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Abstract

Insulin-producing beta cells derived from pluripotent stem cells could provide a virtually

limitless cell supply to treat diabetes. This is accomplished using directed pancreatic differentiation

protocols which deliver various stimuli through sequential changes of in vitro culture conditions

to mimic events during embryonic development. Most protocols currently control the dosing of

soluble signaling factors along with the formation of 3D cell aggregates. The cellular

microenvironment of the developing pancreas is complex and involves many dynamic biophysical

stimuli which are not well-studied in current differentiation protocols. This thesis focuses on

biomimetic approaches to guide pancreatic differentiation, specifically on leveraging

biomechanical stimuli seen and predicted during pancreatic morphogenesis. Three different

approaches were used to recreate different aspects of pancreatic development, namely cell

clustering during bud development, tissue geometry, and biomechanical forces. First,

micropatterned surfaces were used to create well-defined, reproducible pancreatic cell clusters.

Using this system, transcription factors which play a critical role in endocrine pancreas

differentiation were upregulated in confined cultures, with distinct actin filament organization

patterns emerging in the microwells. Next, to recreate the geometries seen during pancreatic

morphogenesis, a novel technique to rapidly prototype micropatterned surfaces on-the-fly was

developed. This technique was validated using human umbilical vein endothelial cells leading to

novel insights regarding extracellular matrix removal in conventionally used wound healing

assays. Later, this technique was used to generate micropatterns which mimicked sagittal sections

of the developing pancreas. Lastly, an array designed to deliver equibiaxial strains was

implemented to study the effect of biomechanical forces on pancreatic differentiation. The results

suggest that biomechanical stimuli can promote endocrine differentiation and that these forces

could originate in vitro from surrounding differentiating, clustering cells. Overall, these insights

into the effect of the cell microenvironment during pancreatic development could lead to novel

strategies for directed differentiation protocols which may lead to more cost-effective and efficient

approaches.
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Résumé

Les cellules bêta productrices d'insuline, dérivées de cellules souches pluripotentes,

pourraient constituer une source de cellules pratiquement illimitée pour traiter le diabète. Pour ce

faire, des protocoles de différenciation pancréatique ont été développés afin d’imiter les étapes du
développement embryonnaire en livrant divers stimuli par le biais de changements séquentiels des

conditions de culture in vitro. La plupart des protocoles contrôlent actuellement soit le dosage de

facteurs de signalisation solubles ou la géométrie des cultures, i.e. la formation d'agrégats

cellulaires en 3D. Le microenvironnement cellulaire du pancréas en développement est complexe

et implique de nombreux stimuli biophysiques dynamiques qui ne sont pas bien étudiés dans les

protocoles de différenciation actuels. Cette thèse se concentre sur des approches biomimétiques

pour guider la différenciation pancréatique, en mettant l'accent sur l'exploitation des stimuli

biomécaniques observés et prédits pendant la morphogenèse pancréatique. Trois approches

différentes ont été utilisées pour recréer différents aspects du développement pancréatique, à savoir

le regroupement des cellules lors du bourgeonnement pancréatique, la géométrie des tissus et les

forces biomécaniques. Tout d'abord, des micro-motifs ont été utilisés pour créer des amas de

cellules pancréatiques bien définis et reproductibles. Dans ce système, nous avons observé une

augmentation significative de marqueurs essentiels au développement du pancréas dans les

cultures confinées. De plus, nous avons observé une corrélation entre la réorganisation du

cytosquelette d’actine et le processus de regroupement et de différenciation. Ensuite, nous avons
cherché à recréer les géométries observées au cours de la morphogenèse pancréatique. Pour ce

faire, nous avons mis au point une nouvelle technique permettant de rapidement fabriquer des

surfaces microstructurées. Nous avons validé cette technique en utilisant des cellules endothéliales

dérivées de la veine ombilicale humaine et avons découvert de nouvelles informations concernant

l'élimination de la matrice extracellulaire dans les tests de blessure conventionnels. Ensuite, cette

technique a été utilisée pour générer des micro-motifs qui imitent les sections sagittales du

pancréas embryonnaire. Enfin, nous avons étudié le rôle des forces biomécaniques sur la

différenciation du pancréas et recréé les contraintes prédites in vivo à l'aide d'un réseau conçu pour

fournir des contraintes équibiaxiales. Cette étude suggère que les stimuli biomécaniques peuvent

favoriser la différenciation endocrinienne et que in vitro, ces forces pourraient provenir des cellules

en cours de différenciation et de regroupement. Dans l'ensemble, ces connaissances sur l'effet du

microenvironnement cellulaire pendant le développement du pancréas pourraient conduire à

l’élaboration de protocoles de différenciation plus efficaces tant au niveau de la qualité du produit
que du coût de bioproduction.
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Original Contributions to Knowledge

The body of this thesis focuses on utilizing a biomimetic approach to guide pancreatic

differentiation of pluripotent stem cells (PSCs). In particular, I engineered methods to recreate

cell clustering, geometry, and biomechanics observed during pancreatic differentiation and

development, while looking mainly at the expression of the pancreatic and duodenal homeobox 1

transcription factor, PDX1. By taking a multifaceted, interdisciplinary approach, I have uncovered

several novel insights and made the following original contributions to the field.

First, in Chapter 2, I provide an overview on the various cues present in the developmental

cellular microenvironment which could influence directed differentiation protocols from both a

biochemical and a biomechanical perspective. Following this, I bring a new perspective by looking

at advances which control microenvironmental cues in vitro and frame these developments in the

context of biomimicry of the developing pancreas.

Then, in Chapter 3, I demonstrate a novel method to reliably generate high-density 2D clusters

of pancreatic endoderm cells, using an agarose-based micropatterning system, and confirm

previous reports that clustering and increased cell density improves pancreatic differentiation. This

method is an improvement over conventional protocols that require the forced formation of 3D

cell aggregates, which are difficult to handle, technically challenging to study, and prone to sample

loss. Using this technique, I reveal novel insights into the phenotype and behaviour of pancreatic

cells during differentiation. In particular, I show that cytoskeletal rearrangements are required to

promote pancreatic differentiation, measured by PDX1 expression, even before endocrine

specification.

Complex micropatterns could better mimic morphogenesis but the required equipment and

specialized techniques to generate these platforms are not broadly accessible. To address this need,

in Chapter 4, I develop a novel, accessible, easy to use technique, termed SuBScribing

(substractive bioscribing), to generate various biologically relevant micropatterns on-the-fly (in

less than 90 minutes) using a modified desktop craft cutter. SuBScribing could be easily employed

in labs for less than $1000 as it does not require expensive, specialized equipment or reagents,

allowing for broader testing of micropatterns with a variety of cell lines. This technique is flexible

in its operation and can be modified to perform micropatterned co-cultures, to create dynamic

changes in micropattern geometry on live cell cultures, or to perform controlled wounding assays.
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Together these features could lead to many other innovations in other biology labs. Using this

technique, I find that mechanical scratching of epithelial layers could remove underlying

extracellular matrix (ECM), which may have implications on previous wound healing studies.

Furthermore, I reveal that overall migration is faster in lower aspect geometries and is highly

dependent on scratching path due to ECM removal. Using the SuBScribing technique, I

demonstrate that curved geometries promote PDX1 expression over straight geometries,

suggesting the curvature of the developing pancreas plays a role in fate decisions.

In Chapter 5, I predict the presence of biomechanical forces involved in pancreatic

morphogenesis in vivo and find evidence of heterogenous, cell-generated forces in vitro. With this

knowledge, I take a novel approach to directed differentiation by incorporating timed mechanical

stimuli in addition to an established pancreatic differentiation soluble signalling factor cocktail.

Here I show that the average PDX1 expression increases in pancreatic endoderm cells when

exposed to physiological stress profiles for 48 hours, implying that biomechanical stimuli plays a

role in guiding endocrine differentiation. To my knowledge, this work is the first to introduce

dynamic, mechanical actuation onto an established cell monolayer during directed pancreatic

differentiation protocols. Other published works detach and seed differentiating pancreatic cells

onto substrates with different stiffness or ECM composition, and the process of cell detachment

could change cell behaviour. Here, my innovation could potentially give temporal control over the

mechanical stimuli applied to a pre-existing layer of cells, which may lead to multifaceted, next

generation directed differentiation protocols.

Finally, in Chapter 6, I integrate the combined results from my thesis, discuss limitations and

other implications of my results, and finally propose other avenues for future research.
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Chapter 1

1.1 Introduction

1.2 Rationale
During development of tissues and organs, the cellular microenvironment is dynamically changing

and undergoes many changes in presence of soluble signalling molecules, extracellular matrix

(ECM) composition, matrix stiffness, and geometries. As tissues develop and cells differentiate,

they undergo shape changes at the micro and macro scale. Pancreas development involves complex

branching morphogenesis which occurs in tandem with endocrine specification, suggesting the

resulting biomechanical changes associated with morphogenesis may impact differentiation.

While current pancreatic directed differentiation protocols were designed to mimic sequential

developmental stages and biochemical stimuli, they do not target biomechanical stimuli that

accompany pancreas developmental stages in utero. These cues may be key to generating glucose-

responsive insulin-producing cells in an efficient, reliable way but are not well captured in the state

of the art. Thus, biomimicry of the developing pancreatic microenvironment during directed

differentiation of pluripotent stem cells may aid the downstream production of functional insulin-

producing beta cells.
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1.3 Thesis Objectives
This thesis aims to investigate biomimetic approaches, using the developing pancreas as

inspiration, to design new cultures systems which improve the early outcomes of endocrine

differentiation protocols. The success of these aims could lead to novel insight into pancreatic

morphogenesis and differentiation which may guide novel directed differentiation strategies in the

future.

The specific aims of this thesis are to:

1) create a platform which can mimic in vivo cell clustering during pancreatic differentiation.

I accomplish this by culturing cells on an array of circular micropatterns where 2D, self-

aggregating cell clusters are generated during pancreatic differentiation, circumventing

common issues of cell loss, to improve efficiencies.

2) develop a technique to generate geometries which resemble that of developing pancreatic

branches and buds. Generating micropatterned surfaces is currently time-consuming,

requires technical expertise, and specialized equipment and reagents. To address these

issues, I developed an accessible technique which can generate agarose-based

micropatterns on-the-fly using a modified hobby craft cutter, allowing us to prototype

geometries observed in the developing pancreas.

