al. J Biomed MaterRes B
Appl Biomater. 2014 102{5:1063-73)}, allowing it to exhibit more gellike/elastic bahavior under
the mechanical loading conditions associated with regular handling. As such, previous reports of
using agarose in lissue engineering involve exploiling agarose’s mechanical integrity and ease
of moiding to pattern physical barriers to guide neuron growth {o promote axonal regeneration
{Han, S. et al. Biophys. Res. Commun. 2018 498:785-791) or to create custom i vitro nsuronal
networks (Krumpholz, K. et al. ACS Appl. Mater. Interfaces 2015 7:18789-18777). For intestinal
epithelial engineering, previous work with HCT1186 cell lines grown in agarese-MATRIGEL
composites display cell viability and spreading (Fan, R. et al. J. Biomater. Appl 2016 31:684~
8923, but such has not bean demonstrated for primary-derived infestinal epithelial cells. The
results in the Transwsll and bioprinted filament contexts demonstrate that bicinert hydrogels
such as unmodified agarose are capable of being used in tandem with MATRIGEL to support in
vitro intestinal epithelial growth once certain conditions are met, namely sufficient levels of
growth factors pertinent to inlestinal stem cell biclogy. This contrasts with a 2017 paper which
raported that monolayers grown on agarose-coilagen substrates did not exhibit any measure of

self-ranewal (Wang, Y. et al. Cmigh 2017 4.165- 182.e7). This difference in oulcoms was
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attribute to variation in growth factor distribution, undsfined composition of agarose and possibls
differences batween culfure requirements for intestinal 2D monolayers versus 3D organcids /n
vitro.

(01171 The occurrence of highly elongated budding structures (>500 ym in length) in
Transwell cuitures {and in dislodged filaments {0 a lessar extent) is likely the result of those
particular budding structures exhibiting heightened proliferation rates that far surpass the rats at
which naw crypts can emerge. This is supporied by computational simulation studies of
muiticelular structures that show how the occurrence/prevalence of tubulation/branching
behavior depends on the relative time scales betwsen patterning (e.g. cell signaling) and
deformation {s.g. profiferation) (Ckuda, S., st al. Sci. Rep. 2018 §&:1-18}). Mechanistically,
researchers have long ideniified the Whni signaling pathway as responsible for promoting
profiferation in intestinal epithslium, and that gradients in VWt signaling can result in tissuss
that are polarized into distinct proliferative and differentiated domains (Attayek, P. J. et al. PLoS
One 2016 11:1-23; Libby, A. R. G. et al. Dev. 2021 148). It was hypothesized that aspects of
the Transwell dual laver setup accentuates Wt signaling in the tfransverse {i.e. in-plane
direction) and resulis in hyperpolarization of the organcoid, so long as thers is a sufficient level of
growth factors at the iniliation of culiure.

(0118} Previous research has shown the importance of removing Wit signaling
aniagonists {(e.g. Dkk-1) secreted by intestinal epithelial calis o snhance lissue organization. it
has been noticed that organoid densities play a non-negligible role in subsegquent growth
performance, with higher densilies often promoting poorer growth quality and smallsr/shorter
morphologies due o excess local Dkk-1 levels around the organocids {Shin, W, et al. iScience
2019 15:391-406; Shin, W. et al. iScience 2020 23:101372). In this Transwell dual laver setup,
ligquid media on the top compariment allows Wt antagonisis (o diffuse out from the MATRIGEL
fayer and thus prevent buildup arsund the organoids. At the same time, there would be buildup
of Wit antagonists just undermeath the organoids at the interface of the MATRIGEL and
underlying agarose layers simply due 1o the relative difference in diffusion rates. This leaves
only the tranverse directions along the MATRIGEL layer available Tor high levels of Wit
signaling and thus driving hypsr-polarization and proliferation in the tranverse directions.
Neverthelsss, further studies on this elongation phenomenon should specifically interrogate the
role played, if any, by Wnt antagonists such as Dkic-1 secreled by cells. Al the same time,
previous literature that documentsd the formation of siongated budding structures in intestinal
organocids associated the elongated morphologies with a regenerative phenoiype that emerges

