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Abstract

Organoids to Organisms: Engineering 3D Microenvironments to Support Biological
Systems

by

Jonah Mathew Rosas

The microenvironment plays a central role in supporting a diverse set of cell
functions ranging from cell fate decisions that specify cell lineage during early embryonic
development to single-cell and organ-scale size regulation. In the past two decades, a
renewed emphasis has been placed on the mechanical microenvironment and its role in
healthy and disease biology.

In this dissertation, | describe the rheology of granular, polyacrylamide hydrogels
composed of micron-scale fragments, herein referred to as microgels, and demonstrate
their utility in supporting the extended imaging of the model organism danio renio
(zebrafish) and for controlling the mechanical microenvironment encapsulating
pancreatic ductal adenocarcinoma organoids. This work addresses two long standing
challenges in the field: 1) Microgels offer an engineered embedding method that
extends zebrafish embryonic imaging times by 8x compared to field standards. 2)
Pancreas ductal adenocarcinoma (PDAC) organoids exhibit an emergent pulsing

behavior that is enhanced in confining microgel environments, suggesting the
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underlying genetics of tumor cells give rise to force generating behaviors that may be

assistive for adaptation to highly fibrotic tumor microenvironments in vivo.
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CHAPTER 1: Dissertation Overview

Herein, | will describe the development, characterization, and implementation of a
granular hydrogel technology, referred to as microgels, to study two model systems that
span length scales. Chapter 2 begins at the millimeter-scale where we optimize the
rheological properties of microgels to support the extended imaging of the model
organism, danio rerio. Through controlling the polymer concentration within individual
microgel particles, we identified the material properties relevant for supporting
extended embryo imaging and stable positioning. More broadly, we describe how the
microenvironmental mechanics of an embedding medium is essential for supporting
organismal development. Chapter 3 zooms into the micron-scale where we develop a
microgel-Matrigel™ composite to support the extended culture of tissue-derived,
murine, pancreas ductal organoids derived healthy and pancreatic ductal
adenocarcinoma (KPC) mice. Simple microgel-Matrigel™ composites created new
confined microenvironments to investigate the adaptive mechanisms utilized by self-
organizing, pancreas epithelia to overcome distinct mechanical microenvironments. We
identified emergent, collective behaviors that are attenuated by the mechanical
microenvironment in pancreatic ductal adenocarcinoma organoids and provide
evidence to the molecular players regulating this behavior. Chapter 4 concludes this
thesis with perspectives and future directions for extending the utility of microgel

technologies and the emergent behaviors in organoid systems.



CHAPTER 2: Cradling Without Constraining: Supporting Imaging of Shape-Changing

Biological Samples

This section is adapted from a manuscript of identical title currently submitted for peer
review at Soft Matter.

Jonah M. Rosas*, Marie Pochitaloff*, Petr Pospisil, Lufei Li, Rachel Bae, Shujun Cheng,

Justine Lee, Georgina Stooke-Vaughan, Rachel L. Behrens, Amanda Strom, Otger
Campas, and Angela A. Pitenis

(*equally contributed to this work)

Abstract

Significant advances in light microscopy and genetic labeling have enabled many
discoveries in developmental biology. Imaging developing embryos requires properly
holding the embryo in place, while not constraining its development. In inverted
microscopes, the most widely used mode of microscopy, embryos are generally held in
place by embedding them in gels that physically constrain them, precluding long-term
imaging as the embryo changes morphology. In this study, we show that granular
polyacrylamide hydrogels (microgels) mechanically support embryos in 3D while
simultaneously enabling normal and unconstrained embryonic morphogenesis over
time, enabling imaging of embryonic development over long times scales in inverted
microscopes. We characterized the mechanical and optical properties of microgels and
identified a range of microgel yield stresses that enables long-term imaging of
developing zebrafish embryos.

1.0 Introduction



Since Robert Hooke’s first observations of cells with his newly-invented optical
microscope in the mid-1600’s, discoveries in biological systems have often accompanied
technological advancements in optical microscopy!. For over four decades, light
microscopy has enabled breakthroughs in the fields of cell and developmental biology,
genetics, regeneration, immunology, and oncology?™. Imaging of cells in culture or
other in vitro 2D systems popularized the use of inverted microscope configurations,
which have become the most widely adopted configuration in light imaging. However,
imaging of 3D systems, such as organoids or developing embryos, imposes specific
constraints. During embryonic development or organoid growth, 3D tissues change their
shapes, sometimes dramatically. Common techniques to mount embryos for imaging in
inverted microscopes make use of hydrogels (e.g., agarose) to immobilize the sample in
3D. This process also physically constrains the sample, preventing its normal
development after a relatively short time. Recent studies have aimed to maintain
embryo positioning with patterned molds or by embedding embryos in agarose and
removing the agarose around the regions that substantially change shape, >® but no
embedding media has yet been designed to support continuous imaging of embryonic
development in inverted microscopes.

Granular hydrogel (“microgel”) media present a possible embedding strategy to
support long-term, continuous imaging of embryos. Microgels are particles of
crosslinked hydrogel (>95% water) with tunable sizes, ranging from a few micrometers
to millimeters. Microgel particles settle to form granular beds capable of supporting

7-9

living systems, from single cells to tissues /~, which also enables media perfusion due



to their granular nature!®3, Unlike embedding media like bulk hydrogels, such as
agarose or polyethylene glycol, that display large yield stress once crosslinked and
mechanically constrain the samples, microgels locally yield in response to low stress and
rapidly re-solidify at rest.* Moreover, it is possible to tune the yield stress by changing
the material properties of the microgel particles,”** providing a way to tailor microgels
to suit the needs of different organisms and their growth conditions. If the yield stress
of the microgel is such that it can hold the weight of the embryo but remains below the
mechanical stresses associated with embryonic development, then it should be possible
to hold the sample in place while imaging its development in 3D, even if it involved
substantial morphogenetic changes. Their low yield stress, the possibility to tune yield,
and the ability to perfuse media, make microgels an ideal candidate as imaging support
media (mounting media) for shape-changing biological samples, from embryos to
organoids.

In this study, we developed microgel formulations and characterized their
rheological and optical properties. We demonstrate that several formulations are well-
suited for imaging the development of zebrafish embryos over long time periods that
involved dramatic shape changes, from early stages of development through tail
eversion. Our results indicate that microgel formulations with yield stress between 0.3
< oy < 3 Pa are optimal for maintaining embryo positioning while allowing tail eversion,
whereas microgel yield stresses oy > 3 Pa constrained embryos and inhibited normal
embryogenesis. Our study demonstrates the first instance of whole embryo imaging

within microgel media capable of cradling without constraining growth.



2.0 Materials and Methods
2.1 Hydrogel Synthesis

Acrylamide (AAm), N,N-methylene- bis(acrylamide) (MBAm), N,N,N’,N'-
tetramethylethylenediamine (TEMED), and ammonium persulfate (APS) were
purchased from Sigma-Aldrich® and used as received. Stock solutions of AAm (30 wt.%),
MBAm (2 wt.%), TEMED (10 vol.%, corresponding to 7.9 wt.%), and APS (10 wt.%) were
prepared in ultrapure deionized (DI) water (18.2 MQ-cm). Polyacrylamide hydrogels
were synthesized at polymer contents ranging from 2.3-3 wt.% AAm with a crosslinker
concentration of 0.12 wt.% MBAm.
2.2 Microgel Processing

Bulk hydrogels were mechanically processed and sorted by Stokes’
sedimentation to achieve a uniform distribution of particles as described in Atkins et al.7
Successive rounds of sedimentation reduced particle size heterogeneity and achieved a
final sample with average particle diameter =100 um. Microgels were imaged using a
Nikon Ti2 Widefield Microscope with a Nikon® Ti2 Plan Widefield Microscope with a
Fluor 4X (NA = 0.13) air objective. Average microgel diameters were measured by
defining three points at the edge of each microgel particle and fitting a circle that
contained all three points.'® Sorted microgels were measured using the 3-point circle
fitting tool in the NIS Element software to achieve final particle diameters 99.5 pm +
16.4 um S.D. (n = 100 particles) (Supplementary Figure 1).

2.3 Fluorescent Nanoparticle-Embedded Microgels (Labeled Microgels)



Polystyrene green, fluorescent beads (diameter = 100 nm) were purchased from
Thermo Scientific™ (Cat No. G0100) at a stock concentration of 1% solids with excitation
and emission spectra (Ex. 468 nm/Em. 508 nm). Fluorescent nanoparticles were
sonicated for 5 min to reduce aggregation prior to mixing into the pre-polymerized
hydrogel solution. Nanoparticle-embedded microgels were synthesized with 0.01 wt.%
green, fluorescent nanoparticles (diameter = 100 nm) in the pre-polymerized hydrogel
solution.

2.4 Microgel Rheology

Unlabeled microgel particles were equilibrated in ultrapure water for 24 h prior
to rheology measurements. Immediately before testing, microgels were centrifuged at
1,000xG for 10 min to fully jam the microgel particles, and all supernatant above the gel
layer was aspirated. Jammed microgel rheology was measured using a TA Instruments
ARES G2 strain-controlled rotational rheometer fitted with 50 mm diameter, stainless
steel, parallel plate (401968.901) upper and lower geometries. Upper and lower plates
were cleaned with ethanol prior to testing and between samples. Measurements were
conducted at ambient conditions 23 2C with a constant gap height of 500 um, spanning
approximately five microgel particle diameters.