3) investigate the effect of biomechanical stimuli during pancreatic differentiation. To

accomplish this, I first use finite element simulations to predict stresses present during

pancreatic morphogenesis. With this information, I then construct micro-scale devices to

apply physiological levels of stress onto differentiating PSC-derived pancreatic cells in

vitro.

Overall, this work aims to improve pancreatic differentiation protocols by incorporating

biomimetic approaches during directed differentiation. Specifically, I explore the effect of

clustering, geometry, and forces during pancreatic development.
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Chapter 2

The following chapter begins with a comprehensive review of the state of the art in

biochemical and biomechanical approaches applied to pancreatic differentiation protocols, for the

goal of producing insulin-secreting beta cells. In this chapter, I look at these approaches from a

biomimetic perspective to highlight the various biomechanical factors present during pancreas

development and their role in pancreatic differentiation. The main text from this chapter was

published in Frontiers in Bioengineering and Biotechnology by Frontiers Media in October 2020.
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2.2 Abstract
Insulin-producing beta cells sourced from pluripotent stem cells hold great potential as a

virtually unlimited cell source to treat diabetes. Directed pancreatic differentiation protocols aim

to mimic various stimuli present during embryonic development through sequential changes of in

vitro culture conditions. This is commonly accomplished by the timed addition of soluble signaling

factors, in conjunction with cell-handling steps such as the formation of 3D cell aggregates.

Interestingly, when stem cells at the pancreatic progenitor stage are transplanted, they form

functional insulin-producing cells, suggesting that in vivo microenvironmental cues promote beta

cell specification. Among these cues, biophysical stimuli have only recently emerged in the context

of optimizing pancreatic differentiation protocols. This review focuses on studies of cell-

microenvironment interactions and their impact on differentiating pancreatic cells when

considering cell signaling, cell-cell and cell-ECM interactions. We highlight the development of

in vitro cell culture models that allow systematic studies of pancreatic cell mechanobiology in

response to extracellular matrix proteins, biomechanical effects, soluble factor modulation of

biomechanics, substrate stiffness, fluid flow and topography. Finally, we explore how these new

mechanical insights could lead to novel pancreatic differentiation protocols that improve

efficiency, maturity, and throughput.
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2.3 Introduction
Cell therapies involve the transplantation of human tissues or cells to treat illnesses that

progressively damage or degrade functional tissues. These treatments are typically limited by

access to a reliable and cost-effective cell source. For a successful transplant, allogeneic matching

requires identification, procurement and transport of donor material; and variations in quality of

the donated tissue may affect therapeutic potential.  Therefore, the large-scale production of

biological material for cell therapies is a rapidly growing area of interest. The primary goal of such

research is to produce adequate quantities of functional therapeutic cells in a cost-effective manner.

Treatment of type 1 diabetes by islet transplantation is one example of a currently approved

cell therapy. Here, donor islets are used to replace the insulin-secreting functionality lost from the

autoimmune destruction of pancreatic beta cells. The Clinical Islet Transplantation Consortium

trial (CIT-07) reported that 87.5% of patients were free from severe hypoglycaemic events and

achieved normal or near normal glycaemic control at the 1 year end point (Foster et al., 2018). As

with other cell therapies, the supply of donor islets greatly limits availability of this treatment. Islet

transplantation typically requires a dose of greater than 5000 islet equivalents (IE) per kg body

weight (Shapiro et al., 2017). To achieve the 500,000 - 1,000,000 IE/patient, islets are typically

pooled from multiple deceased donors. Furthermore, the viability and function of the recovered

islets is dependent on extraction techniques and post-mortem handling (Negi et al., 2012;

Paraskevas et al., 2000; Rosenberg et al., 1999).

The production of insulin-secreting beta-like cells from pluripotent stem cells (PSCs) is a

potential solution to the donor supply issues of islet transplantation. The first report of stem-cell

derived insulin-producing cells via spontaneous differentiation was almost two decades ago  and

reported only 1-2% insulin+ cells (Assady et al., 2001). However, subsequent studies demonstrated

that insulin staining and glucose-stimulated release can be due to insulin uptake from cell culture

media (Hansson et al., 2004; Rajagopal et al., 2003; Sipione et al., 2004). Therefore, later studies

reported C-peptide and/or pro-insulin content as well as more careful assessment of function and

insulin granules instead of just insulin as a marker (D’Amour et al., 2006; Naujok et al., 2009;

Sipione et al., 2004). More recent developments have been more successful, and rely on directed

differentiation protocols which involve guiding stem cells through stages of pancreas development

by mimicking the soluble signals present in vivo. These protocols are long and typically last more

than 20 days (Hogrebe et al., 2020; Millman et al., 2016; Nair et al., 2019; Rezania et al., 2014).
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One of the first major breakthroughs was homogenous induction of PSCs into the endoderm

lineage (up to 80% endoderm cells) (D’Amour et al., 2005) and subsequently into cell populations

with significant C-peptide and proinsulin content (D’Amour et al., 2006). Since then, the efficiency

of monohormonal beta cell induction has increased (~40% NKX6.1+/C-peptide+) (Hogrebe et al.,

2020). However, producing functional cell populations from PSCs remains an issue (Pagliuca et

al., 2014; Rezania et al., 2014; Velazco-Cruz et al., 2019, 2020; Veres et al., 2019). Maturation of

PSC-derived pancreatic progenitors can be accomplished when  transplanted in vivo (Rezania et

al., 2012; Robert et al., 2018) but typically requires cell aggregation in vitro (Nair et al., 2019;

Toyoda et al., 2015). Hence, current strategies to improve directed differentiation protocols

involve optimizing the duration of each differentiation stage as well as incorporating various

aspects of the developmental microenvironment (Hogrebe et al., 2020; Mamidi et al., 2018a; Nair

et al., 2019; Nostro et al., 2015).

This review will primarily focus on recent biomimetic approaches which exploit

biochemical and biomechanical cues to promote the differentiation of pancreatic cells. We will

first address directed differentiation protocols relying on soluble factors, followed by a discussion

of more recent advances which mimic biophysical features of the developmental

microenvironment, by manipulating cell-cell or cell-substrate interactions.

2.4 Directed pancreatic differentiation and cell signaling
Directed differentiation is the process of guiding stem cells through development to

produce a desired, mature cell population. Classically, this is done by the timed addition of soluble

factors to mimic conditions present during stages of development. In the context of pancreatic beta

cell manufacturing, protocols emulate the multistep transition from pluripotent stem cells to

definitive endoderm lineage, then towards the specification of the primitive gut tube and the

subsequent pancreatic developmental steps (Figure 2-1A) (Benitez et al., 2012; Dassaye et al.,

2016; Jennings et al., 2015; Pan & Wright, 2011). Each stage of development is accompanied by

the nuclear expression of key transcription factors such as PDX1 or NKX6.1, which are commonly

accepted as the first pancreatic and beta cell lineage markers respectively (Figure 2-1B) (Offield

et al., 1996, p. 1; Schaffer et al., 2013, p. 1). Ultimately, the end goal of these protocols is to

produce monohormonal, insulin-producing cells that have glucose-sensing capability comparable

to native islets.
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Figure 2-1: (A) Illustrative schematic of pancreas development which is characterized by three
main transitions. Primary transition involves bud formation and specification of different
pancreatic cell types. Secondary transition involves branching of the pancreatic bud, further
specification of endocrine precursors, and the delamination of islet cells. Tertiary transition
involves remodeling of islet architecture and further maturation. (Benitez et al., 2012; Dassaye et
al., 2016; Jennings et al., 2015; Pan & Wright, 2011) (B) Directed differentiation protocols
recreate stages of differentiation in a step-by-step manner and look for expression of key
transcription factors. Based on data presented by Rezania et al., 2014.
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In addition to soluble biochemical signals, other components of the cellular

microenvironment are known to play a critical role during embryonic development. Stimuli from

the microenvironment include biophysical cell-cell interactions and cell-extracellular matrix

(ECM) interactions (Discher et al., 2009), which can interact with soluble factor signalling in a

synergistic manner. However, the in vivo microenvironment, particularly during embryonic

development, is particularly complex and difficult to mimic with current knowledge and culture

systems.

Embryonic development is guided via highly dynamic signals from the surrounding cell

microenvironment with remarkable precision and robustness. As cells differentiate, they relay

different signals to neighbouring cells by secreting soluble factors and matrix proteins. The soluble

signaling cues associated with pancreatic differentiation have been well studied using animal

models and include the Wnt, Activin/Nodal, fibroblast growth factor (FGF), bone morphogenetic

protein (BMP), retinoic acid, and sonic hedgehog (Shh), and Notch signaling pathways

(Hashemitabar & Heidari, 2019). However, relatively little attention has been paid to the physical

stimuli present during embryonic development. Biomechanics and cell/tissue mechanobiology

play a large role in guiding cell behaviour especially during early embryogenesis (Heisenberg &

Bellaïche, 2013). The pathways through which biomechanical cues translate to differentiation are

not as well understood in vivo. Studies of developmental mechanobiology are challenging, and

these parameters are often not considered as it is unclear what mechanics are present during human

embryogenesis. Furthermore, the complexity of the in vivo microenvironment makes it difficult to

control these biomechanical signals and to delineate their effects on differentiation from other

correlated stimuli. Therefore, the field relies mainly on studies of biochemical pathways with in

vivo mouse models or in vitro human models for information.

Cells respond to mechanical stimuli through mechanotransduction mechanisms, in which

biomechanical stimuli are converted into biochemical signals (C. S. Chen, 2008; Martino et al.,

2018; Moraes et al., 2011; Wolfenson et al., 2019). Reciprocally, cells alter the mechanics of their

surrounding tissues by exerting contractile forces (H. Wang et al., 2014; Wozniak & Chen, 2009)

and depositing or degrading the ECM proteins (Bonnans et al., 2014; Rozario & DeSimone, 2010).