uporn intestinal iniury, and that YAP-signaling is heavily implicated in inducing and maintaining
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this phenotype (Qu, M. et al. Cell Res. 2021 31:258-271; Sprangers, J., &t al. Celi Death Differ.
2021 28:95-107). Thus, iargets associated with YAP-signaling should also be the focus of
future machanistic studies on the role of agarose in promoting inlestinal growth and slongation.

[0119] Standard intestinal epithelial culture using primary-derived cells typically consist of
20 surface monolayers or 3D organoids. Drawbacks of the former include lack of physiclogical
architecture {g.g. crypts and villi} whereas the latter lacks accessibility to the apical
surface/compartment. The hybrid 20-30D morphology observed in intestinal epithelial tissues
from dislodged filaments presents and interesting possibility to break the tradeoff inherentin 2D
monolayers or tissue cuiturss. Factors that may coniribute 1o the occurrence of hybrid 20-3D
morphologies include occasional fluid shear mid-culture and the emergence of organcids
beyond the MATRIGEL-media interfacs.

[0120] The development of core-sheath MATRIGEL-agarose filameants reporied in this
work is part of a larger trend in tissue engineering wherein multiple biomaterials are arranged
hierarchicatly to improve tissue growth, uniformily, visibility or usability or all of the above
{(Mistry, P. &t al. Macromol. Biosci. 2817 17:1-8; Tallapragada, N. P. et al. Csll Stem Cell 2021
28:1516-1532.e14). The core-sheath filament bioprinting approach disclosad herein has several
key advantages in terms of reliability of filament quality {e.q. optical transparency, ease of
handling) and workflow flexibility (2.¢. customizabls core-sheath geometry, ability to manipulate
the MATRIGEL core post-gelation). While the lack of adheasion belween agarose and
MATRIGEL allowsd for the selsclive formation of thin MATRIGEL flamants, further development
inthe agarose-MATRIGEL malerial system should consider methods for funing the chemistry of
agarose or other similarly mechanically robust hydrogels to render it more adhesive {o the
MATRIGEL, thus limiting the occurrence of unintentional dislodging and enabling more
consistent/stable positioning of MATRIGEL relative {o agarose.

Conclusion & Outlook

(01211 In summary, agarose-MATRIGEL dual lavers can be usad for intestinal organoid
growth and expansion, documenting not only agarose’s compatibility intestinal organocids, but
also its crucial role in inducing a highly elongated morphology. These findings raises new
possibilities on how different biomaterials can engineered to interact with various morphogen
signaling io thus offer spatiotemporal control over tissue architecture and cellular fale.
Moreover, using a core-sheath layout, a bioprinting approach is presented that is flexible in iis
ability to either generate continuous core-sheath filamenis or dislodged cores that support

intestinal epithelial tissue growth in vifre. Overall, the approach presenied herein is representis &
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continuing trend of sngineering multiple hydrogel materials to improve the performance,
capabilities or ease of experimentation in the area of lissue engineering and bioprinting.

Example 2:

(01221 FiGs. 14A and 148 show bioprinting agarose core-shell scaffold for MCF10A
cufture. FiG. 14A coniains schematics of (i) printing agaross tube using a customized printhead
nozzle and a glass capillary, (i) injscling cell-containing bioink to printed agarose tube, (i) a
cross-section of bicink-filled agaross filament. FIG. 148 contains experimental imagss of (i)
printed agarose tube, (i) bivink filled agarose filaments, (i) a zoom-in microscopic image of a
bigink filled agarose filamen and (iv) its cross-seclional image. Dotled blue circle indicates the
bicink and rad arrow indicates MCF10A organcids. Bioink contains 40% {(v/v) Matrigel and 10%
(v/v} collagen. Imagss of ii-iv in B wers takan after 4 days of culture in growth media.