Average storage moduli (G") were determined in the linear viscoelastic region for
each sample during amplitude sweeps conducted at a frequency, f = 1 rad/s. Average
yield stresses, oy, were calculated at the crossover point where the storage and loss

moduli intersect (G" = G'*), determined using a linear and cubic spline combination



(Cubic/Linear (Orche) method in the Trios software) well described in other studies of
microgel rheology.1’18
2.5 Microgel UV-Vis Spectrophotometry

Microgels were equilibrated for 48 h in either ultrapure water, 1X PBS, or 4X PBS
prior to experimentation. Microgels were transferred to a polystyrene disposable
cuvette with a 1 cm (Fisher Scientific:14-955-129) or custom 500 um path length and
overlaid with additional solvent (ultrapure water, 1X PBS, or 4X PBS). UV-VIS
measurements were conducted using a Shimadzu™ UV3600 UV-Nir-NIR spectrometer
over wavelengths 350 — 850 nm with a 3 nm slit width and 5 nm step in wavelength with
an absorbance stage configuration. All measurements were conducted relative to a
media blank set in the reference position at the time of testing. Absorbance data were
transformed to transmittance (%) following Equation 1:

transmittance (%) = 10%-absorbance (1)

2.6 Microgel Point Spread Function Characterization

The Point Spread Function (PSF) was determined for 2.5, 2.55, and 3 wt.%
microgels and 0.5 wt.% agarose embedded with 100 nm green fluorescence beads at
0.01 wt.% (TetraSpeck™, Invitrogen and Thermo Scientific (G0100)). Microgels and
agarose were deposited in a 96 glass-bottomed well plate (Greiner Bio-One®) and were
imaged using a laser scanning confocal microscope (LSM 980 with Airyscan 2, Carl Zeiss)
running the software ZEN Blue (Carl ZEISS) at room temperature. Stacks of voxel size

28X28X100 nm were acquired for each sample using a 40X water immersion objective



(LD C-Apochromat 40X/1.1W, Carl ZEISS Inc.) with 488 nm excitation and 488—-588 nm
detection in confocal mode with 1 AU pinhole size.

Data were analyzed using a custom-made Python code implemented in Jupyter™
notebook and adapted from the GitHub notebook managed by B. Nitzsche and R. Haase.
For 0.5% agarose (n = 28), 2.50 wt.% microgel (n = 30), 2.55 wt.% microgel (n = 22), and
3 wt.% microgel (n = 35), 100 nm nanoparticles embedded within the samples were
analyzed separately and averaged to obtain the mean Full Width at Half Maxima
(FWHM).* Individual particle intensities were averaged to obtain an averaged PSF and
averaged FWHM for each sample.

2.7 Zebrafish husbandry, lines and experimental manipulations.

Zebrafish (Danio rerio) were maintained under standard conditions20. Animal
husbandry and experiments were conducted according to all ethical regulations and
protocols approved by the Institutional Animal Care and Use Committee (IACUC) at the
University of California Santa Barbara (protocol number 886) and by the European Union
(EU) directive 2010/63/EU as well as the German Animal Welfare act. Tg(actb2:mem-
NeonGreen)hm37 and Tg(actb2:MA-mCherry2)hm2 transgenic lines were used for
ubiquitous labeling of cell membrane of zebrafish embryos and Tg(h2afva-GFP)
x Tg(actb2:MA-mCherry2)hm29 double transgenic line was used to visualize nuclei and
membrane of zebrafish embryos.

2.8 Zebrafish Mounting
Prior to the sample mounting, microgels were centrifuged to yield a jammed gel

layer. 150 uL of microgel was added to each well of a 96-well glass-bottomed 96-well



plate (CellVis 96-Well Glass-Bottomed Plate (#0 Glass, 6mm well size)). A dechorionated
zebrafish embryo was gently added to each well and manually placed within 1 mm of
the cover glass. E2 buffer with 0.2 g/L tricaine methanesulfonate (MS-222) of
pharmaceutical grade (Western Chemical) was added to each well.
2.9 Zebrafish Imaging

Images were acquired using both a Zeiss LSM710 and LSM 980 laser scanning
confocal microscopes with 10X air, 10X water, or 40X water objective at 25 ° C. Time-
course imaging was captured at 15- or 30-min intervals. Tail elongation was recorded by
3D tiling using the Airyscan mode of the LSM 980 confocal. Images were processed using

ZEN Blue (Carl ZEISS) to generate maximum intensity projections.

3.0 Results and Discussion

3.1 Microgels exhibit tunable rheological properties
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Figure 1. Mechanical tunability over a range of microgel particle polymer contents. A) Schematic of
microgel processing from bulk polyacrylamide hydrogel to microgel particles with diameter of
approximately 100 Im. Jammed microgel boundaries visualized in cyan using 100 nm green beads to
decorate the gel surface. Microgels were characterized with a parallel plate rheometer (50 mm diameter
plates). B) Microgel storage modulus (n = 2) and C) yield stress (n=2) as a function of microgel polymer
content (wt.%). First-order polynomial fits serve as guide lines.

The rheological properties of jammed microgels (Figure 1A) were characterized
using a strain-controlled rheometer with a parallel plate geometry at ambient
temperature. Microgel storage modulus, G*, was evaluated at the plateau region over
low strains (Figure 1B). Storage modulus, G’, generally increased with polymer
concentration of the microgels, ¢, from G" =0.18 £+ 0.02 Pa to G’ = 30.64 + 8.94 Pa for c
= 2.3 wt.% to c = 3 wt.% microgel polymer concentration, respectively. The storage

modulus versus microgel polymer concentration data is overlaid with a first-order

polynomial fit as a guideline.
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Our results deviate strongly from the conventional scaling relationship put
forth by de Gennes (G'~ 3¢9/4) for semi-dilute concentrations®>. The power-law fit
worsens as microgel polymer concentration decreases from ¢ = 3.0 wt.% polymer.
Although the microgels in this study are composed of covalently-crosslinked hydrogels,
the polymer concentration within individual microgel particles may be so low that they
may be on the cusp of the semi-dilute regime. Microgel yield stress (agy) was evaluated
at the crossover point of the storage modulus, G’, and loss modulus, G, the point at
which microgel particles become unjammed and flow is induced in the system. Yield
stress increased from oy = 0.07 £ 0.02 Pa to oy = 6.05 #1.82 Pa forc= 2.3 wt.% to c =3

wt.% microgel polymer concentration, respectively (Figure 1C).

B) 20 =
€ 154
b= |
le) ]
(8]
o 104
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Supplementary Figure 1: Microgel Particle Diameter Measurements A) Representative brightfield imaging
of sorted microgel particles with a B) size distribution of 99.5 um £ 16.4 um.

The yield stress versus microgel concentration data is fit with a first-order polynomial
fit as a guideline. Yield stress scaled with storage modulus following a power law

relationship (Equation 2).

3
g, = 05X G* (2)
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These results show that microgels exhibit tunable rheological properties where
storage modulus and yield stress follow a scaling relationship (oy ~ G'3/4 ). The
observed scaling relationship departs from prior studies of jammed, spherical, charged
polyelectrolyte microgels (oy ~ G'1)* and glassy colloidal suspensions (oy ~ G'2.13).%!
Such differences may be attributed to the non-spherical and irregular geometries of
the polyacrylamide microgels used in this study, underscoring the importance of
microscale particle geometry on macroscale rheology of jammed microgel systems.
This highlights the importance of both polymer chemistry and particle geometry on
governing the macroscale rheology of jammed microgel systems.

3.2 Microgels scatter incident light as a function of path length

A central component of any 3D culture medium is optical compatibility with
optical microscopy setups and high-resolution imaging. To match the working distances
of high-resolution objectives, we determined the transmittance of microgels containing
2.3, 24, 25, 2.6, 2.7, 2.8, and 3.0 wt.% polymer concentration by UV-Vis
spectrophotometry over a 500 um path length (Figure 2A). The UV-Vis results suggest
that all microgel compositions transmitted at least 80% of incident light across 500 um
path lengths (Figure 2B), with higher transmittance for lower concentrations and

wavelength-independent transmittance in the visible range in all cases.
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Figure 2. Microgel particles scatter light at gel edges. A) Schematic of UV-Vis spectrophotometry
characterization of microgels. B) Microgel UV-Vis transmittance spectra over a 0.5 mm pathlength. C) Bulk
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hydrogel UV-Vis transmittance spectra over a 10 mm pathlength.

Over longer path lengths (L = 10 mm, Supplementary Figure 2), transmittance in
microgels decreased as a function of microgel polymer content: 2.3 wt.% microgels

achieved over 75% transmittance while 3.0 wt.% microgels achieved less than 25%

transmittance.
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Supplementary Figure 2: 10 mm Pathlength UV-Vis Measurements

These findings are consistent with the Beer-Lambert Law that dictates transmittance of
incident light is related to the length of the beam path and concentration of the
absorbing species through which the beam travels.??

Microgel measurements at both long and short path lengths supported the
hypothesis that decreases in transmittance were due to a combination of scattering at
the edges of microgel particles and absorbance of light by polyacrylamide itself. To
address the latter, we determined the transmittance of bulk polyacrylamide hydrogel
samples cast at identical polymer content as tested microgels (Figure 2C). UV-Vis
measurements of bulk hydrogel samples maintained >90% transmittance across the
visible light spectrum with absorbance seen only at wavelengths below 350 nm where

prior studies have found polyacrylamide to begin absorbing energy.?® Taken together,
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these data demonstrate polyacrylamide hydrogels do not absorb light across the UV-
visible spectrum relevant for optical imaging but rather scatter light when processed
into microgels. These results agree with the Beer-Lambert Law described for absorbing
species and expand the applicability of the principle to species that significantly scatter
light rather than absorb. Solvent salinity also reduced microgel transmittance. When

swollen in 4X PBS, 2.55 wt.% microgel transmittance was reduced by approximately

15% in the 405, 490, 570, 645, and 750 nm wavelengths (Supplementary Figure 4).
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Supplementary Figure3: 10 mm Pathlength UV-Vis Measurements of 2.55 wt.%
microgel swollen in ultrapure water, 1X PBS, or 4X PBS.

Our findings indicate microgels are optically compatible with fluorescent
microscopy applications with considerations given both to the pathlength for imaging

and the solvent used for swelling the microgels.
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3.3 Microgels maintain confocal resolution with minimal distortions of fluorescent
point sources

An effective 3D embedding medium compatible with high resolution optical
imaging, and especially confocal imaging, should not significantly distort fluorescent
signal. A classical approach to determining how a material alters a fluorescence point
source is the determination of the Point Spread Function (PSF), an operation where a
sub-diffraction sized, fluorescent bead is imaged and reconstructed in the axial (xy)
and lateral (yz) dimensions. The imaging resolution is reduced as the PSF of a material
widens compared to the theoretical Airy disk.*®

To describe changes in imaging resolution by microgels, we determined the
PSFs of 2.5, 2.55 and 3.0 wt.% microgels, as well as 0.5 wt.% agarose as a reference
media for optical imaging (Figure 3, Table 1, Supplementary Figure 4). We embedded
green polystyrene nanoparticles (d = 100 nm) in each sample and obtained the
average PSFs (Figure 3A,C and Supplementary Figure 4A, C), which were generated by
computationally superimposing all measured PSFs for a given condition 24. We then
obtained the average full-width at half-maximum (FWHM) of the PSF along the lateral
(xy) and axial (yz) dimensions in each condition (Figure 3B, D and Supplementary

Figure 4B, D).
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Supplementary Figure 4: Point—=Spread—Function and Full Width at Half Maximum Measurements
of 2.5 and 3 wt.% Microgels A) 2.5 wt.% microgel superimposed PSF and B) intensity profiles in the
lateral and axial dimensions. C) 3.0 wt.% microgel superimposed PSF and D) intensity profiles in the
lateral and axial dimensions.