External biomechanical stimuli can promote cytoskeletal reorganization and subsequent changes

in protein activity or localization, gene expression (N. Wang et al., 2009), proliferation (Frank et
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al., 2016), and differentiation (Fang et al., 2019; Saha et al., 2006). Mechanotransduction could

occur via mechanosensitive pathways such as Hippo signalling (Piccolo et al., 2014) which is

heavily involved in development by regulating tissue growth (George et al., 2012), death (Sharma

et al., 2017), and cell fate (Rosado-Olivieri et al., 2019). Properly designed novel cell culture

substrates to control these aspects of cell-cell and cell-environment interactions could help drive

cells toward desired cell fates. Biomechanical cues could be incorporated into cell culture systems

to reduce the cost of soluble factors added in differentiation or the time required to produce a

desired cell type. Therefore, in the following sections, we review the interactions between cells

and biophysical components in the developmental microenvironment, to build a roadmap towards

more advanced beta stem cell specification platforms (Figure 2-2).
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Figure 2-2: Summary of some cell interactions present during pancreas development which may
play a role in guiding endocrine differentiation.
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2.5 Cell-cell interactions
Resident cells communicate with their neighbours during development by secreting soluble

signalling molecules which can bias differentiation (Basson, 2012). The developmental

microenvironment contains multiple transient cell types which each have different roles in the

differentiation process. Within this environment, cells actively uptake soluble signalling factors

and nutrients to form concentration gradients which are dependent on tissue thickness,

vascularization, and oxygenation. In each of the following sections, we describe approaches to

pancreatic differentiation that rely on controlling the soluble factor environment, optimizing cell

seeding density, and forming pancreatic aggregates, all of which mimic aspects of developmental

processes.

2.5.1. Soluble factor-based directed differentiation
The in vivo cellular microenvironment is much more intricate than can be modelled by

current in vitro systems. Although directed differentiation protocols that focus solely on the timed

addition of soluble signaling factors can generate insulin-producing cells (Hogrebe et al., 2020;

Millman et al., 2016; Pagliuca et al., 2014; Rezania et al., 2014; Yung et al., 2019), these protocols

typically produce some polyhormonal cells which have a transcriptome similar to fetal beta cells

(Hrvatin et al., 2014), while monohormonal insulin-producing cells are more similar to adult

pancreatic beta cells (Pagliuca et al., 2014). This may explain why earlier protocols produced cells

with impaired glucose-sensing capabilities (Rezania et al., 2014), which may be due to metabolic

bottlenecks in glycolysis (Davis et al., 2020). Furthermore, variation in differentiation efficiency

between PSC lines (Nostro et al., 2015; Osafune et al., 2008) and in handling procedures between

research groups represents a significant challenge for clinical translation. Interestingly, when

immature NKX6.1+ pancreatic progenitors are transplanted into immunocompromised mice, they

form functional insulin-producing cells (Kroon, 2008; Rezania et al., 2012) and are able to provide

long-term glycaemic control when encapsulated within immunoprotective alginate polymers

(Vegas et al., 2016).  This suggests that some missing elements of the in vivo microenvironment

have the potential to further improve mature beta cell production for therapeutic use.

The presence of other cell types found in native islets can improve insulin response.

Glucose-stimulated insulin secretion is regulated by paracrine glucagon signaling from

neighbouring alpha cells (Kelly et al., 2011; Samols et al., 1965; Svendsen et al., 2018; Trimble et
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al., 1982). Human islets that are dispersed and reaggregated into controlled-size aggregates can

restore glycaemic control in diabetic mice, suggesting that functional insulin response can be

achieved with the appropriate co-culture (Yu et al., 2018). Soluble factors from mesenchymal

stromal/stem cells (MSCs) in Transwell® cultures also improves proliferation, pancreatic

differentiation, and engraftment function via IGF1 signalling (X. Y. Li et al., 2019). The presence

of human amniotic epithelial cells within islet organoids grafted into a type 1 diabetes mouse

model had enhanced blood glucose control and increased percentage diabetic reversal (96% vs

16%) after 1 month compared to animals transplanted with only islet cells (Lebreton et al., 2019).

In directed differentiation, the addition of endothelial cells has also been shown to induce

maturation of hESC-derived pancreatic progenitor cells towards insulin-expressing cells

(Jaramillo et al., 2015). Overall, the addition of other cell types may improve current

differentiation protocols, but it is currently not well understood whether these effects originate

from paracrine signalling or cell-cell contacts.

Cell proliferation and other cell attributes such as metabolic rates can change the soluble

factor microenvironment, including the level of dissolved oxygen available to cells.  Control of

oxygen and other nutrient levels therefore might be a useful strategy to improve cell functionality.

Beta cells have a high oxygen demand and the oxygenation of islets is critical for survival

(Komatsu et al., 2017a) and function (B. Ludwig et al., 2012). Differentiation of PSCs under

increased oxygen tension promoted differentiation into pancreatic progenitors and subsequently,

insulin-producing cells over normoxic conditions (Hakim et al., 2014; Heinis et al., 2010).

Bioreactors providing feed-back control over nutrient and other biomolecular concentrations could

improve the reproducibility of PSC pancreatic differentiation protocols.

2.5.2. Cell density effects on differentiation and function
Regulation of cell density is paramount to achieve controlled differentiation towards the

desired cell lineage. High initial cell seeding densities promotes the differentiation of PSCs into

definitive endoderm cells (Gage et al., 2013) as well as into downstream endocrine lineages

(Takizawa-Shirasawa et al., 2013). Pancreatic differentiation arising from high cell density

protocols is correlated with the downregulation of Rho-associated kinases (ROCK) and non-

muscle myosin II (NM II) mRNA and proteins. This effect was independent of cell proliferation.

At similar cell densities, inhibition of ROCK-NM II pathways improved pancreatic differentiation
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over controls, suggesting that this effect is due to aggregation (Toyoda et al., 2017). High cell

density cultures may therefore better recapitulate the local cell density in the developing pancreas,

thereby increasing bias towards pancreatic endocrine fate. The mechanism by which high density

cultures promotes pancreatic differentiation may include increased cell-to-cell contact, changes in

oxygen tension, or increased soluble factor signalling. While the exact mechanisms remain to be

elucidated, this general approach may be valuable for pancreatic differentiation protocols.

2.5.3. Cell aggregation

2.5.3.1. Effects of cell aggregation on beta cell differentiation and function
Forcibly aggregating pancreatic cells could capture many of the effects of high density

culture, and may also better mimic the 3D environment and cell-cell signaling found in vivo to

ultimately produce a more relevant phenotype in vitro (Antoni et al., 2015; Glieberman et al.,

2019; Hohwieler et al., 2017). In vitro, spontaneous, cell-mediated clustering of pancreatic

endoderm cells has been observed in 2D cultures (Nostro et al., 2015; Tran, Moraes, et al., 2020b).

A potential candidate driving this clustering behaviour in vivo is the secretion and chemotaxis of

FGF2, which further promotes differentiation into hormone producing, islet-like clusters (Hardikar

et al., 2003). Thus, most directed differentiation protocols to generate functional beta-like cells

rely on culturing differentiating and maturing pancreatic endoderm cells as aggregates (Nair et al.,

2019; Pagliuca et al., 2014). The benefits of forced aggregation in directed differentiation may

have origins in the biomimicry of pancreatic development where cell clusters are formed in

primary transition and islet clustering.

Cell aggregation is important for proper functionality of beta cells (insulin response to

glucose challenges) perhaps due to improved paracrine signalling and cell-cell contacts

(Chowdhury et al., 2013; Lecomte et al., 2016). Paracrine signaling is necessary for proper

crosstalk between the various hormonal cells (alpha, beta, delta, gamma cells) in native islets

(Caicedo, 2013). Insulin secretion is also aided by calcium-driven electrical coupling of islet cell

clusters (M. G. Pedersen et al., 2005; Sabatini et al., 2019). PSC-derived pancreatic aggregates

encapsulated within a 3D matrix  showed increased insulin secretion after 6 days compared to

encapsulated single cells and cells cultured on a flat 2D surface, suggesting these functionalities

may be closely linked to aggregation and paracrine signaling (J. Kim et al., 2019). Forced

aggregation of PSC-derived pancreatic progenitor cells increases the proportion of NKX6.1+ cells

over standard 2D cultures (Toyoda et al., 2015). In their later work, Toyoda et al. demonstrated
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that inhibition of Rho-associated kinases (ROCK) and non-muscle myosin II (NM II) increased

the fraction of NKX6.1+ cells by emulating an aggregate phenotype even in low density cultures,

suggesting that the physical act of aggregation may not be necessary (Toyoda et al., 2017). In

addition to this, recent studies have shown that insulin-secreting cells can be produced in planar,

non-aggregate protocols by the timed depolymerization of the actin cytoskeleton (Hogrebe et al.,

2020).

2.5.3.2. Technologies to study cell aggregation
Proper control of aggregate size is an important design consideration since mass transfer

limitations arise in larger aggregates and gradients in soluble signaling factors begin to play a role

in specification. In vitro, larger non-vascularized islets may develop central necrosis due to high

metabolic demand and low oxygenation (Avgoustiniatos & Colton, 1997; Komatsu et al., 2017b).

To avoid core hypoxia, finite element models can be used to determine the optimal aggregate size

in suspension (Buchwald, 2009) and encapsulation systems (Avgoustiniatos & Colton, 1997; Song

& Millman, 2016). The average diameter of human islets is around 100 – 400 µm (Hellman, 1959;

Ionescu-Tirgoviste et al., 2015; Suszynski et al., 2014). When islets and stem cell-derived beta

cells are dissociated and re-aggregated, the optimal diameter to maintain viability and function

was shown to be 100 – 150 µm (Hilderink et al., 2015; Song & Millman, 2016) while also

improving survivability and function, perhaps due to improved nutrient availability (Yu et al.,

2018). Therefore, creating aggregates of uniform size is crucial for reproducible production of

functional insulin-producing cells.