[0123] FiGs. 15A and 158 show agaross core-shell scafiold promotes the growth of
MCF10A into dense, connected mammary organoids. FIG. 15A contains brightfield images of
the growth of MCF10A cells in (i) growth media only, (i} growth media and differentiation media,
and {iii} growth media, diffsrentiation media and lactation meadia. Note differentiation madia was
addsd at day § in (il) and lactation media was added at day 12 in (ili). FIG. 158 contains plots of
normalized filament length over time. n = 3, 6, and 14 filaments for growth media, growth and
differentiation media, and growth, differentiation and lactation media, respeciively. Doited
vertical lines diclate the day to change media type. Dala are represented as mean £ SD.

(01243 FlGs. 18A and 168 show laction media enhances the expression of epithelial
mucin (MUC 1) in MCF10A organoids. FIG. 16A contains confocal imagss of the cross section
of MCF10A organoids culiured in growth media only, growth and differentiation media, and
growth, differentiation, and lactation at day 22 (lsft {o right). DAPI stains for nucleus, MUC-1
stains for the mwucin protsin, Ep-CAM is an epithelial call adhesion molscule for cell-call contact.
FIG. 168 contains gCR results.

[0128] FiGs. 17A 10 176G show long-term culiure creates fransparent, hollow MCF10A
organoids. FIGs. 17A and 178 coniain brighifield images of the fransparent MCF10A organoids
cultured at 32 days at 5x magnification (FIG. 17A) and 10x magnification (FIG. 178}, revealing a
monolayer call nstwork on the organcid surface. FiGs. 17C and 17D contain confocal imagses of
transparent mini-tissue siained with Ep-CAM, MUC-1, and DAPI at 83x magnification of the
entire tissue (FIG. 17C) and its zoom image (FIG. 17D). FiGs. 17E and 17F show cross-
sectional bright field (FIG. 17E) and confocal images (FIG. 17F) of the hoillow MCF10A

organoids. FIG. 176 shows organoid length over time for mini-lissues that were sseded as a
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monolayer with Matrigs!t and collagen into agarose, resulling in mini-tissue transparency at day
27.

[0128] FiGs. 18A {o 18D show MCF10A cells grown with Matrige! into organoids, then
seaded into agarose filaments with Matrige!l and collagen. Organoids were cultured in the
agarose flaments in growth media untii Day 6, cultured in differentiation media until Day 12, and
lactation media until Day 22 (FIG. 184}, FIG. 188 shows measured mini-tissue length over time.
Organcids culfured with pure Matrigel cultured with all media types. MCF10A celis seeded with
only Matrigel formed mini-lissues which aggregated on Day 3 and shrank in length over time
until day 21 (FIG. 18C). FIG. 18D shows mini-tissus length over time of this culture grown with
Matrige! only. No difference in mini-tissue growth and shrinkage betwssn a bicink with purs
Matrige! and a bioink with a mixture of collagsn and Matrigel.

(01271 FiGs. 19A to 196 show transparent organocids grown by first culiuring MCF10A
cells in Matrigel for four days. Brightfield image of fransparent organoid inside agarose at day 25
{FiG. 19A) and zoomed in o its monolayer surface (FiG. 188). FiGs. 19C and 18D show
confocal image of the same transparent organcid outside of agarose at 25 days (FIG. 18C) and
zoomed in of the surface (FIG. 18D) Confocal images reprasent 100 stacked images. FiGs. 18E
and 18F show confocal image (FIG. 18E) and brightfield (FIG. 19F) of cross sechion of
transparent organcid at day 35. Confocal images represent 24 stacked images. FIG. 186 shows
organcid length over time for mini-tissues that grew in Mairigel for 3 days prior to being seeded
with Matrigst and collagen into agarose, resulting in mini-tissue transparency at day 25.