. 0.5 wt.% 2.5 wt.% 2.55wt.% 3wt.%
All units: . . -
hanometers FWHM agarose microgel microgel microgel
n=29 n= 31 n=22 n=35
Lateral 292 + 29 306 £ 36 321 £ 30 2 e
Individual 29
+
PSF Axial | 782496 | 859%124 922136 2%
Superimposed Lateral 305 299 314 319
PSF Axial 805 869 909 929

Table 1: Full-Width-Half-Max Measurements for agarose (green) and 2.5, 2.55 and 3 wt.%
microgels (blue).

The PSFs of reference 0.5 wt.% agarose gels had an averaged FWHM in the lateral
direction of dyx, =292 +29 nm and in the axial direction of dy; = 782 + 96 nm (Figure
3F, G). We found that the FWHM of microgels of different concentrations was slightly
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larger (~¥10%) than that of the reference agarose gel (Figure 3F,G). Our highest polymer
content microgels require a minimum of 150 nm spacing to resolve fluorescent objects
in the axial direction and 30 nm to resolve in the lateral direction. These findings
demonstrate that microgels have the appropriate light transmission properties for
highly resolved imaging and achieve comparable resolution to standard agarose
mounting media.

3.4 Microgels support long-term imaging of zebrafish embryos with inverted
microscope configurations

Over the past decade, a growing body of research use microgels to support
sample embedding, from 3D cell printing to controlled-release drug delivery, 7,°:3212.25-
31 as they provide mechanical support and allow media perfusion. However, microgels
have not yet been adapted to study embryonic development of model organisms
undergoing substantial shape changes.

To use microgels as imaging media for studying embryonic development, it is
necessary to find the range of microgel concentrations that can physically support the
embryo in 3D, and simultaneously allow it to develop normally (Figure 4A). Microgels
with yield stresses below 0.1 Pa failed to hold the embryo at a given spatial position,
with the embryo tilting and sinking over the first few minutes of imaging (Figure 4B,D).
Microgels with yield stresses between 0.3 < oy < 3 Pa were optimal for maintaining
embryo positioning in 3D while simultaneously allowing normal development (Figure

4B). Microgels with yield stresses oy >3 Pa confined developing embryos and physically

restricted 3D shape changes, preventing normal tail extension (Figure 4B, C).
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Figure 3. Point Spread Function of fluorescent particles in microgels versus agarose.
A) Schematic of the PSF intensity profile with the Full Width at Half Max (FWHM) given
by distance, d. B) Intensity profiles and superimposed PSFs of 0.5 wt.% agarose in the
axial (blue) and lateral dimensions (grey). C) Intensity profiles and superimposed PSFs of
2.55 wt.% microgel in the axial (blue) and lateral (grey) dimensions. Average FWHM
measurements of 2.50, 2.55 and 3 wt.% microgels and 0.5 wt.% agarose in the D) axial
and E) lateral dimensions. Fluorscent nanoparticle embedding and optimization conducted
by J.M.R. PSF Data measurement and analysis conducted by M.P and P.P.
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Figure 4. Optimizing microgel yield stress for zebrafish embryo embedding. A) lllustration of zebrafish
embryo (1 mm diameter) supported in 3D by microgel media (100 Um diameter particles). First inset shows
forces generated by zebrafish during development locally yield. Second inset shows microgels channels
between microgel particles permit perfusion of gases and nutrients. B) Microgel yield stress (oy) plotted
versus storage modulus (G’) for seven different microgel polymer concentrations from 2.30 to 3.00 wt.%
polymer. The solid line is the function oy = 0.5G’%75, Our results suggest the optimal yield stress for
embedding embryos is between 0.3 < o, < 3 Pa. Transgenic membrane labeled zebrafish embryos
embedded in C) 3.0 wt.% microgel polymer concentration are constrained by the higher yield stress (o, >
3 Pa) and are unable to undergo proper tail eversion. In contrast, embryos embedded in D) 2.35 wt.%
microgel polymer concentration are not supported by the very low yield stress (0, < 0.3 Pa) and begin

sinking and rotating within minutes.

Knowing the range of microgel concentrations that allow the embryo to be held

in 3D while allowing normal embryonic development, we performed long-term

imaging of both early stages of zebrafish embryonic development (from the 2-cell

stage until the 9-somite stage; 15h period) and later stages, where dramatic shape

changes occur as the zebrafish straightens its tail, a process known as tail eversion

(Figure 5).
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Figure 5. Microgels Support Zebrafish Embryogenesis A) Zebrafish embryo imaging from the 2-cell stage
to the 9-somite stage and both T-PMT and confocal images were generated where mCherry labels cell
membrane (cyan) and GFP labels cell nuclei (purple). B) Airyscan imaging of early tail eversion starting at
the 9-somite stage to the prim-6 stage where NeonGreen labels cell membranes (grayscale). Imaging
optimization was conducted by M.P. and J.M.R. while final images displayed were captured by M.P.

Imaging from the two-cell to 9-somite stages requires an embedding medium that can
locally yield to accommodate embryonic shape changes. Tg(h2afva-GFP) x

Tg(actb2:MA-mCherry2)hm29 double transgenic zebrafish embryos (to label nuclei and
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cell membranes) were embedded in 2.45 wt.% microgels at the 2-cell stage and
imaged successfully for 15 h in both transmitted light and fluorescence modes in an
inverted confocal microscope (Figure 5A). We imaged embryos embedded in 2.50 wt.%
microgels from the 19-somite stage (19 h post fertilization) to the prim-6 stage (25 h
post fertilization), as the embryo undergoes dramatic shape changes during tail
eversion at these stages. Zebrafish successfully underwent tail eversion when
embedded in 2.50 wt.% microgels (Figure 5B) while being simultaneously held in place
during imaging. Our findings show that microgels can be successfully used as mounting
media for imaging of developing embryos: they hold the embryo in place while
allowing it to develop normally, even when the embryos undergo remarkable shape
changes in 3D. More broadly, microgels constitute a material system that can be used
to address biological questions spanning length-scales, from single cells to whole

organism.

6. Conclusions

In this study, we demonstrated that microgels can be used as mounting media
to image embryonic development over long time-scales in inverted microscopes,
opening new opportunities to study cellular and developmental processes in intact
embryos. We described the rheological and optical properties of granular,
polyacrylamide microgels, which allowed us to identify the non-linear scaling
relationship between microgel storage modulus and yield stress and to obtain the path

length-dependence of microgel optical clarity. We also obtained the range of microgel
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concentrations for which it is possible to hold embryos in position in 3D while

simultaneously enabling their proper development, even when this involved dramatic

shape changes. No existing mounting media has been able to successfully support

zebrafish embryonic development over such long timescales while maintaining embryo

positioning. While the specific range of microgel concentrations allowing long-term

imaging may depend on the organism, our results show that microgels enable long

term 3D imaging of embryonic development with subcellular resolution in widely-used

inverted light microscopes.

1. Microgels are rheologically tunable with yield stress scaling with storage modulus
following a power-law scaling relationship.

2. Microgels maintained >80% transmittance at 500 Um pathlengths, like the working
distance of most inverted microscopes.

3. Microgels minimally distort fluorescent signals — 150 nm wider in the axial and
30 nm wider in the lateral dimension compared to agarose.

4. Microgel formulations with yield stresses between 0.1-3 Pa supported

zebrafish embryo imaging from the 2-cell (0.75 hpf) through the 6-prim (25 hpf)

stage.
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CHAPTER 3: Pancreatic Ductal Adenocarcinoma Organoids Exhibit Pulse-Driven

Collective Force Generation in Confinement

The subsequent section is adapted from a manuscript currently in review at the
American Chemical Society Applied BioMaterials. Upon publication, all figures and
data are subject to ACS Applied BioMaterials copyright.

Jonah M. Rosas*, Joseph P. Campanale®, Jacob L. Harwood, Rachel Bae, Shujun Cheng,
Julia M. Tsou, Kathi M. Kaiser, Danielle D. Engle, Denise J. Montell, and Angela A. Pitenis

(*equally contributed to this work)

Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a cancer of the epithelia comprising
the ductal network of the pancreas. During disease progression, PDAC tumors recruit
fibroblasts that promote fibrosis, increasing local tissue stiffness and subjecting epithelial
cells to increased compressive forces. Previous in vitro studies have documented
cytoskeletal and nuclear adaptation following compressive stresses in 2D and 3D.
However, comparison of the responses of normal and tumor-derived ductal epithelia to
physiologically relevant confinement remains underexplored, especially in 3D organoids.
Here we control confinement with an engineered 3D microenvironment composed of
Matrigel® mixed with a low yield stress granular microgel. Normal and tumor-derived
murine pancreas organoids (normal and tumor) were cultured for 48 h within this composite
3D environment or in pure Matrigel® to investigate the effects of confinement on lumen
morphogenesis. In confinement, tumor organoids (mT) formed lumen that expanded
rapidly, whereas normal organoids (mN) expanded more slowly. Tumor organoids
exhibited a collective “pulsing” behavior that increased in confinement. These pulses
generated forces sufficient to locally overcome the yield stress of microgels in the direction

of organoid expansion. Normal organoids more commonly exhibited unidirectional

28



rotation. Our in vitro microgel confinement platform enabled the discovery of two distinct
modes of collective force generation in organoids that may shed light on dynamic collective
cell behaviors.
1. Introduction