Several groups have developed methods to reproducibly create endocrine cell aggregates

of defined size to improve functionality (Velazco-Cruz et al., 2019; Nair et al., 2019; B. Gao et al.,

2019). Culturing pancreatic cells on microporous scaffolds can improve differentiation towards

insulin secreting beta-like cells over suspension cultures by guiding formation of consistently sized

aggregates (Youngblood et al., 2019). Physical confinement of 3D MIN6 aggregates in 2%

alginate beads promotes glucose-stimulated insulin secretion but decreases proliferation compared

to adherent 2D culture (Hoesli et al., 2011). Micropatterned culture can be used to promote cell-

driven clustering of PSC-derived NKX6.1+ cells with defined sizes while maintaining ease of

handling associated with 2D cultures. Clustered cells from micropatterned confinement have

increased PDX1 and NKX6.1 protein expression when compared to unconfined cells and this

effect was further correlated with local cell density increases (Tran, Moraes, et al., 2020b). Agarose
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microwells (Hilderink et al., 2015), pyramid-shaped polystyrene wells (M. Ungrin & Zandstra,

2011), or hydrogel micropockets (L. Zhao et al., 2019) have also been used to generate cell

aggregates of controlled size. The production of uniformly sized cell aggregates in a scalable

matter may be the key to producing mature cells for cell therapies in a consistent manner. Within

these aggregates, cells deposit insoluble ECM proteins and dynamically change the surrounding

microenvironment, which suggests that the architecture of these clusters and in general, the

surrounding surfaces could play a large role in differentiation.

2.6 Cell-matrix interactions
The ECM presents cues to surrounding cells in the form of biochemical signals, growth

factors, and biophysical signals (Nakayama et al., 2014). Native ECM found in vivo is extremely

complex and contains hundreds of different proteins with varying composition depending on

region. Combinatorial protein arrays are useful to study the interactive and additive effects of

different ECM components on stem cell behaviour (Alberti et al., 2008; Flaim et al., 2005; Guilak

et al., 2009; LaBarge et al., 2009). However, the architecture of native ECM is equally important

and also plays a role in guiding stem cell differentiation through cell-generated force feedback

mechanisms (Trappmann et al., 2012). In the developing embryo, the ECM structure and

composition is dynamically evolving, which constantly changes the biochemical and biophysical

cues presented to developing cells (Rozario & DeSimone, 2010). Understanding the different

aspects of the ECM and their role in differentiation during each stage of pancreas development

(Table 2-1) could help the development of novel biomimetic culture systems to better guide the

production of functional insulin-secreting cells.

2.6.1. Biochemical effects of ECM Proteins
The presence of ECM proteins produced within a cell and ECM pre-adsorbed or conjugated

onto culture substrates, is essential for successful differentiation. These proteins can also bind

growth factors which can affect presentation to the cells and improve growth factor stability (Belair

et al., 2014; Taipale & Keski‐Oja, 1997). The ECM components of the microenvironment can

influence survival, adhesion, proliferation and guide downstream cell fate decisions (Gattazzo et

al., 2014; Guilak et al., 2009). The ECM of the human adult islet is composed mainly of laminin,

collagen IV, fibronectin, and other types of collagen; whereas the embryonic pancreas ECM is

fundamentally distinct and is primarily comprised of vitronectin, fibronectin, and collagen IV

(Stendahl et al., 2009). Designing cell culture systems with combinations of ECM proteins found
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in the pancreas could therefore help improve pancreatic cell function and differentiation (Table

2-1, Column 5).

Several works have shown that islets and other pancreatic cells have improved

functionality when cultured in matrices that recapitulate those found in vivo. Collagen and

fibronectin have been shown to promote beta cell survival, while laminins are responsible for beta

cell specification and insulin secretion (Arous & Wehrle-Haller, 2017). Islets encapsulated in

hydrogels containing collagen IV and laminin show improved glucose-stimulated insulin secretion

response (J. Kim et al., 2019; Weber & Anseth, 2008). Incorporating ECM-derived peptides such

as RGD, LRE, PDSGR has also been shown to improve viability and glucose-stimulated insulin

secretion in alginate encapsulated islets (Llacua et al., 2016; Medina et al., 2020).

Coating cell culture substrates with ECM protein to mimic the biochemical effects of these

ECM proteins can guide directed differentiation of PSCs towards the endocrine lineage. Directed

differentiation of PSCs in 2D conditions usually begins on a Matrigel-coated surface (Hogrebe et

al., 2020; Rezania et al., 2014; Tran, Moraes, et al., 2020b). However, Matrigel suffers from batch-

to-batch variability which could affect differentiation outcomes. Purified ECM proteins (Amit et

al., 2004; T. E. Ludwig et al., 2006), recombinant proteins (G. Chen et al., 2011; Y. Wang et al.,

2014), or synthetic matrices (such as functionalized polyethylene glycol (PEG) or alginate)

(Aisenbrey & Murphy, 2020) could serve as alternatives to Matrigel for PSC maintenance.

Synthetic matrices and recombinant protein alternatives require more study in the context of

pancreatic differentiation. Therefore, understanding the effect of constituent proteins in Matrigel

and their effect on pancreatic differentiation is a necessary step to effectively guide differentiation

outcomes. The synergistic role of various ECM protein mixtures can be screened combinatorically

using protein arrays thus allowing for optimization of pancreatic differentiation protocols. For

example, PSCs cultured on substrates coated with collagen I or in combination with collagen II

and fibronectin  reduced the time required for high purity endoderm differentiation (Rasmussen,

Petersen, et al., 2016). Fibronectin has previously been shown to downregulate the pluripotency

of PSCs and enhance endoderm differentiation, which leads to the pancreatic lineage downstream

(Brafman et al., 2013; Taylor-Weiner et al., 2013). Combinations of the main pancreatic ECM

components, including fibronectin, collagen IV, and laminin, further promote ESC differentiation
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into pancreatic lineages (Malta et al., 2016; Narayanan et al., 2013). Further downstream, the

composition of ECM protein coatings can also guide pancreatic cell fate decisions. Fibronectin-

coated surfaces promote differentiation to ductal lineage whereas adhesion onto laminin-coated

surfaces guides endocrine differentiation into NGN3+ cells (Mamidi et al., 2018a).

Although Matrigel alternatives can be used to promote the initial stages of differentiation,

downstream cell types may require a more complex environment. Embryonic murine pancreatic

progenitors cultured in Matrigel gels could form organoid structures but not on synthetic 3D matrix

alternatives (Greggio et al., 2013). PEG-based hydrogels functionalized with laminin 1 facilitated

maintenance and expansion of murine pancreatic progenitors but on non-functionalized synthetic

hydrogels, murine pancreatic progenitors did not expand and lost pancreatic character (Greggio et

al., 2013). Similarly, the bioinert PEG hydrogels maintained the viability of rat-derived pancreatic

progenitors for 7 days, but failed to obtain glucose-responsive behaviour, further suggesting the

importance of ECM interaction (Amer et al., 2015; Mason & Mahoney, 2008). Pancreatic

progenitor cells isolated from adult murine pancreas can also be cultured in methylcellulose (Jin

et al., 2016) or laminin  gels (Jin et al., 2013) to generate insulin-positive cells.
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Table 2-1: Compiled effects of substrate stiffness and architecture on various pancreatic differentiation platforms.
Fn denotes fibronectin, Lam denotes laminin, Col denotes collagen, pdECM denotes pancreatic decellularized extracellular matrix.

* Stiffness of polystyrene shown for reference. Taken from Gilbert et al., 2010. Ⴕ Cell morphology details taken from previous work
from same group (Maldonado, 2015)

Author Cell
Type

Differentiation
Type

Platform ECM
coating

Apparent
Modulus

(kPa)

Cell
Morphology

Relative
Stiffness

Impact

Architecture

Ghanian et
al. (2015)

hESCs Directed
S0 → S1

Electrospun poly(ε-
caprolactone)

Matrigel Not reported Clumped - hESCs cultured on small diameter
nanofibers adopted a clumped morphology
and had improved definitive endoderm
differentiation.

Tissue culture
polystyrene (control)

Matrigel 3 x 106* Spread Stiff

Maldonaldo
et al. (2017)

iPSCs Directed
S0 → S3

Electrospun poly(ε-
caprolactone)

Col I 20 Round, 3D
colonies Ⴕ

Soft "Soft" nanofibers promoted posterior
foregut and pancreatic differentiation.
"Stiff" surfaces promoted mesodermal
differentiation while downregulating
pancreatic differentiation.

Electrospun
polyether-ketone-

ketone

Col I 300 Spread,
flattened 2D
colonies Ⴕ

Stiff

Tissue culture
polystyrene (control)

Col I 3 x 106* Stiff

Substrate stiffness

Narayanan
et al. (2013)

hESCs Spontaneous
differentiation

Hyaluronic acid
hydrogels

Col IV,
Fn, Lam

1.3 - 3.5 Not reported Soft Optimal differentiation with 2.1 kPa gels
and a 1/3/3 mixture of Col IV, fibronectin,
and laminin.

Tissue culture
polystyrene (control)

RIN5F
ECM

3 x 106* Not reported

Rasmussen
et al.
(2016b)

hESCs Directed
S0 → S3

High aspect ratio
polycarbonate

nanopillars

Fn 34.6 Small, tight 2D
clusters.

Elongated and
aligned with
nanopillars

Soft Poor hESC adhesion on soft nanopillars.
"Soft" surfaces promoted endoderm (S1)
differentiation. Control had significantly
higher PDX1 protein expression (S3)
compared to test conditions.

Low aspect ratio
polycarbonate

nanopillars

Fn 2800 Spread Stiff
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Tissue culture
polystyrene (control)

Fn 3 x 106* Spread Stiff

Richardson
et al. (2016)

hESCs Directed
S0 → S3

Low concentration
barium alginate

capsules

N/A 3.9 ± 1.3 Larger circular
3D colonies

Soft "Soft" capsules increase hESC proliferation
and were highly PDX1+ (S3). Localized
deposition of Col I and Lam in "soft"
capsules. "Stiff" capsules support
endodermal (S1) differentiation but
downregulates pancreatic differentiation.