(01281 FlIGs. 20A and 208 show timeline of transparent mini-tissues. Mini-tissue
transparency is observed at Day 32 for cultures grown from MCF10A monolayer {(FIG. 20A).
Mini-tissue transparency is observed at Day 25 for cultures grown from MCF10A organoids
culiured in Matrigel for 4 days (FIG. 20B).

(04291 FIG. 21 is a brightfield image of branched structurs from popped organocid. This
branching structure was one of ths leaked contents of the fransparent organcid after prodding
the transparent organoid with a glass pulled needie. The branch is reminiscent of the tubular
structures found in mammary glands, confirmed from other literature.

(01381 Unless defined otherwiss, all tschnical and scientific terms used hersin haves ths
same meaanings as commonly understood by one of skill in the art to which the disclosed
invention belongs. Fublications cited herein and the materials for which they are cited are

specifically incorporated by reference.
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{01311 Those skilled in the art will recognize, or be able to ascariain using no more than
routing experimentiation, many equivalents to the specific embodiments of the invention

described herein. Such equivalents are intended {0 be encompassed by the following claims.
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CLAIMS

1. A 3D organocid culture sysiem comprising a filament having a bicactive hydrogel core
covered by an inert hydrogel sheath, wherein the bicactive hydrogel core is an extraceliular
matrix hydrogel, and whersin the inert hydrogei has a diffusion rate for growth faciors of from 1

x 107 {0 9 x 107 cmé/s.

2. The sysiem of claim 1, wherein the exiraceliular matrix hydrogel is MATRIGEL or
collagen.

3. The system of claim 2, wherein the exdraceliular matrix hydrogel is a mixture of
MATRIGEL and collagen.

4. The system of claim 3, wherein the extracellular matrix hydrogel comprises 80-70%
{wiiv) MATRIGEL and 10-30% (wi/v} collagen.

5 The system of claim 1, wherein the inert hydrogel is polysaccharide hydrogel.

6. The system of claim 5, wherein the inert hydrogel comprises agarose or alginate.

7. The system of claim 1, wherein the core has a substantially cylindrical or cuboidal
shape.

8. The system of claim 1, wherein the sheath has a substantially cylindrical or cuboidal
shaps.

8. The system of claim 1, wherein the core has an average diameter or width of from 0.3 o
1.0 mm.

10. The system of claim 1, wherein the sheath has an average thickness of from 2.0 10 6.0
ind
1. The system of claim 1, wherein the bicactive hydrogel core does not comprise more than
0.1% {wilfv} agaross.
12 The system of claim 11, wherein the bicactive hydrogel core doss not comprise agargse.
13. The system of claim 1, wherein the filament comprises two or more biocactive hydrogel
cores covered by the inert hydroge! sheath.
14. The system of claim 1, further comprising stem cell organoids in the bicactive hydrogel
core.
15. A method for producing an elongated epithelial tube from stem cell organoids comprising
(&} providing the system of claim 14; and
s) culturing the system in a growth medium under growth conditions {o produce the
slongated spithslial tube.
16. The method of claim 15, whersin the stem cell organoid is an inlestinal organoid and

wherein the growth medium is an intestinal organoid growth medium.
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17. The method of claim 15, further comprising removing the core containing the elongated
epithelial ube from the sxiraceliular matrix hydrogel.

18. An elongated epithelial tube produced by the method of claim 15,

19. A screening method comprising contacting the elongated epithelial tube of claim 18 with
a candidate agent, culluring the elongated epithelial ube in a growth medium under growth
conditions, and evaluating the slongatsd spithelial tubs for a physiological effsct.

20. The method of claim 19, wherein the physiclogical effect comprises one or more
biomarkers of differentiation, one or more stem cell biomarkers, one or more gene mutations

that lead to inflammatory bowel disease or colon cancer, or any combination thereof.
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