The microenvironment plays a key role in directing cell behavior during the onset
and progression of diseases such as invasive breast carcinoma and pancreatic ductal
adenocarcinoma. The protein composition and mechanical properties of the
microenvironment, such as collagen type 1 abundance and tissue elastic modulus, have
been correlated with invasive ductal epithelial cancers and poor clinical outcomes.'=5 The
tumor microenvironment facilitates disease progression by suppressing immune cell
function,® imparting chemoresistance,” and establishing hypoxia.8 During disease
progression, the microenvironment dramatically stiffens due to infiltration of cancer-
associated fibroblasts that locally deposit and align collagen type 1 in a process known
as fibrosis.®9-12 Pancreatic ductal adenocarcinoma fibrosis results in collagen deposition
that increases tissue stiffness and confines cells within the tumor microenvironment.13
Cancer-associated fibroblasts contract and generate compressive stresses on cancer cells,
confining tumors by maintaining tension along collagen fibers.'4

PDAC is among the most fibrotic of epithelial cancers.’315 Although the
extracellular matrix may initially constrain tumor growth, collagen proteins promote
collective and mesenchymal invasion in vitro.51¢ Studies have shed light on the adaptive
mechanisms cancer cells leverage to navigate confined spaces in vitro, including altering
cytoskeletal and nuclear deformability.’¢2! The extent to which cell morphology and
collective behaviors are influenced by confinement is an active area of study. Confinement
generally refers to the compressive stresses acting on cells as they squeeze through,

deform, or proteolytically degrade narrow interstitial spaces that impede their migration
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and/or growth.22-24 2D confinement studies have used rigid environments to investigate
cellular response to confinement, but there are limited complimentary 3D systems to confine
and support tissue-derived organoids in physiologically relevant mechanical niches.
Organoid models exhibit structural similarities to their tissues of origin and help bridge the
divide between 2D immortalized cell lines and in vivo organ development. Organoids
offer an experimental system to investigate emergent collective cell behaviors that may
contribute to disease progression.25-30

Here, we investigated the role of microenvironmental confinement on morphogenesis using
tumor (PDAC) and normal murine-derived pancreas ductal organoids. We designed and
implemented a 3D culture platform to create a “more confined” microenvironment using a
low yield stress microgel support media compared to “less confined” Matrigel®
encapsulation standards. Our results show that tumor organoids expand more rapidly than
normal organoids under confinement. Furthermore, tumor organoids exhibit a “pulsing”
behavior that increases in frequency in confinement and exerts force on the surroundings,
suggesting pulsing allows tumors to rearrange the local microenvironment and expand.
Together, these findings underscore the need for future investigations into collective force-
generating behaviors in vitro and their physiological consequences in disease progression

and metastasis.

2.0 Results
2.1 Microgels alter the spatial microenvironment

We investigated the effects of 3D confinement on pancreas organoid expansion
and behavior using a low yield stress microgel platform with a tunable degree of

confinement (Figure 1). Our system enabled real-time observation and measurement of
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normal and tumor pancreas organoids in 3D. This microgel platform was composed of 3
wt.% polyacrylamide hydrogel microparticles
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Figure 1 Microgel composites increase confinement. A) lllustration of microgel processing from bulk
polyacrylamide hydrogel to 100 Um diameter microgels mixed with Matrigel® for organoid culture. B)
Parallel plate rheometer geometry used to characterize microgel composite. C) Average storage modulus
(G’) for Matrigel® (less confined, n=3) and 75 vol.% microgel, 25 vol.% Matrigel™ composites (confined,
n=2). D) Average yield stress of less confined (n=3) and confined (n=2) microenvironment. E) Confocal
maximum intensity projection of confined microenvironment with FITC- Matrigel™ (green) and microgels
labeled with orange polystyrene nanoparticles (diameter = 500 nm, particle concentration = 0.01 wt.%,
Ex. 542 nm/Em. 612 nm). F) 3D heat map of channel width between microgel particles showing average
channel width is 8 um. G) Confocal maximum intensity projection of an organoid midplane. Organoid stained
with CellTracker™ CMFDA (cytosol) and DNA (Hoechst 33342) with lumen in the center. Microgels embedded
with orange fluorescent nanoparticles (diameter = 500 nm, particle concentration = 0.01 wt.%) and outlined
with dashes. Statistical significance determined from unpaired t-test. *p < 0.05. Error: SD. Scalebars = 100
Mm.

(“microgels”) of average diameter of 104 £ 17 um S.D. (Supplementary Figure 1).
Microgels were mixed with Matrigel® at a volume ratio of 75:25 microgel-to-Matrigel®
(Figure 1A). We characterized the rheological properties of our microgel composite and

100% Matrigel® using a strain-controlled rheometer fitted with a parallel plate geometry
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at physiological conditions, 37°C, 88% RH (Figure 1B). Storage modulus was evaluated

across the plateau region at low strain (Figure 1C, Supplementary Materials 2).
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Supplementary Figure 1: Microgel particle sorting produces a narrow distribution of particle sizes
Representative brightfield image of microgel particles used to determine average microgel size at A) low

magpnification 4X and B) high magnification 20X. C) Histogram of particle size distribution with average
diometer of 104 = 17 PUm S.D for 200 measured particles.

Microgel composites had an average storage modulus of G’ = 82.73 * 10.76 Pa

standard deviation, and Matrigel® had an average storage modulus of G’ = 22.47 +
15.78 Pa standard deviation. Yield stress (0y) was evaluated at the crossover of storage
modulus, G’, and loss modulus, G”, (Supplementary Materials 2, 3). Microgel composites
had an average yield stress of 0, = 17.35 + 4.03 Pa standard deviation, and Matrigel®
had an average yield stress of 0, = 7.40 * 1.22 Pa standard deviation (Figure 1C, D).

Our microgel composite is stiffer and higher yield than Matrigel® alone, however, both
materials are softer than normal tissue and tumors.® Such soft and low yield stress

microenvironments allow for single cell growth and movement.30-32
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Supplementary Figure 2: Oscillatory strain rheology of less confined (Matrigel™, grey) and more.
confined (75 vol.% microgel, blue) microenvironments. Storage modulus (filled circle and triangle)
and loss modulus (open circle and triangle) at a frequency of 1 Hz, 37°C, and 88% RH.

To characterize confinement within the microgel composite, we measured the width

of FITC-labeled Matrigel®(green) channels surrounding microgels (diameter = 100 JUm)
containing a low concentration of fluorescent orange nanoparticles (diameter = 500 nm)
(Figure 1E). Microgel particles were surrounded by channels between 1 and 29 ym wide
(Figure 1F). Channel width analysis showed an interconnected network of Matrigel® (lighter

colors indicate wider regions; darker colors narrower) where the average channel width

varied with microgel-Matrigel® volume ratios (Supplementary Figure 4).
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Supplementary Figure 3: Rheological Properties of Microgel Composites Using Two
Microgel Compositions. The A) storage modulus and B) yield stress of microgel composite
systems generated using 3 wt.% (dark grey) and 5 wt.% (light grey) polymer content
microgel particles. These data depict the distinct rheological properties that can be
achieved by tuning both the polymer concentration of microgels and Matrigel® content
within a composite system.

When microgel and Matrigel® were mixed in equal volume ratios, the channels
were approximately 15 Um wide. Increasing the microgel-Matrigel® volume ratio to 75
vol.% reduced the average channel width to about 8 Um. Our microgel platform controls

the proximity of passive hydrogel microparticles in 3D and controls confinement conducive

for organoids to grow and undergo lumenogenesis (Figure 1G).
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Supplementary Figure 4: Interstitial space between microgel particles narrows with increasing microgel
volume fraction. Representative z-slices depicting A) 50 vol.% and B) 75 vol.% FITC-Matrigel™ channel
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thickness represented as a heat map with cool blues depicting narrow regions and hot oranges depicting
wide regions. C) Average channel widths for 50 vol.% (15.4 +/- 1.3 um) and 75 vol% microgel (8.5 +/-

0.6 Um) were determined from a 500 PUm X 500 pm ROI spanning 156 Um in z with a 2.2 Um step size.
Organoids are generally larger than 100 PUm in diameter. Error: SD.

2.2 Physical confinement constrains normal but not tumor organoid expansion

Confinement plays several roles in development and disease. The stromal
compartment surrounding organs is an ECM-rich barrier that confines normal tissues during
organogenesis.3'-35 The extracellular matrix undergoes compositional and geometric
changes during disease transition that can impede or assist cancer metastasis.21.36-38
Previous efforts have confined single cells in 2D using micropillars, rigid parallel plates,
and other engineered systems'?, but platforms that similarly challenge organoids in 3D
are underexplored. Our microgel platform presents an opportunity to impose compressive
stresses on living organoids (Figure 1).
We cultured six independently isolated murine pancreas organoid lines,12 three normal
(mN10, mN11, and mN12) and three tumor (mT8, mT?, and mT69A). Organoids were
grown in two different confinement conditions: Matrigel® (“less confined”) and microgel
composite (“more confined”) (Figure 2). After 48 h, we measured the outer organoid
diameter at the midplane. As expected, tumor and normal organoids formed spherical
monolayers surrounding a central lumen when grown in Matrigel® (Figure 2A, D) with tumor
organoids expanding to larger final diameters than normal organoids (Figure 2 C, F and
Supplemental Figure 4). Tumor organoids expanded to an average diameter d = 141.0
+ 81.40 um S.D., while normal organoids expanded to d = 122.7 * 60.66 [Um S.D., which

represents a roughly 10% difference.
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Figure 2 Organoids exhibit genotype-dependent sensitivity to confinement. A,B) Confocal images of
organoid midplane stained with CellTracker CMFDA (cytosol) and DNA (Hoechst 33342) B) Microgels
embedded with orange fluorescent nanoparticles (diameter = 500 nm, particle concentration = 0.01 wt.%)
and outlined with dashes. C) Normal (mN) organoids have lower final diameter after 48 h when confined
(pink triangle) than less confined (light pink circle). D,E) confocal images of tumors stained as in (A,B). F)
Tumor (mT) organoids are similar sizes after 48 h when confined (blue triangle) and less confined (light blue
circle). Statistical significance determined by Ordinary Two-Way ANOVA with Sidik’s Multiple Comparison
Test, with a single pooled variance. **** p < 0.0001. Error bars: 95% confidence intervals. Scalebars =
100 um.