High concentration
barium alginate

capsules

N/A 73.2 ± 22.4 Small, growth
restricted 3D
colonies and

large,
elongated 3D

colonies

Stiff

Kim et al.
(2019)

Rat
islets
and
PSCs

Directed
S0 → S7

dECM bio-ink Human
pdECM

3 Not reported - Insulin secretion and maturation were
enhanced in cells cultured in pdECM
bioinks compared to 2D tissue culture
polystyrene (TCPS), alginate gels, and
collagen gels

Collagen gel Col I 100 Not reported -
Tissue culture

polystyrene (control)
- 3 x 106* -

Hogrebe et
al. (2020)

PSCs Directed
S0 → S7

Tall collagen I gel Col I N/A Not reported Soft Decreased stiffness via increasing gel
height promotes overall endocrine induction
(increases NGN3, NKX2.2, NEUROD1 and
decreases SOX9, NKX6.1 expression)Short collagen I gel Col I N/A Not reported Stiff

Pennarossa
et al. (2018)

Mouse
dermal
fibrobl
asts

Transdifferentia
tion

Polyacrylamide
hydrogels

Col I 0.1 2D epithelioid
structure in

small, scattered
clusters

Soft Improved transdifferentiation towards
monohormonal pancreatic endocrine cells
on soft substrates

Tissue culture
polystyrene (control)

Col I 3 x 106* 3D spherical
structures

Stiff
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Separating the principal components of the ECM may lead to more efficient and cost-

effective differentiation but synergistic effects of the complete matrix may be lost. Differentiation

could be improved by using decellularized pancreatic ECM (dpECM), thus retaining ECM proteins

composition . Utilizing decellularized pancreas matrix scaffolds in bioartificial pancreas designs

could also be a fruitful strategy to improve islet functionality by retaining pancreas stiffness and

matrix architecture (Goh et al., 2013; Guruswamy Damodaran & Vermette, 2018). Hydrogels

composed of decellularized human pancreata can support the proliferation and differentiation of

pancreatic progenitors into insulin-positive cells (Sackett et al., 2018; Wan et al., 2017). Pancreatic

tissues derived from iPSC cultured in 3D bioprinted inks primarily composed of dpECM had

increased Pdx1, insulin, and glucagon expression compared to collagen controls (J. Kim et al.,

2019). Cell culture with the addition of collagen V, which was present in dpECM but not in

Matrigel, enhanced islet organoid generation and glucose-responsive function (Bi et al., 2020).

Overall, designing cell culture systems which recapitulate the in vivo ECM protein landscape could

have significant impact to produce functional PSC-derived beta cells.

In addition to the combinatorial effects of individual ECM components, the composition

of the ECM is dynamically changing during development. While one composition may promote

early pancreatic differentiation, the same composition may hinder downstream differentiation

stages. During hESC differentiation, ECM and MMPs are secreted which remodels the exogenous

ECM on the culture substrate (Brafman et al., 2013). PSCs cultured on substrates supplemented

with ECM proteins did not significantly improve beta cell maturation over 1-2 weeks, perhaps due

to the contribution of cell-deposited ECM proteins. In self-organized PSC-derived beta cell

clusters, cells deposit ECM which is largely composed of collagen IV, laminin, and fibronectin

(Youngblood et al., 2019). This suggests guiding cell differentiation with ECM may not be a

fruitful strategy in 3D aggregates or over longer time scales but could be used to improve initial

differentiation after seeding.

2.6.2. Biomechanical effects

2.6.2.1. Soluble factor-based modulation of mechanotransducive machinery
More recent differentiation strategies can achieve dynamic glycaemic control in PSC-

derived cells has been achieved by aggregating insulin-positive clusters (Nair et al., 2019; Velazco-

Cruz et al., 2019), maturation through transplantation (Motté et al., 2014; Robert et al., 2018), or

by timed activation of TGF-β signalling in aggregates (Velazco-Cruz et al., 2019). All these
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promising protocols present a combination of biochemical and biomechanical stimuli applied to

the PSC-derived pancreatic progenitor cells. Mechanotransduction occurs via complex machinery

within a cell that involves interplay between ECM connections (e.g. integrins, adherens),

cytoskeletal organization, and the nuclear envelope (Eyckmans et al., 2011). Rather than mimic

soluble factors present in vivo, a recent successful strategy has been to target specific

mechanotransduction-associated pathways during directed differentiation to promote pancreatic

differentiation and thus improve the capacity to produce insulin-secreting cells. Such factors

include H1152 (a ROCK II inhibitor) (Ghazizadeh et al., 2017), verteporfin (Rosado-Olivieri et

al., 2019), and latrunculin A (disrupts microfilament organization) (Hogrebe et al., 2020). Nuclear

activation of YAP, which affects the mechanosensitive Hippo pathway, is inversely correlated with

expression of pancreatic and endocrine markers, PDX1 and NGN3 respectively (Mamidi et al.,

2018a). Timed inhibition of YAP with verteporfin enhances endocrine differentiation while

depleting the pancreatic progenitor population which may have benefits for downstream

transplantation (Rosado-Olivieri et al., 2019). Depolymerizing the actin cytoskeleton with

latrunculin A allowed endocrine differentiation that was previously not possible in 2D adherent

cultures, perhaps suggesting that mechanosensing via the cytoskeleton is important in this process

(Hogrebe et al., 2020). Altogether, this suggests that components of the in vivo cellular

microenvironment are crucial for differentiation protocols and investigating how cells interact the

surrounding extracellular matrix may be important in improving pancreatic differentiation

protocols.

2.6.2.2. Biomechanical cell interactions
Cells interact with ECM proteins by binding with integrin receptors spanning across the

cell membrane. These receptors can then activate downstream integrin-related signaling pathways

that alter cell function and bias cell specification. In pancreas development, integrin-ECM

signaling regulates collective cell migration and function (Hammar et al., 2004; Shih et al., 2016;

R. Wang & Rosenberg, 1999). When pluripotent, hESCs express integrin domains α6 and β1 for

laminin binding but this is downregulated after definitive endoderm differentiation (Wong et al.,

2010). Differentiation towards definitive endoderm lineage with fibronectin and vitronectin is

regulated by increased expression of integrin receptors α5, αV, β5 (Brafman et al., 2013; Wong et

al., 2010). Further downstream, ECM-integrin α5 signaling associated with fibronectin binding

promoted differentiation to pancreatic duct while disruption of this pathway enhanced endocrine
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differentiation (Mamidi et al., 2018a). Although not yet studied in the context of mechanosensing

for pancreatic differentiation, other surface receptors, such as stretch-activated ion channels (Y.-

S. Liu et al., 2015; Nourse & Pathak, 2017), growth factor receptors (Tschumperlin et al., 2004),

and cadherins (Ganz et al., 2006; Mui et al., 2016) could also play a role in guiding differentiation.

The surrounding ECM matrix also propagates stress (H. Wang et al., 2014) which allows

cells to sense biomechanical cues through ECM-bound integrins (D’Angelo et al., 2011). Cells can

also apply traction forces on the ECM through their integrin connections. Cells with high spread

area also generate higher tractions forces (Han et al., 2012; Rape et al., 2011). Thus, these

biomechanical interactions with ECM proteins may guide pancreatic differentiation through cell-

generated forces caused by changes in the actin cytoskeleton organization. Integrin signalling

drives cell-generated traction forces which are required for endoderm specification (Taylor-

Weiner et al., 2015). Pathway analysis of single hiPSC-derived pancreatic cells encapsulated in

alginate further suggests that integrin-signalling is involved in the cells’ ability to transduce

mechanical confinement towards islet differentiation pathways (Legøy et al., 2020).

Cell morphology is guided by the ECM proteins of the culture substrate (Polte et al., 2004;

Watt, 1986) which could affect differentiation by regulating gene expression through changes in

endogenous tension (Kilian et al., 2010; J. Lee et al., 2016; McBeath et al., 2004). In differentiation

of NGN3+ endocrine progenitors, fibronectin promotes high cell spread area while laminin-coated

surfaces were associated with lower spreading (Mamidi et al., 2018a). Aside from these

biochemical signalling cues, cell behaviour is dependent on the fibrous architecture and the

apparent stiffness of the ECM, which both provide biomechanical cues to influence cell behaviour.

Therefore, it is important to try to decouple the specific ECM protein effects from the structural or

mechanical stimuli provided by the ECM.

2.6.2.3. Fluid flow
Pancreatic islets are highly vascularized tissues which is important for efficient oxygenation

and rapid insulin response (Carlsson et al., 1998; Jansson & Hellerström, 1983). Microfluidics can

resolve time-dependent secretion and metabolism of islets which would normally not be possible

with conventional static cultures (Nourmohammadzadeh et al., 2016; Rocheleau et al., 2004;

Walker et al., 2020; Y. Wang et al., 2010). When cultured directly under high external flow rates,

shear stress damages peripheral islet cells, reducing glucose-stimulated metabolism and calcium
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response (Sankar et al., 2011; Shenkman et al., 2009; Silva et al., 2013). However, blood flow (Y.

Wang et al., 2010) and islet culture in bioreactors (Minteer et al., 2014) also improves mass transfer

to pancreatic islets (J. Wu et al., 2014), improving islet survival and function (Lock et al., 2011;

Sankar et al., 2011) – particularly if the islets are protected from shear stress (Jun et al., 2019).

Islets with endothelial cells co-cultured under external flow have higher endothelial cell survival

compared to static culture which may improve islet functionality and health ex vivo, perhaps by

mediating regeneration of islet ECM within aggregates (Jun et al., 2019; Sankar et al., 2011).

Culture with low flow rates permits paracrine signalling between neighbouring islet hormone cells

and the low shear rates may help microvilli maintenance, which was correlated to insulin secretion

capabilities (Bendayan, 1992; Geron et al., 2015; Jun et al., 2019).

Signals from pancreatic vasculature are critical in specifying differentiation (Lammert et

al., 2001) but the role of shear stress on differentiation is not well understood. There are many

reports of pancreatic differentiation within stirred bioreactors (Mihara et al., 2017; Pagliuca et al.,

2014; Schulz et al., 2012; Yabe et al., 2019) however little has been done to characterize the effect

of shear stress on pancreatic differentiation within these systems. The differentiation of embryoid

bodies under external flow promoted expression of beta cell specific markers, such as NKX6.1 and

INS, and improved glucose-stimulated insulin secretion sensitivity over static conditions (Tao et

al., 2019). In the future it would be interesting to further investigate the biophysical effects of

varying fluid flow rates on pancreatic differentiation and functionality.

2.6.2.4. Substrate stiffness
Cells interact with aspects of the ECM, such as stiffness, by anchoring and pulling on the

substrate. These signals are then transmitted through intracellular structures, such as the actin

cytoskeleton, leading to downstream effects which alter cell fate decisions. Engler et al. showed

that the differentiation of mesenchymal stem cells towards neurogenic, myogenic, and osteogenic

lineages could be controlled by culturing cells on substrates of physiologically relevant in vivo

stiffness (Engler et al., 2006). High stiffness environments reduce insulin expression of MIN6 cells

confined in 3D polyacrylamide scaffolds (Nyitray et al., 2014). Therefore, the stiffness of the

culture substrate is a key criterion in biomaterial and culture system selection when optimizing

pancreatic differentiation protocols based on insulin-producing cell yield, purity and function

(Table 2-1, Column 6).
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One approach could be to mimic the stiffness of the pancreas which may better recapitulate

in vivo cell function. The stiffness of the adult human pancreas lies within 1.4 ± 2.1 – 4.4 ± 5.1 kPa

(Sugimoto et al., 2014). In contrast, standard tissue culture polystyrene has a stiffness around 3

GPa (Gilbert et al., 2010). Stiffness tunable hydrogels that can be functionalized with ECM

proteins, such as polyacrylamide or hyaluronic acid gels, constitute interesting alternatives to

polystyrene. Culture of pancreatic progenitors on substrates mimicking the stiffness of the

pancreas is a promising strategy to promote differentiation relative to stiff polystyrene. Pancreatic

differentiation of hESCs on relatively soft surfaces resulted in increased protein expression of

PDX1, and gene expression of pancreatic endoderm markers,NKX2.2, and NKX6.1 (Maldonado et

al., 2017; Narayanan et al., 2013). Similarly, hESCs encapsulated and differentiated in soft 3D

alginate matrices were more viable, proliferative, and had increased PDX1 protein expression

suggesting improved pancreatic commitment compared to stiffer gels (Richardson et al., 2016).

Significant upregulation of pancreatic associated genes, such as PDX1, INS, and GLUT2, were

observed during pancreatic differentiation of hESCs on soft hyaluronic acid hydrogels (Narayanan

et al., 2013). hESC-derived beta cells co-cultured with endothelial cells on Matrigel gels formed

self-assembled networks of islet organoids with functional glucose-stimulated insulin secretion

while these organoids did not form on stiff tissue culture polystyrene (TCPS) coated with Matrigel

or in suspension culture (Augsornworawat et al., 2019).

Changing stiffness in hydrogel systems could change the number of cell tethering sites due

to increased crosslinking or ECM protein concentration, therefore proper controls are required

(Trappmann et al., 2012). To decouple stiffness and substrate binding differences due to

composition changes, substrates composed of pillars with controllable aspect ratio can be used to

modulate the perceived stiffness while maintaining substrate composition. Nanopillars with a high

aspect ratio are more flexible and perceived to be softer compared to those with a low aspect ratio,

while maintaining substrate chemistry (Yang et al., 2011). Definitive endoderm differentiation

from hESCs commitment is improved on high aspect ratio polycarbonate pillars and resulted in a

more cluster-like morphology (Rasmussen, Reynolds, et al., 2016a). Controlling cell morphology

via substrate stiffness could be another approach to guide differentiation by altering internal

cytoskeletal tension, which in turn impacts the compressive forces applied on the cell nucleus thus

affecting transcriptional activation (Driscoll et al., 2015; McBeath et al., 2004) (Table 2-1, Column

7). Transdifferentiation of mouse dermal fibroblasts towards monohormonal pancreatic endocrine
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cells is improved on soft polyacrylamide gels (1 kPa) and this was correlated with generation of

large cell clusters, actin reorganization, and deactivation of YAP compared to culture on stiff

substrates (Pennarossa et al., 2018).

During development, the embryo undergoes dynamic changes in ECM stiffness,

architecture, and composition. Although optimizing substrates for one stage of differentiation

could provide potential insight into developmental mechanics, this may decrease the fraction of

pancreatic cells obtained downstream. Using soft, high aspect ratio pillars that promote definitive

endoderm differentiation resulted in lower fraction of PDX1+ cells compared to flat, polycarbonate

controls while the same substrates has decreased downstream pancreatic differentiation

(Rasmussen, Reynolds, et al., 2016a). Conversely, the formation of PDX1+ cells is promoted on

soft electrospun fibers while the precursor mesendodermal cell differentiation is improved on

stiffer substrates (Maldonado et al., 2017). Alginate encapsulation of single pancreatic progenitor

cells at later stages of differentiation promoted an islet-like gene expression profile and increased

the fraction of insulin-expressing cells compared to when PSCs were encapsulated at the beginning

of differentiation, further suggesting stage specific optimization of these microenvironmental cues

is required (Legøy et al., 2020). When comparing pancreatic differentiation results across multiple

studies, the classification of “soft” versus “stiff” substrates in relation to the native

microenvironment, the type of material, and the ECM used to facilitate cell adhesion must be

considered (Table 2-1, Column 8).

2.6.2.5. ECM Architecture/topography
The topography of the culture substrate can mediate cell clustering which is thought to

promote pancreatic differentiation. The fibrous nature of native ECM can be mimicked using

electrospun scaffolds. The ECM provides structural adhesive binding sites which influences the

shape cells adopt on a substrate. Scaffolds, such as electrospun nanofibers, can be used to

manipulate stem cell fate decisions by mimicking the topography and fibrous nature of native ECM

proteins (Fujita et al., 2012; J. Kim et al., 2013; Luo et al., 2015; Xin et al., 2007). Human ESCs

differentiated on 200 nm poly(ε-caprolactone) (PCL) fibers had higher expression of endodermal

lineage genes such as SOX17 and FOXA2, compared to on larger fibers. Cells cultured on thin

fibers adopted a clumped, rounded morphology while cells on fibers greater than 800 nm were

more spread and anchored. Having a more clumped morphology could promote cell-cell

interactions over cell-substrate interactions which may bias differentiation (Ghanian et al., 2015).
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Microporous poly(lactide-co-glycolide) (PLG) and PEG scaffolds can promote aggregation into

consistently sized clusters, which improves beta cell differentiation downstream (Youngblood et

al., 2019). Culture on nanostructured zirconia substrates promotes clustering of dissociated human

pancreatic islets, reduced actin cytoskeletal stress fiber formation, and increased the number of

vinculin focal adhesions compared to flat substrates. These traits of  zirconia substrates culture

were correlated to improved islet survival, growth, and pancreatic differentiation (Galli et al.,

2018). These studies suggest that careful selection of culture surface topography could be used to

guide tissue organization, which may be a more economical, operator-free alternative to guiding

cultures purely with biochemical cues or specialized aggregation techniques.

2.7 Conclusions and Perspectives
Methods to produce functional beta cells from PSCs have advanced by leaps and bounds

over the past two decades through advances such as directed differentiation which aimed to mimic

the stages of pancreas development. In addition to soluble factors, the interactions between PSC-

derived pancreatic cells with each other and with the ECM alter biomechanical stimuli which guide

cell fate decision.  Therefore, several aspects of the developing microenvironment must be taken

into consideration when designing next-generation culture techniques and devices.

For one, understanding the roles of ECM proteins and structure in guiding different stages

of differentiation may be crucial in accelerating early stages of differentiation or during transition

points in culture. However, these biochemical and structural effects may only have short-term

influences on differentiation and may diminish as differentiating pancreatic cells secrete their own

native ECM. This speaks to the dynamic nature of the surrounding cellular microenvironment

which may temporally vary in both biochemical composition and stiffness. Second, it is important

to consider the material and perceived stiffness when interpreting results; a soft substrate in one

paper could still be much stiffer than that of the native pancreas. In addition, appropriate design of

substrates by controlling stiffness, ECM functionalization, and nanotopography could promote

aggregation and pancreatic differentiation. Cell aggregation is an integral part of many

differentiation protocols and is clear to be important to obtaining functional beta cells, however,

recent studies have shown aggregation may not be required for beta cell differentiation (Hogrebe

et al., 2020). Therefore, investigating the functional or phenotypic differences between PSC-

derived cells from aggregation culture and 2D protocols, if any, will be important proceeding with

scale-up.
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Studying and controlling the complex set of factors which guide pancreas development

using in vitro models is challenging – particularly since stimuli from soluble factors, cell-cell

interactions, and cell-ECM interactions are both interrelated and time-dependent. The progression

of pancreatic differentiation will likely be dependent on gaining a fundamental understanding of

development and then translating this knowledge to scalable technologies. For one, the dynamic

nature of maturing cells changing the surrounding microenvironment, and the subsequent effect

on differentiation is not well understood. Complex in silico models and improved culture systems

may be required to tease apart the many confounded effects of the dynamic cellular

microenvironment. Previously, mathematical models of the interactions between biomechanical

stimuli and regulatory gene networks have been used to predict MSC (Peng et al., 2017) and

pancreatic cell fate decisions (de Back et al., 2013; J. Wang et al., 2020; J. X. Zhou et al., 2011,

2016). Novel in silico models which deal with cell generated forces in aggregate culture (W. Lee

et al., 2019) while varying stiffness or cell organization over time could help us understand how

mechanotransduction changes throughout a differentiating aggregate. As we move to more

complex aggregates and culture systems, in silico models of biomechanics could shed light onto

correlations between cell differentiation and varying substrate parameters. It is still not well

understood why stem cell-derived beta-like cell co-cultures with endothelial cells

(Augsornworawat et al., 2019) have not been able to surpass protocols without co-culture (Hogrebe

et al., 2020; Nair et al., 2019; Velazco-Cruz et al., 2019). The presence of flow during culture

might be required to recapitulate the effects of endothelial cells on islet development since

hemodynamic stimuli have profound impact on endothelial cell function including their secretome

(Berthiaume & Frangos, 1995; Burghoff & Schrader, 2011; C. Wang et al., 2013). In addition,

mimicking vascular flow through organized endothelial cell-islet co-cultures could better mimic

in vivo stimulation, and better reproduce nutrient gradients throughout the aggregates.