Surprisingly, both tumor and normal organoids expanded when confined by microgel
particles in as little as 25 vol.% Matrigel®, although normal organoids expanded to
smaller diameters when confined (Figure. 2A-B and Supplementary Figure 5). Normal
organoids were approximately 24% smaller in more confined microenvironments than in
less confined conditions. The average diameter of more confined normal organoids was d
= 93.05 * 51.09 Um S.D. while the average diameter in less confined conditions was d =
122.7 * 60.66 um S.D. (Figure 2C). In contrast, tumor organoids formed nearly identical
average diameters across less confined and more confined microenvironments at d =
141.0 £ 81.40 Pm S.D. and d =138.5 * 69.41 um S.D., respectively (Figure 2D-F).
Normal organoids were about 13% smaller in diameter than tumor organoids in less
confined microenvironments and approximately 33% smaller in more confined

microenvironments.
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Supplementary Figure 5: Normal organoids sensitivity to confinement while tumor organoids do not.
Normal (mN) organoids in confined (pink triangles) microenvironments grew to smaller diameters than in less
confined (light pink triangles) microenvironments after 48 h (N=3 biological replicates, n > 49 organoids
measured). Tumor (mT) organoids in confined (blue triangles) microenvironments grew to similar diameters
as in less confined (light blue circles) microenvironments after 48 h (N=3 biological replicates, n > 49
organoids measured). Statistical significance was determined using an Ordinary Two-Way ANOVA with
Sidik’s Multiple Comparison Test, with a single pooled variance. *p < 0.05,**p < 0.01, *** p < 0.0001.

2.3 Confinement disrupts apico-basal polarity in normal organoids

Epithelial tissues and organoids expand through cell division and/or cell shape
change. Given that confined microenvironments constrain the expansion of normal but not
tumor-derived organoids, we tested whether effects on cell division might account for the
different responses to confinement. We quantified division by measuring the number of

phospho-histone 3 expressing (PH3+) cells per organoid (Supplemental Figure 5).
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Supplementary Figure 6: Cell division in normal and tumor organoids. A-D) Normal (A,B) and tumor (C,D) organoids
grown in less confined and confined environments for 48 hours. Dividing cells marked with phospho-histone3 (PH3, green).
DNA stained with Hoescht (blue) and F-acting with phalloidin (gray). E) Quantification for the percentage of PH3 positive
cells. Number of organoids counted above each symbol with confidence intervals. Scale bars 100 um.

When normalized to the total number of cells per organoid, normal organoids underwent
cell division at similar rates in less confined (Supplemental Figure 5A) and more confined
(Supplemental Figure 5B) microenvironments. Similarly, we found no significant
differencecell division for tumor organoids in less confined (Supplemental Figure 5C) and
confined (Supplemental Figure 5D) microenvironments. Thus, normal and tumor organoids
divide at similar rates regardless of a confining microenvironment (Supplementary Figure
6).

Changes in cell shape can also drive morphogenesis, including the formation of
luminal organs.3? Pancreatic organoids grown in Matrigel® organize into a single layer of
columnar epithelial cells with apical membranes facing an internal lumen, lateral
membranes between cells, and basal membranes touching the extracellular matrix.40 After
establishment of polarity, changes in cell shape accompany increasing organoid

diameters. Tall, columnar cells transition to short and flat squamous morphology while
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retaining apical-in (lumen-facing) polarity. All normal organoids grown in 100% Matrigel®
transitioned from columnar into squamous cells with apical membranes containing atypical
protein kinase C (aPKC), an apical determinant, facing toward the lumen and Scribble, a
basolateral determinant, between cells (Figure 3A-A’, C). However, 62% of normal
organoids grown in more confined environments exhibited inverted apicobasal polarity
(Figures 3B-C). aPKC positive membranes were facing the Matrigel®-microgel composite,
and basolateral membranes faced inwards to small lumens. Tumor organoids grown in
both less and more confined conditions had indistinguishable diameters and were
composed of flat squamous cells with aPKC-positive membranes facing central lumens

(Figures 3D-E’).
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Figure 3 Confinement disrupts cell polarity and inhibits columnar-to-squamous transition in normal
organoids. A,B) Confocal images of murine normal organoids grown in less confined A) and confined B)
conditions and stained for the basolateral membrane marker Scribble (green) and the apical marker aPKC
(magenta) and DNA in blue. A’,B’) zooms of the insets in A,B. C) Percentage of organoids exhibiting normal
polarity with apical membranes interfacing inward toward the lumen, or with apical membranes facing
outward toward the extracellular environment. D-E’) Confocal images of murine tumor organoids stained as
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in A-B’. F) lllustration of apical and basal membranes as cells transition from columnar to squamous during
normal lumen volume increase.

Thus, the apical inward polarity of normal organoids (Figure 3F) is disrupted when
more confined. In contrast, confinement had no effect on tumor organoid morphogenesis.
Taken together, we conclude that confinement suppresses normal organoid lumen
expansion in part by preventing the columnar-to-squamous transition and inverting
apicobasal polarity.

2.4 Confinement slows normal but not tumor organoid expansion

An advantage of organoid models over in vivo mouse studies is the ability to observe morphogenesis in real
time. Leveraging this, we used time lapse imaging to characterize normal and tumor organoid lumen expansion kinetics
in less confined and more confined conditions over 48 h using Differential Interference Contrast (DIC) microscopy (Figure
4, Supplementary Movies 1-4). Normal organoids expanded linearly in Matrigel® (Figure 4A, A’). Tumor organoid
expansion was punctuated by striking rapid contractions followed by whole organoid re-expansion (Figure 4B, B’). We
defined a contraction events or “pulses” by a loss in organoid area exceeding 10%. In contrast, normal organoids did
not exhibit the same pulsing behavior. Organoid expansion rates were visualized by plotting organoid cross-sectional
area as a function of time (Figure 4C, D, Supplementary Figure 7). The steeper the slope, the faster the change in
organoid expansion. Representative plots of a single normal organoid’s projected area over time indicated faster
expansion in less confined (light pink circle) than in more confined (pink triangle) conditions (Figure 4C). Representative
plots of a single tumor organoid tracked over 48 h exhibited multiple pulses labeled in Figure 4D. In contrast to normal
organoids, tumor organoid expansion kinetics were largely insensitive to confinement. Interestingly, the number of pulses
increased in more confined conditions (Figure 4D). Normalized area measurements of many organoids showed normal
(light pink circle, n=43) and tumor (light blue circle, n=57) organoids expanded at similar rates in less confined
microenvironments with tumors expanding slightly faster (Figure 4E). These data were consistent with the observation
that tumor organoids were larger than normals after 48 h in less confined environments (Figure 2G). Tumor organoids
(blue triangle, n=45) expanded faster than normal organoids (pink triangle, n=20) in more confined conditions (Figure
4F). Tumor organoids maintained similar area fold changes in both microenvironments. Together, these results suggest

normal organoids expand slower when confined, while tumor organoids continue expanding despite confinement.
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Figure 4 Organoid projected area and expansion kinetics over time. A) Normal organoids expand linearly
with limited area fluctuations between 15 min acquisitions shown in DIC imaging and A’) projected area
traces. B) Tumor organoids undergo rapid expansion, collapse or “pulse” (< 15 min), and re-expansion (<
90 min) shown in DIC imaging and B’) projected area traces. Here, a pulse is defined as an organoid
contraction with an area loss >10% within 15 min. C) Organoid area profiles for normal (mN) organoids in
less confined (light pink circle) and confined (pink triangle) microenvironments (n=1). D) Organoid area
profiles for tumor (mT) organoids in less confined (light blue circle) and confined (blue triangle)
microenvironments (n=1). E) Average population expansion kinetics profiles for mN (light pink circle, n=43)
and mT (light blue circle, n=57) organoids in less confined microenvironment. F) Average population
expansion kinetics profiles for mN (pink triangle, n=20) and mT (blue triangle, n=45) organoids in confined
microenvironment. Scale bars = 50 Um. Error: 95% confidence interval.
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mNormal less confined 48 h time lapse

Supplementary Movie 1: DIC time lapse of normal organoids expanding in less confined

microenvironment. Tiles depict every 60 min of a 48 h timelapse with acquisitions every 15 min. Scalebar
= 100 pm.
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mNormal confined 48 h time lapse

Supplementary Movie 2: Time lapse of normal organoids expanding in confined
microenvironment. Tiles depict every 60 min of a 48 h timelapse with acquisitions every 15 min.
Scalebar = 100 um.
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mTumor less confined 48 h time lapse

Supplementary Movie 3: Time lapse of tumor organoids expanding in less confined microenvironment.
Tiles depict every 60 min of a 48 h timelapse with acquisitions every 15 min. Scalebar = 100 Um.
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mTumor confined 48 h time lapse

Supplementary Movie 4: Time lapse of tumor organoids expanding in confined microenvironment. Tiles
depict every 60 min of a 48 h timelapse with acquisitions 15 min. Scalebar = 100 Um.
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Supplementary Figure 7: Organoid growth kinetics. Multiple organoid area traces for A) normal organoids
in less confined microenvironment (n = 43), B) normal organoids in confined microenvironment (n = 20), C)
tumor organoids in less confined microenvironment (n = 57), and D) tumor organoids in confined
microenvironment (n = 45).

2.5 Tumor organoids move nearby microgel particles in the direction of expansion

Pulsing tumor organoids may generate stresses sufficient to locally yield the
microenvironment. We investigated how organoids physically interact with their
microenvironment during expansion by embedding fluorescent tracer particles (500 nm
diameter) in microgel (Figure 5A) in more confined conditions. Well-spaced organoids
were selected for imaging to eliminate particle movements due to nearby organoids.
Particle trajectories revealed distinct organoid-microgel interactions for normal and tumor
organoids. Normal organoids rotated, spinning adjacent microgels opposite the direction
of organoid rotation(Figure 5B, B’). Normal organoid rotations were consistent with recent

reports of collective rotation in murine pancreas-derived organoids.4!
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Figure 5 Particle tracking quantifies microgel displacement due to organoid movement. A) Schematic
of single particle tracking with travel distance and linearity index defined. B) Normal organoid in confined
microenvironment generates B’) rotational trajectories. C) Tumor organoid in confined microenvironment
generates C”) linear trajectories. Particle trajectory D) travel distances and E) linearity indices (normal : n
= 2,306 trajectories, N = 13 organoids; tumor: n = 3,090 trajectories, N = 17 organoids). Statistical
significance determined using unpaired t-test. **** p <0.0001. Error bars: 95% confidence intervals. Scale
bar = 100 um for composites, 10 um for inset.