To address these questions, some technologies that could be used to specifically identify

the effect of these factors are highlighted in Figure 2-3 but the state of the art is currently limited

in the ability to emulate the temporal changes that occur during development. Once each

independent effect is better understood, dynamic culture systems which leverage cell-cell

interactions and timed biomechanical cues alongside soluble factor timing could be key for optimal

production of functional beta cells. Future in vitro models implementing smart materials with

dynamically tunable biomechanical properties could give insight to how the changing
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microenvironment could affect development. For example, synthetic scaffolds with defined ECM

functionalization and degradation characteristics would allow for precise control of biochemical,

topographical, and stiffness cues presented to differentiating cells. Such a technology could

accelerate lengthy differentiation protocols and promote cell morphologies which allow for

optimal beta cell organization. Alternatively, novel models which mimic dynamic shape changes

in tissue morphogenesis (via novel 4D biomaterials) or stiffness (MMP-mediated degradation or

UV-based) could better accommodate the constantly changing requirements for beta cell

differentiation. Finally, as our knowledge progresses, increasingly complex co-culture systems

involving defined compositions of PSC-derived endothelial, islet endocrine cells, and other cells

present during development, may be the route to a functional cell source for islet transplantation.

Overall, better understanding the mechanobiology of pancreas development could lead to

new strategies to more efficiently produce functional glucose-responsive, insulin-secreting cells

for cell therapies. Interdisciplinary approaches combining advances in materials science and

developmental biology could accelerate the development and scale up of culture systems tailored

for diabetes cell therapy.
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Figure 2-3: Available technologies that could contribute to investigating independent aspects of
pancreas development.
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Chapter 3

During development, the budding pancreas forms as a dense, stratified mass of cells from

the posterior foregut which then evaginates into the surrounding mesenchyme, before branching

and further developing to form the pancreas (Jennings et al., 2015). Pancreatic islets are also found

as aggregates in vivo which allows for improved paracrine signalling and improved insulin

response to glucose challenge (Chowdhury et al., 2013; Lecomte et al., 2016). Together, this

highlights the importance of cell aggregation in forming functional insulin-secreting beta cells. As

such, conventional directed differentiation of pluripotent stem cells into functional insulin-

secreting cells typically requires formation of cell aggregates and subsequently, long-term

suspension culture. In 2D planar differentiation protocols, circular clusters of pancreatic endoderm

(PE/Stage 4) cells spontaneously formed stochastically throughout the culture, resembling the

morphology of pancreatic buds in vivo. With this knowledge, I reasoned that confining

differentiating posterior foregut (PF/Stage 3) cells within agarose-based micropatterns could more

reproducibly form dense cell clusters which also reduces potential cell loss from user handling.

The agarose micropattern platform thus allowed the study of cytoskeletal reorganization during

the clustering and differentiation of PSC-derived pancreatic endoderm cells. This work was

published in Scientific Reports by Nature Publishing in January 2020.
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3.2 Abstract
Pluripotent stem cell (PSC)-derived insulin-producing cells are a promising cell source for

diabetes cellular therapy. However, the efficiency of the multi-step process required to

differentiate PSCs towards pancreatic beta cells is variable between cell lines, batches and even

within cultures. In adherent pancreatic differentiation protocols, we observed spontaneous local

clustering of cells expressing elevated nuclear expression of pancreatic endocrine transcription

factors, PDX1 and NKX6.1. Since aggregation has previously been shown to promote downstream

differentiation, this local clustering may contribute to the variability in differentiation efficiencies

observed within and between cultures. We therefore hypothesized that controlling and directing

the spontaneous clustering process would lead to more efficient and consistent induction of

pancreatic endocrine fate. Micropatterning cells in adherent microwells prompted clustering, local

cell density increases, and increased nuclear accumulation of PDX1 and NKX6.1. Improved

differentiation profiles were associated with distinct filamentous actin architectures, suggesting a

previously overlooked role for cell-driven morphogenetic changes in supporting pancreatic

differentiation. This work demonstrates that confined differentiation in cell-adhesive

micropatterns may provide a facile, scalable and more reproducible manufacturing route to drive

morphogenesis and produce well-differentiated pancreatic cell clusters.
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3.3 Introduction
Type 1 diabetes is caused by the autoimmune destruction of the insulin-producing beta cells

found in the islets of Langerhans in the pancreas. Islet transplantation is a promising long-term

cell-based therapy that provides insulin independence in more than 85% of recipients for at least

1 year(Hering et al., 2016; Shapiro et al., 2000). Access to islet transplantation remains limited by

donor islet availability. Insulin-secreting cells derived from pluripotent stem cells (PSCs) are a

possible source for these therapies, provided that robust differentiation protocols can be

developed(Millman et al., 2016; Nostro et al., 2015; Pagliuca et al., 2014; Rezania et al., 2014).

The efficiency of mature beta cell production from PSCs remains limited and variable between

cell lines, protocols, and even batches within the same research group(Nostro et al., 2015;

Rostovskaya et al., 2015; Toyoda et al., 2015). Although more mature beta cell clusters can be

obtained via cell sorting and controlled aggregation, these additional processing steps may

significantly reduce overall yields and are undesirable to maximize beta cell production(Nair et

al., 2019). While early steps in the differentiation process are well-established and reasonably

efficient, the successful production of pancreatic endoderm (PE) cells from pancreatic foregut (PF)

cells is less consistent, and incomplete differentiation at this stage is expected to affect downstream

specification(Jaramillo et al., 2014). Strategies to improve differentiation efficiency and PE cell

yield from PF cells could substantially improve the robustness and overall efficiency of beta cell

production from PSC sources.

PDX1 and NKX6.1 are the earliest markers of pancreatic and beta cell commitment,

respectively(Offield et al., 1996; Sander et al., 2000, p. 2; Schaffer et al., 2013, p. 1), and play a

critical role in pancreatic development towards functional insulin secretion capability(Fujimoto &

Polonsky, 2009; T. Gao et al., 2014; Taylor et al., 2013a). Overexpression of PDX1 promotes

differentiation towards insulin-expressing cells in pancreatic differentiation of mouse and human

embryonic stem cells (hESCs) (Kubo et al., 2011; Lavon et al., 2006). Nuclear translocation of

PDX1 through phosphorylation is required for activation and binding to the insulin promoter(Clark

et al., 1993; Elrick & Docherty, 2001; Macfarlane et al., 1999) and other PDX1-binding DNA

motifs(Marshak et al., 2000; Waeber et al., 1996; Watada et al., 1996). NKX6.1 represses the

formation of multihormonal endocrine cells(Petersen et al., 2017) and higher NKX6.1 expression

correlates with accelerated maturation of hESC-derived PE cells into insulin-expressing cells after

engraftment in diabetic mice(Rezania et al., 2013). Functionally, PDX1 and NKX6.1 also
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contribute to mature beta cells survival and synthesis of insulin(Fujimoto & Polonsky, 2009; S. B.

Nelson et al., 2007; Schaffer et al., 2013). High yields of PDX1+/NKX6.1+ PE cells can be

achieved by implementing a multicellular aggregation step(Pagliuca et al., 2014; Rezania et al.,

2014; Toyoda et al., 2015). Current differentiation protocols involve cell release from the surface

and then aggregate formation. These aggregates are typically heterogenous which may explain

batch variability observed in insulin-producing cell yield, maturity, and purity. More advanced

techniques such as microfluidic methods(Qin et al., 2019) or cell-repellent microwells can result

in homogenous structures, but these are challenging to scale up, can require complex equipment

and/or multiple manual operation steps which ultimately leads to significant loss of valuable cell

material. These challenges all arise because they require cell detachment from adherent substrates

prior to further processing and aggregation. Developing techniques that allow the formation of

aggregates while maintaining adhesion might be a viable strategy to avoid these issues.

In this work, we propose that culture in adhesive micropatterns can be applied to direct and

control cell clustering for efficient pancreatic differentiation in a scalable manner. Cells grown on

small adhesive 2D micropatterned surfaces have previously been shown to form 3D aggregates of

well-defined and uniform sizes when released(Bauwens et al., 2008; Leight et al., 2012). This

suggests that micropatterned surfaces mechanically prime cells to form clusters, which may in

itself be sufficient to improve PE cell yields. In this work we cultured adherent induced PSC

(iPSC)-derived PF cells on micropatterned surfaces and demonstrated that sufficiently small

patterns prompt clustering into multilayered structures during the PE transition, while cells are

retained on the adherent surfaces. Cell-adhesive microwells induced higher levels of PDX1 and

NKX6.1 nuclear transcription factor accumulation in the overall cell population, and this increase

was associated with the clustering phenotype in which multilayer tissues are formed. Overall this

system maintains the simplicity and ease of handling possible with simple adherent 2D culture

systems, while enhancing differentiation efficiency and may hence provide a scalable route

towards cell therapy manufacturing.
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3.4 Results

3.4.1. Establishing pancreatic differentiation baseline in unconfined monolayer culture
To establish a baseline differentiation efficiency for iPSCs in our hands, pancreatic

endoderm (PE) cells were produced using an established differentiation protocol in adherent

unconfined monolayer culture (Figure 3-1A, Table S3-3) (Rezania et al., 2014). Commitment from

pluripotent states towards pancreatic lineages was confirmed by the downregulation of

pluripotency genes, OCT3/4 compared to iPSCs, as well as upregulation of definitive endoderm

genes, SOX17 and FOXA2, relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

After generation of PF cells, the mRNA levels of pancreatic genes, PDX1 and HNF6 increased to

reach expression levels similar to healthy adult human islets, indicating commitment towards the

pancreatic lineage during the differentiation process (Figure 3-1B). As expected, NKX6.1 mRNA

levels were not increased after induction of the PF stage. Contrary to other reports(Nostro et al.,

2015; Pagliuca et al., 2014; Rezania et al., 2014), NKX6.1 mRNA levels were also not upregulated

in PE cells generated from standard unconfined cultures compared to undifferentiated iPSCs in

our hands(Schaffer et al., 2013). The nuclear fluorescent intensity of immunostained cells

indicated a measurable but highly variable nuclear expression of PDX1 in >90% of the cell

population (Figure 3-1C).

Since only a small fraction of cells demonstrated increased nuclear PDX1 concentration at

the PE stage, we asked whether there were any spatial patterns to the variable differentiation

efficiency.  When we analyzed the distribution of brightly labelled PDX1 cells (denoted PDX1high)

in monolayer culture after the transition from PF to PE, these differentiated cells were clustered

together (Figure 3-1D, Figure S3-1), while the majority of cells expressed lower levels of nuclear

PDX1. The size and position of these clusters appeared to be random, suggesting a stochastically-

driven differentiation process that may lead to poor differentiation outcomes downstream.