Tumor organoids, in contrast, did not exhibit significant rotation but pulsed linearly
outward against the surrounding microenvironment during expansion (Figure 5C, C'). Over
the same 24 h period, tumor organoids moved microgels further (Figure 5D) and with a
more persistent direction. The ratio of particle displacement (end-to-end distance) to total
distance traveled was defined as the linearity index, or the persistence of a particle’s
trajectory. Thus, more straighter tracks have a higher linearity index. Analysis of normal
(pink triangle) and tumor (blue triangle) organoid linearity confirmed that tumor organoids
generated straighter tracks during expansion (Figure 5E). Thus, in confinement, the ability
to exert force in the direction of expansion may facilitate tumor growth.

2.6 Tumor organoids increase pulse frequency under confinement

47



Tumor organoids pulsed more frequently in confined conditions (Figure 4D),
suggesting confinement induces pulsing. We measured change in organoid cross-sectional
area every 15 min for 48 h (Figure 6A-D) to quantify organoid pulse rates. Negative
area change indicated rapid contraction, whereas positive area change indicated rapid
expansion. Single organoid pulse profiles highlighted differences between normal and
tumor organoids. Whereas normal organoids seldom pulsed in either less confined (Figure
6A) or more confined conditions (Figure 6B), tumor organoids pulsed in less confined

conditions (Figure 6C) and increased pulse frequency in more confined conditions (Figure

6D, E).
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Figure 6 Tumor and normal organoid pulse profiles. A) Pulse profiles of a normal organoid every 15
minutes in unconfined and B) confined environments. C) Pulse profile of a tumor organoid every 15 minutes
in unconfined and D) confined environments. A pulse is defined as an organoid contraction with an area loss
>10% within 15 min, and the grey bounding box indicates +/- 10% area change. E) Normal and tumor
pulse rate (pulses per hour) in less confined (circle) and confined (triangle) microenvironments with mean
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pulse rate and 95% confidence interval. F) Schematic of an organoid inflation assay caused by a forskolin
(FSK) dependent increase in lumen hydrostatic pressure. G) The percent of normal organoids per field of
view that pulse in less confined (circles)(nomso = 10, nesk = 14) and confined (triangles)(nomso = 16, nrsk =
18) microenvironments with mean pulse rate and 95% confidence interval. Statistical significance was
determined using an Ordinary Two-Way ANOVA with Sidik’s Multiple Comparison Test, with a single pooled
variance. *p < 0.05, ¥*** 5 < 0.0001.

To investigate the cellular mechanisms driving expansion and pulsing, we
performed a pharmacological screen targeting lumen hydrostatic pressure (forskolin),
cytoskeletal assembly and dynamics (blebbistatin, y-compound, cytochalasin B), and
several signaling pathways (MRTX-1133, VX-11e, wortmannin) (Supplementary Figure 8).
Out of 8 independent drug treatments, forskolin (FSK) provided the most consistent and
largest effect, increasing the percentage of pulsing tumor organoids in a less confined

microenvironment (Supplementary Figure 8).
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Supplementary Figure 8: Percentage of tumor organoids pulsing when treated with 8 small molecules
targeting cytoskeletal elements, ion channels, and signaling pathways. Para-amino-Blebbistatin is an
inhibitor of non-muscle myosin Il ATPases that rapidly and reversibly targets the activity of non-muscle
myosin Il A and B. Y-27637 Hydrochloride (y-compound) is a rho kinase inhibitor that target ROCK-I and
ROCK-II. Forskolin is a cAMP activator that increases chloride ion transport and water flux in the apical
direction. Cytochalasin B is a actin assembly inhibitor, preventing the formation of a dense actin network
necessary for contractility.CFTR(inh)-172 is a potent and selective CFTR chloride ion channel blocker,
preventing apical fluid secretion. VX-11e is a selective ERK2 inhibitor. ETH-1864 is a selective Rac GTPase
inhibitor blocking activation through direct binding to Rac1 Rac 1b, Rac2, and Rac3.MRTX-1133 is a selective
KRASC!20 inhibitor that targets the hyperactive form of KRAS found mutated in the KPC organoid models
used in this study. Wortmannin is a selective and irreversible PI3K inhibitor. Greater detail on drug
mechanisms can be found in manufacturer specifications.

Forskolin increases cAMP levels, which results in the opening of cystic fibrosis
transmembrane conductance regulator (CFTR) channels and has been used to stimulate
organoid swelling (Figure 6F).42 The dynamics of lumen inflation and collapse are well

known to rely on CFTRs.#3 Therefore, we assessed whether increasing luminal pressures
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with forskolin could induce normal organoid pulsing in each confined condition. Forskolin
treatment increased the percentage of pulsing normal organoids in both less confined and
more confined environments (Figure 6G, Supplementary Figure 9). Taken together, these
data demonstrate that tumor organoids pulse more frequently in more confined
environments, and normal organoids will begin pulsing in response tin increased hydrostatic

pressure.
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Supplementary Figure 9: Forskolin induces pulsing in normal organoids Percentage of normal organoids
pulsing in less confined and more confined conditions when treated with forskolin and cytochalasin B.

2.7 Increased hydrostatic pressure partially rescues normal organoid apico-basal polarity but
not size in confinement

Epithelial cells must regulate hydrostatic pressure for lumen inflation.4344 We found
that pancreatic tumor organoids pulsed more frequently when confined and maintained
normal apicobasal polarity whereas normal organoids pulsed less and often reverse
polarity (Figure 6). Since forskolin induced normal organoid pulsing, we hypothesized
pulsing may assist in maintaining normal organoid polarity and organoid size in more
confined conditions. Normal organoids in less confined conditions had proper apical
inward aPKC localization in both DMSO (Figure 7A, A’) and forskolin treatments (Figure

7B, B’).
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Figure 7 Increased hydrostatic pressure partially rescues normal organoid polarity but not size. A)
DMSO-treated normal organoid polarity in less confined microenvironments stained for SCRIB at
basolateral surfaces and aPKC at apical membranes. A’) zoom of boxed region in A. B) Forskolin-treated
normal organoid polarity in confined microenvironment stained as in A and zoomed as in A’ C-D’) Normal
organoids grown in the confined condition, and treated and stained as A-B’. E) Quantification of percent
normal organoids with apical membranes facing inward toward lumen. F) Normal organoid diameter
measurements at 48 h in less confined (circles) and confined (triangles) after treatment with DMSO or
Forskolin. Error: 95% CI. All statistical significance determined using ANOVA. In E, the factors the two-
way ANOVA were cell-line and treatment with a Tukey post-hoc analysis. *p < 0.05,**p < 0.01, ***p <
0.001, **** p <0.0001. Scale bar = 50 pm.

In contrast, normal organoids in more confined conditions had inverted apical
outward aPKC staining (Figure 7C, C') that was partially reverted to apical inward aPKC
staining with forskolin treatment (Figure 7D, D’). Forskolin treatment improved the
population of organoids with proper apical inward polarity by = 12% but was insufficient
to restore normal organoid size after 48 h (Figure E, F).

3.0 Discussion

The in vivo tissue microenvironment is a multi-component system composed of

functional communities of cells surrounded by an extracellular matrix. During PDAC disease

progression, cancer associated fibroblasts deposit and remodel the extracellular matrix,
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generating compressive stresses upon normal and cancer cells:20.37.46-48  |n colorectal
cancer, compressive stresses restrict cancer growth while also complicating therapeutic
interventions by collapsing blood vessels.4? Here, murine pancreas ductal organoids
derived from normal and PDAC tissues were confined using a 3D low yield stress platform
that modulated the rheology of Matrigel®. Our engineered microenvironment allowed us
to confine organoids and compare normal and tumor organoid responses to confinement.

The expansion of epithelial tissues typically occurs in one of two ways: (1) by
adding cells through division or (2) rearrangement of existing cells through processes such
as convergent extension, intercalation, or columnar-to-squamous transition30-52, Although
confinement did not affect cell division rates in either normal or tumor organoids
(Supplementary Figure 6), we determined that normal organoids — but not tumor organoids
— failed to undergo columnar-to-squamous transitions in confinement and instead exhibited
inverted, apical-outward polarity. Tumor organoids, in contrast, are known to display
irregular polarity patterns, which may contribute to their ability to overcome confinement
and regulate hydrostatic pressure. Hydrostatic pressure increases occur by the secretion
of ions, accompanied by the movement of water into a lumen. Multiple mechanisms
regulate hydrostatic pressure during development and morphogenesis, including: fluid
release by basal valve-like lamellae, fissures in cell junctions leading to paracellular
movements of water by hydraulic fracturing, or the stretching of cells into more squamous
morphology.45:5456 The exocrine secretion function of the pancreas requires ion-dependent
fluid secretion and these channels are aberrantly expressed and mislocalized in PDAC.57:58
How tumors utilize ion fluxes and pulsing to grow in confined environments, and whether
normal tissues more tightly regulate infraluminal pressures in vivo remain open questions

and warrant further investigation.
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Notably, we observed that tumor organoids pulsed more frequently when
confined, which raised the question whether pulsing confers an adaptive advantage.
Collective pulsing has been reported in patient-derived ovarian cancer spheroids,*3
normal murine pancreas organoids,?¢ and mammalian embryos,># but there remain limited
investigations into how pulse rates differ between normal and cancerous tissues and how
pulsing is altered by confinement.26.53 Tumor-derived, pancreas organoid pulsing has not
been examined until now. The observation of collective pulsing across human ovarian
spheroids, murine pancreas ductal organoids, and mammalian embryos suggests it may
be a general feature of cystic epithelia.>>

Live imaging of healthy and tumor organoids at different levels of confinement
revealed changes in organoid expansion kinetics and dynamics. We discovered collective
pulsatile and rotational behaviors that generated forces on the surrounding
microenvironment. The emergent pulsing behavior in PDAC organoids correlated with
organoid expansion under confinement, whereas the rotational behavior of normal
organoids was correlated with slowed expansion kinetics under confinement. We further
demonstrated pulsing could be induced in normal organoids treated with forskolin, but
pulsing alone was insufficient to fully rescue normal organoid diameter and native
apicobasal polarity. Thus, there must exist multiple features of luminal pressure regulation
that differ between normal and tumor organoids that warrant further investigation.
Together, these results suggest that confinement due to fibrosis may cause more deleterious
effects on normal tissue compared to tumors.

Our 3D low yield stress microgel platform revealed a possible strategy by which
organoids coordinate an active and collective pulsing behavior to respond to confinement.
We demonstrated that tumor organoids displaced adjacent microgels along linear

displacement tracks oriented in the direction of organoid expansion. In contrast, normal
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organoids pulsed rarely if at all, rather exhibiting rotational behaviors consistent with Tan
et al40. We demonstrated that organoid rotations generate traction forces along the
rotational axis, displacing adjacent microgels in a direction parallel to the organoid.
Rotation was less effective than pulsing at locally yielding microgel and creating
additional space for organoid expansion, suggesting that pulsing may enable tumors to
overcome confinement. The extent to which collective pulsing alters the microenvironment
and its consequences in vivo are exciting areas of new investigation made possible using

our 3D microgel platform.

4.0 Conclusions

1. Low yield stress microgel platforms supports organoid lumenogenesis even in
scarce Matrigel® microenvironments (<50 vol.%). Microgels can be used to increase
packing density and tune confinement by increasing storage modulus (G’), yield stress (oy),
and decreasing channel width.

2. Confinement (75 vol.% microgel, 25 vol.% Matrigel®) decreases normal organoid
diameter and suppresses growth. Confinement does not impact tumor organoid diameter
or expansion rate.

3. Confinement disrupts apicobasal polarity and columnar-to-squamous transitions in
normal organoids independent of cell division.

4. Confinement increases tumor organoid pulse frequency by at least 2X, and

forskolin treatment can induce pulsing in normal organoids.

5. Materials & Methods

5.01 Hydrogel Synthesis and Microgel Preparation
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The “more confined” 3D microenvironment in this study was designed as a granular
bed of soft aqueous microgels with Matrigel® occupying interstitial space. Previous studies
have established that microgel media support the 3D culture of cells and microtissues.58:59
Microgel media may be composed of high-water-content hydrogel-based materials,
including polyethylene glycol (PEG) and polyacrylamide (PAAm).50-65 |n this investigation,
polyacrylamide was selected due to its extensive use in biomedical applications, tunable
mechanical properties, lubricity,4-%8 optical transparency, and ease of preparation and
accessibility (e.g., SDS-PAGE gels). Hydrogels constituents acrylamide (AAm), N,N'-
methylene- bis(acrylamide) (MBAm), N,N,N’,N'-tetramethylethylenediamine (TEMED), and
ammonium persulfate (APS) were purchased from Sigma-Aldrich. Stock solutions of AAm
(30 wt.%), MBAm (2 wt.%), TEMED (10 vol.%, corresponding to 7.9 wt.%), and APS (10

wt.%) were prepared in ultrapure deionized (DI) water (18.2 MQ:cm). Polyacrylamide

hydrogels were synthesized at 3 wt.% AAm with a crosslinker concentration of 0.12 wt.%
MBAm. Bulk hydrogels were mechanically processed and sorted by Stokes’ sedimentation
following the methods described in Atkins et al.59 to achieve an average microgel

diameter of 104 £ 17 um S.D. (Supplementary Materials 1). Microgels were imaged using

a Nikon Ti2 Widefield Microscope with a Plan Fluor 4X (NA = 0.13) air objective and an

S Plan Fluor 20X ELWD (NA = 0.45) air objective. Average microgel diameters were

measured by defining three points at the edge of each microgel particle (n = 200) and
fitting a circle that contained all three points.®? Microgel diameters were determined using
the 3-point circle fitting tool in the NIS Element software.
5.02 Fluorescent Nanoparticle-Embedded Microgels

Dilute concentrations of fluorescent nanoparticles were embedded within microgel

particles to visualize the 3D structure of microgel-Matrigel® composites and to conduct
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particle tracking with confocal imaging. Polyacrylamide microgels were prepared with
0.01 wt.% orange fluorescent polystyrene nanoparticles (500 nm diameter) to pre-
polymerized hydrogel solutions. Fluorescent nanoparticles were purchased (Fisher
Scientific cat.#R500) at a stock concentration of 1% solids with excitation and emission
spectra (exc. 542 nm/em. 612 nm) and ultrasonicated to reduce agglomeration.
5.03 Generation of Confined Microenvironment using Microgel-Matrigel® Composite
Microgels equilibrated in Mouse Split Media at 4°C for at least 48 h prior to
experimentation. Equilibrated microgels were centrifuged at 2,000g for 1 min then mixed
at 75:25 volume ratios with Corning®Matrigel® Growth Factor Reduced Basement
Membrane Matrix, Phenol Red-free, LDEV-free (Corning®, cat.#356231) with a protein
content between 8 and 9.5 mg/mL to support the continuous culture of murine ftissue-
derived pancreas ductal organoids. Fluorescent FITC-Matrigel® was prepared by adding
2.5 mg/mL FITC (ThermoFisher Scientific, cat.#46424) to chilled Matrigel® for a final FITC
concentration of 100 UM. FITC-Matrigel® was incubated for 30 min on ice before
incorporation in microgel composites. Microgel-Matrigel® composites (75 vol.% microgel,
25 vol.% Matrigel®) equilibrated for 10 min at 37°C, 5% CO2, and 88% RH followed by
two rounds of 1x Dulbecco’s Phosphate Buffered Saline (DPBS) (Gibco, cat.#14040117)
washes.
5.04 Matrigel® Channel Width Measurements

FITC-Matrigel® was mixed with nanoparticle-embedded microgels at 50 vol.%
microgel or 75 vol.% microgel and equilibrated at 37°C for at least 10 min prior to

imaging. Confocal imaging was conducted using a Nikon A1R Laser Scanning Confocal
Microscope with a PlanAPO lambda 10X air objective (NA: 0.45), 1 AU pinhole, 2.2 Jm

step size, and 156 PUm in the z-dimension (71 z-slices). Matrigel® channel widths were

determined for the 50 vol.% and 75 vol.% microgel composites using the built-in,
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calibrated local thickness tool in FlJI (for additional details, see Supplementary Materials
3A, B).
5.05 Rheological Characterization of Engineered Microenvironments
Rheological properties of pure Matrigel® (“less confined”) and microgel-Matrigel®
composites (“more confined”) were measured using a TA Instruments® ARES G2 strain-
controlled rotational rheometer. All rheological testing used stainless steel parallel plate
upper geometry (25 mm diameter), Advanced Peltier Stage (APS) standard flat plate (TA
Instruments®, cat.#402619.901) lower geometry, and constant geometry gap of 400 um.
Sample temperature was maintained at 37°C in a humidified (=*88% RH) and enclosed
solvent trap for all experiments. Matrigel® gelation time was maintained at 300 s for all
samples prior to experimentation, beyond the gelation time reported by Corning® ([
250 s). Average storage moduli (G’) were determined in the linear viscoelastic region (0.1
to 1% oscillatory strain) for each sample during amplitude sweeps conducted at a
frequency f = 1 Hz (Supplementary Figures 2, 3). Average yield stresses, o,, were
calculated at the crossover point of storage and loss moduli intersect (G = G*°) and
determined using a linear and cubic spline combination (Cubic/Linear (Orche) method in
the Trios software that has been well described in rheological studies.”07!
5.06 Murine Tissue-Derived Pancreas Ductal Organoids

Three healthy wildtype organoid lines (mN10, mN11, and mN12) and three
primary tumor Kras+/LSL-G12D; Trp53+/LSL-R172H; Pdx1-Cre (“KPC”) organoid lines
(mT8, mT9, and mT69A) were independently generated and generously gifted by the
Tuveson Lab (Cold Spring Harbor Laboratory).'? Pancreas ductal organoids were
maintained in Matrigel®-dome culture up to passage 40 in GenClone® tissue culture
treated, 24-well, flat-bottom polystyrene plates (Genesee Scientific, cat.#25-107).
Organoid media formulations are detailed below and adapted from Boj et al.'2
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For R-Spondin conditioned media production, HEK 293T-HA-Rspol-Fc cells
(Trevigen cat.# 3710-001-K) were thawed in Dubecco's Modified Eagle Medium/Ham's
F-12, high glucose, 110 mg/L sodium pyruvate (Gibco cat.#12-634-010) supplemented
with penicillin/streptomycin (1%, Gibco, cat.#15-140-122) and heat inactivated fetal
bovine serum (10%, Sigma, cat.#4135). Cells were expanded to six 182 cm? tissue culture
flasks (Fischerbrand, cat.#FB012939) and selected using 300 Ug/mL Zeocin selection
reagent (Gibco, cat.#R25001). When 80-90% confluent, the cells were washed twice with
DPBS, the culturing medium was changed to Mouse Split Medium, and the cells were
allowed to grow for 10 days. The conditioned media was then carefully collected,
centrifuged at 300g for 5 min to remove debris, and pooled and filtered through a 0.2
MM filter into a sterile bottle (Fisherbrand, cat.#FB12566504). The conditioned media was
kept at 4°C for up to four months.

Mouse Split Media was used to resuspend organoids encapsulated in Matrigel®
during passaging and plating. Mouse Split Media is Dubecco's Modified Eagle
Medium/Ham's F-12, high glucose, 110 mg/L sodium pyruvate (Gibco, cat.#12-634-010)
supplemented with 1% each of GlutaMAXTM 1000 (Gibco, cat.#35-050-061),
penicillin/streptomycin (Gibco, cat.#15-140-122), and HEPES 1M (Gibco, cat.#15-630-
080). Organoids were grown in Matrigel® domes overlaid with Mouse Complete Feed
Media. Mouse Complete Feed Media is Mouse Split Media supplemented with: A83-01
(0.21 pg/mL, TOCRIS, cat.#29-391-0), EGF recombinant mouse protein (0.05 Hg/mL,
Gibco, cat.#PMG8041), recombinant human FGF-10 (0.1 pg/mL, Peprotech cat.#100-
26), Gastrin | (0.021ug/mL, TOCRIS, cat.#30-061), mouse Noggin recombinant protein
(0.1 Pg/mlL, Peprotech, cat.#250-38), N-acetylcysteine (0.2 mg/mL, Sigma-Aldrich,
cat.#A9165), Nicotinamide (1.22 mg/mL, Sigma-Aldrich, cat.#N0636), B27 serum-free

supplement 501 (2%, Gibco, cat.#17-504-044), and R-Spondin1-conditioned medium
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(10%, see R-Spondin1 Media Production section next). When thawing organoids, Mouse
Complete Feed Media was supplemented with Y-27632 hydrochloride (3.6 mg/mL,
Cayman Chemical, cat.#10005583) for the first passage only.
5.07 Extended Live DIC Imaging

Organoids cultured in Matrigel® (“less confined”) or microgel composites (“more
confined”) were plated in Ibidi JU-Slide 8 Well plates with a #1.5 cover glass bottom
(Idibi, cat. #80827) and maintained in 5% CO2, 88% RH, and 37°C conditions for 15 min

before overlaying with pre-warmed Mouse Complete Feed Media. Organoids were

imaged using a Leica DMi8 widefield microscope with either a HC PL FLUOTAR 10X (NA

= 0.30) or HC PL FLUOTAR L 20X Ph1 (NA = 0.40) objective at 5% CO2, 88% RH, and

37°C. Z-stacks were collected every 15 min for 48 h and spanned approximately 200
Mm in z with a z-step of 20 Idm. Organoid expansion movies were generated by manual
identification of each organoid’s widest equatorial plane at each timepoint to create final
single plane movies (Supplementary Movies 1-4). We developed a semi-automated
method for organoid area segmentation using built-in FlJI edge detection. Movies were
segmented and converted to binary objects to determine area change over time. For
movies where multiple organoids were in frame or edge detection did not provide high
fidelity segmentation over 48 h, manual segmentation was performed by drawing
organoid regions of interest over every time frame. Area data was analyzed and plotted
using GraphPad Prism version 10.1.1 for Mac, GraphPad Software, Boston, Massachusetts
USA, www.graphpad.com.
5.08 Immunofluorescence

Organoids were cultured for 48 h in glass bottom well plates in either “less

confined” or “more confined” conditions prior to fixation. All wash steps were allowed to
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incubate for 10 min at room temperature and were performed three times unless otherwise
stated. Samples were first washed once with DPBS, then fixed in 2 vol.%
paraformaldehyde (16% stock, Electron Microscopy Sciences, cat.# 15710) diluted in
DPBS at room temperature for 20 min. Samples were then washed with PBS +0.75%

Glycine (PBS-G). Samples were then washed with Immunofluorescence Wash Buffer
(IFWB). IFWB was prepared at 10X and consists of PBS + 2.5g NaN3, 5.0g Bovine Serum

Albumin (Fraction V) (Sigma Aldrich, cat.#A3059 ), 10 mL Triton X-100 (Sigma Aldrich,
cat.# T8787), and 2.5 mL Tween-20 (Sigma Aldrich, cat.# P1379). IFWB was diluted to
11 in DI water. Samples were then incubated in IFWB containing 10 vol.% goat serum
(Sigma Aldrich, cat.#G9023) (blocking buffer) for 1 h at room temperature, then stained
with primary antibodies diluted in blocking buffer at 4°C overnight. Samples were then
washed with IFWB, and then stained with secondary antibodies diluted in blocking buffer
for 1 h at room temperature in the dark. Samples were then washed with IFWB and
mounted using Vectashield anti-fade mounting medium (Vector Laboratories, cat.#H-
1000).

5.09 Organoid Lumen Size Measurements

End-point brightfield images of organoids were taken at 48 h using a Nikon Ti2
Widefield microscope with a Plan Fluor 4 XPhL DL objective (NA = 0.13) at 5% CO2,

88% RH. Z-stacks spanned approximately 1.1 mm with a z-step of 20 Um. The widest
region of each organoid was manually determined, and the organoid outer diameter was
measured in FlJI by drawing a bisecting line across the equatorial plane of each organoid.
A minimum of 300 organoids were measured per microenvironmental condition.

5.10 Single Particle Tracking Confocal Microscopy
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Confocal imaging was conducted using a Nikon Confocal ATR Laser Scanning
Microscope in Resonant scanning mode. Organoids were fluorescently labeled at the time
of plating by incubating the organoid pellet in media solution at 1:500
InvitrogenTMCellTrackerTM CMFDA (ThermoFisher cat.#C34552) for 30 min prior to
resuspension in Matrigel® (“less confined”) or microgel composites (“more confined”). At
24 h, organoids with lumen were identified and imaged every 30 min for an additional
24 h. The equatorial plane of each organoid was manually determined, and maximum

intensity projections were generated in FlJI from volumes spanning £16 PIm in the z-
dimension centered around the organoid equatorial plane. A 100 X 100 um ROI was

drawn at the interface of the organoid membrane and adjacent microgel microparticle
embedded with fluorescent nanoparticles (see Section 8.02). Nanoparticle displacement
trajectories indicating organoid-induced microgel movements were determined using the
Mosaic FlJI plugin. To account for nanoparticles moving in and out of the focal plane,
trajectories that persisted for less than 5 h were excluded from analysis.
5.11 Organoid Inflation Assay

Organoids in pure Matrigel® (“less confined”) or in microgel composite (“more
confined”) were plated in CellVis 96-Well Glass Bottom Plates with a #1.5 cover glass
bottom (CellVis, cat.#P96-1.5H-N), overlaid with pre-warmed Mouse Complete Feed
Media, and returned to 5% CO2, 88% RH, and 37°C conditions for 24 h. After 24 h,
organoids were treated with either dimethyl sulfoxide (SigmaAldrich, cat.# S-002-D, 20.5
mM) para-amino Blebbistatin (Cayman Chemicals, cat.#22699, 10 YM), Y-27637
Hydrochloride (Cayman Chemicals, cat.#1000583, 10.5 pM), Cytochalasin B
(SigmaAldrich, cat.#C2743, 5 UM), CFTR(inh)-172 (MedChem Express, cat.#HY-16671,
10 PM), MRTX-1133 (MedChem Express, cat.#HY-134813, 5 HUM), Wortmannin

(SigmaAldrich, cat.#19545-26-7, 1 UM), Forskolin (MechChem Express, cat.#HY-15371,
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5 UM), ETH-1864 (Cayman Chemicals, cat.#17258, 20 PM), or VX-11e (Selleckchem,

cat.#S7709, 10 UM). Organoids were imaged using a Leica DMi8 widefield microscope
with an HC PL FLUOTAR 10X (NA = 0.30) objective at 5% CO2, 88% RH, and 37°C. Z-

stacks were collected every 30 min for 24 h and spanned 600 — 800 Um in z with a z-
step of 25 [Um. Each field of view was analyzed for the percent of organoids in view that
exhibited [1[] 1 pulse over 24 h. Organoids were scored as either pulsing or non-pulsing
with a minimum of 7 organoids averaged per field of view.
5.12 Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 10.1.1 for

Mac, GraphPad Software, Boston, Massachusetts USA, www.graphpad.com.
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Chapter 4: Concluding Remarks and Perspectives

This dissertation focused a central theme-the material properties of the
extracellular microenvironment can both support and disrupt healthy tissue biology. My
investigations implemented granular, polyacrylamide microgels to extend the imaging
lifetime of zebrafish embryonic development and investigate the biomechanics in
tissue-derive, pancreas ductal organoids from healthy and tumor origins.

Herein, | identified the narrow range material properties supportive of zebrafish
morphogenesis by rigorously characterizing the rheological and optical properties of a
suite of low polymer concentration microgels. These findings demonstrated the
importance of microenvironmental mechanics in supporting and disrupting zebrafish
morphogenesis while addressing a limitation in the zebrafish field—how to image
embryonic development over long timescales (>24 h) while minimizing drift in the z-
dimension and without constraining morphogenesis. More broadly, these findings
underscore the importance of microenvironmental rheology in directing process from
the cellular to the organism scale. This work further identifies the rheology of the
experimental embedding medium as consequential for observing biological processes. |
believe there is an opportunity for fields across developmental biology to optimize the
rheology of embedding mediums to minimize disruptions to morphogenesis.

These works concluded by investigating the role of microenvironmental
mechanics on PDAC organoids. | developed a microgel composite system that confined
organoid expansion by increasing both the stiffness and vyield stress of the
microenvironment. | observed PDAC organoids not only grew more effectively in

composite microenvironments but also exhibited an emergent pulsing behavior that
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was accelerated when confined. Tunable, 3D microgel composites provided a platform
to create a “fibrotic” microenvironment in vitro and revealed how confinement
negatively affects normal organoid growth while leaving tumor organoids unaffected.
Our mechanistic studies demonstrated confinement disrupts native apicobasal polarity
and implicated hydrostatic pressure regulation as a key determinant of organoid pulsing
and likely expansion in microgel composites. Cryptic epithelia utilize several pressure
regulation mechanisms to prevent excessive pressure buildup in a central lumen, and
our observations suggest that normal and tumor organoids utilize distinct regulatory
mechanisms whereby normal organoids relieve lumen pressure while tumor organoids
build up pressure. A better understanding of pressure regulation in organoid models is
essential for deepening our knowledge of interstitial pressure increases found in vivo
during PDAC disease transition.

These works established an important role of the confining, spatial features of
the tumor microenvironment in disease biology. The fibrotic tumor environment plays
a central role in aiding tumor outgrowth by impairing immune cell infiltration and
providing nutrients for cancer cells to scavenge. The highly fibrotic tumor
microenvironment exerts compressive stresses on healthy and cancer cells which, based
on our observations, likely has more deleterious effects on healthy tissue over tumors.
Key questions that arise from this study include:

1) how do tumor organoids establish higher pressure lumen, and is this

regulated at a cytoskeletal, ion transport, or cell junction level?
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2) how is polarity regulated by the mechanical microenvironment, and what
mechanosensory proteins interact with the polarity complexes?

3) how does confinement alter immune cell and fibroblast function?

These areas of exploration are exciting opportunities to merge immunology, cell

biology, and materials engineering to better model the dynamics of the tumor

microenvironment in vitro.
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