PDX1high clusters were circular in size and about 150 µm in diameter. Based on these observations,

we then asked whether directing and controlling the formation of adherent cell clusters could

improve pancreatic differentiation efficiency in the overall cell population and developed a

micropatterning system to test this hypothesis.
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Figure 3-1: Differentiation of iPSCs into PF cells on tissue culture plastic with timed addition of
soluble factors without confinement. (A) The stages of development are mimicked by timed media
changes and monitored by expression of key transcription factors. (B) Expression of key
pancreatic transcription factors relative to GAPDH based on qPCR. No significant differences
were found between -actin and GAPDH. Each bar represents the average of three separate
differentiations (N=3). (C) Mean nuclear PDX1 intensity at the PF and PE stages of
differentiation, showing a small proportion cells with higher PDX1 expression (PDXhigh) emerging
at the PE stage.  (D) In monolayer cultures, roughly circular aggregates of PDX1high cells were
observed sporadically in culture. n.s = p>0.05, *=p<0.05, **=p<0.01, ****=p<0.001 for a one-
way ANOVA. Full Tukey multiple comparisons post-hoc test results are shown in Table S1. Scale
bars represent 100 µm.



37

Table S3-1: Significance testing summary for one-way ANOVA with Tukey post-hoc multiple
comparison on qPCR data presented in Figure 1B. n.s.=p>0.05, *=p<0.05, **=p<0.01,
****=p<0.001.

OCT3/4 SOX17 FOXA2 HNF6 PDX1 NKX2.2 NKX6.1
Overall

Significance **** * n.s. ** ** ** n.s.
iPSCs vs DE **** * n.s. n.s. n.s. n.s. n.s.
iPSCs vs PF **** n.s. n.s. n.s. n.s. n.s. n.s.
iPSCs vs PE **** n.s. n.s. ** * ** n.s.

DE vs PF n.s. n.s. n.s. n.s. n.s. n.s. n.s.
DE vs PE n.s. * n.s. ** * * n.s.
PF vs PE n.s. n.s. n.s. * n.s. ** n.s.

Figure S3-1: Clustered (n = 7) pancreatic endoderm cells have elevated nuclear PDX1 fluorescent
intensity than surrounding non-clustered cells. ***=p<0.005 for a Student’s t-test.
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3.4.2. Micropatterned adhesive islands prompt PF cell clustering and localized multilayer
tissue formation

To facilitate controlled cell clustering, circular cell-adhesive microwells were fabricated to

spatially confine PF cells during differentiation in adherent culture, using an agarose-based

microwell fabrication process (Figure 3-2A)(C. M. Nelson et al., 2007). Microwells with diameters

ranging from 150 µm to 500 µm were successfully fabricated (Figure 3-2B) using standard soft

lithography and replica molding processes, as previously demonstrated by others(Xia &

Whitesides, 1998). The agarose patterning technique was suitable to spatially confine cells for the

72 hours required for the PE culture step (Figure 3-2C). Since local cell density is known to impact

pancreatic specification (Gage et al., 2013; Toyoda et al., 2015), we quantified this parameter in

controlled cluster cultures. To assess local cell density, each microwell was segmented into 4

concentric circles with equal area followed by nuclei enumeration (Figure 3-2D,E). In all

microwells, the cell nuclei were primarily concentrated in the 3 innermost regions (Figure 3-2F).

Furthermore, the overall microwell cell density decreased with increasing diameter, with the 500

µm microwells having the lowest cell density after 72 hours of confined culture. Increasing the

initial seeding density did not appear to increase the cell density within 500 µm microwells over

the 72 hours of culture (not shown).

To verify that microwell culture promotes controlled clustering into adherent multilayered

microtissues, we visualized the 3D F-actin structure using confocal fluorescent microscopy. In the

150 µm microwells (Figure 3-2G,H), a 3D multilayered morphology was observed, resembling

the clusters arising stochastically in unconfined monolayer cultures. This multilayered

morphology was less pronounced in the 300 µm microwells and not present in the 500 µm

microwells. Furthermore, at the edges of the 300 µm and 500 µm microwell colonies, the actin

filaments appeared concentrated and aligned with the microwell boundary. This suggests that the

actin structures under tension at the micropattern boundary act to cluster the cells, and this tension

is sufficiently strong in the smallest patterns to promote cell-driven organization  into a multilayer

tissue. These results demonstrate that sufficiently small 2D micropatterns can be employed with

iPSC-derived PF cells to produce adherent multilayered cell clusters in a predictive and controlled

manner.
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Figure 3-2: Confined culture of iPSC-derived PF cells in micropatterns promotes clustering of
cells in predictable patterns.(A) Process flow to microfabricate agarose microwells to spatially
confine iPSC-derived PF cells. (B) Agarose microwells of 150 µm, 300 µm and 500 µm diameters
were successfully fabricated with high between-well consistency in diameter. (C) Microwells
facilitate confined cell clustering within 72 hours. (D) Areas of 4 concentric circles used for spatial
analysis of cell density. (E) Nuclei are concentrated within inner radii of microwells. Each bar
represents the average cell density from at least 10 microwells between at 3 separate experiments.
(F) Local cell density in concentric microwell regions for 150 (n = 21), 300 (n = 13), and 500 (n
= 9) µm microwells. (G) Cell densification occurs in 150 µm microwells similar to aggregates in
unconfined culture. (H) Bulged morphology observed after 72 hours in 150 µm microwells but not
in 300 µm or 500 µm microwells. Representative images of max intensity projection and 3D
reconstructions in yz (top) and xy (bottom) plane. ****=p<0.001 for an one-way ANOVA
performed on the iPSC-derived cells. Full Tukey multiple comparisons post-hoc test results are
shown in. Scale bars represent 100 µm (B,C,E,G) and 50 μm (H).
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Table S3-2: Significance testing summary for one-way ANOVA with Tukey post-hoc multiple
comparison on cell density data presented in Figure 3-2F. n.s.=p>0.05, **=p<0.01,
****=p<0.001.

Microwell Diameter (µm)
150 300 500

Overall Significance **** **** ****
Region 1 vs Region 2 ** n.s. **
Region 1 vs Region 3 **** **** n.s.
Region 1 vs Region 4 **** **** ****
Region 2 vs Region 3 **** **** ****
Region 2 vs Region 4 **** **** ****
Region 3 vs Region 4 **** **** ****
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3.4.3. Controlled clustering of posterior foregut cells enhances pancreatic nuclear
transcription factor localization

To determine whether microwell culture promoted pancreatic differentiation during the

transition from PF to PE, nuclear to cytoplasmic (N:C) expression ratios of PDX1 and NKX6.1

were evaluated via immunostaining based on mean fluorescence intensity (Figure 3-3A, Figure

S2). N:C ratio was used as a metric since nuclear localization is required for transcriptional activity

of these transcription factors and hence for the activation of downstream targets. After 72 hours in

PE differentiation medium, cells cultured in the 500 µm microwells did not show any statistically

significant increase in the mean N:C ratio for PDX1 or NKX6.1 over the unconfined control.

However, the mean N:C ratio of PDX1 was significantly increased in the 150 µm and 300 µm

diameter microwells, suggesting that islands with diameters smaller than 500 µm are required to

observe significant effects of spatial confinement (Figure 3-3B). An overall increase in total

nuclear fluorescent accumulation of PDX1 and NKX6.1 was also observed (Figure S3) and a

similar trend in PDX1 and NKX6.1 fluorescent intensity of confined cells was observed (Figure

S4). NKX6.1 expression was significantly increased on the 150 µm diameter microwells only.

These results sugests that spatial confinement was sufficient to increase the nuclear amount of

PDX1 and thus increase the amount of active transcription factors. Furthermore, differentiation

into PE cells was confirmed by co-localization of PDX1 and NKX6.1 in 150 µm microwells

(Figure S3-5). Hence, 150 µm diameter microwells are sufficiently small to produce clusters that

simultaneously upregulate nuclear concentration of both target transcription factors.
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Figure 3-3: Spatially confined differentiation of PF cells promotes the expression of PE markers.
(A) Confined culture of iPSC-derived PF cells increases N:C staining intensity of PDX1 and
NKX6.1 shown by immunocytochemistry. Displayed intensity ranges have been matched between
confined and unconfined samples to illustrate increased staining intensity (B) N:C ratio in PDX1
(n = 21, 13, 9 for 150, 300, and 500 µm microwells) and NKX6.1 (n = 12, 8, 8 for 150, 300, and
500 µm microwells) immunofluorescence increased when presented with sufficient geometric
confinement. Each point represents a data point from a single microwell. n.s = p>0.05,
**=p<0.01, ***=p<0.005 for a one-way ANOVA with Tukey post-hoc multiple comparisons.
Scale bars: 100 µm.
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Figure S3-2: Unconfined pancreatic endoderm cultures show positive staining for pancreatic
transcription factors PDX1 and NKX6.1. Brightness and contrast have been increased to show
positive staining. Scale bars: 100 µm.
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Figure S3-3: Representative plots of total nuclear fluorescence intensity. Each point represents a
single nucleus within each culture condition. The effects of nuclear area and confined culture were
determined by applying the following linear model: y = 0 + 1x1 + 2x2, where y is the total
nuclear fluorescence intensity, x1 is the culture system and x2 is the nuclear cross-sectional area.
The nuclear area had a statistically significant positive correlation with the integrated
fluorescence intensity of PDX1 or NKX6.1 staining in all conditions (p<0.0001). Confined culture
had a significant positive effect on PDX1 and NKX6.1 integrated intensity in the 150 µm and the
300 µm diameter microwells, while a small but significant (p<0.02) negative effect was observed
for 500 µm microwell confined culture compared to unconfined controls.
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Figure S3-4: PDX1 (n = 21, 13, 9 for 150, 300, and 500 µm microwells) and NKX6.1 (n = 12, 8,
8 for 150, 300, and 500 µm microwells) nuclear intensity is increased when presented with
sufficient geometric confinement. Each point represents a data point from a single microwell. n.s
= p>0.05, **=p<0.01, ***=p<0.005, ****=p<0.001.

Figure S3-5: Double stained 150 µm microwells show nuclear colocalization of PDX1 and
NKX6.1. Scale bars: 100 µm.
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Since cell density affects differentiation outcomes in standard unconfined monolayer

cultures, we asked whether local cell density within the clusters correlates with these improved

differentiaton profiles. As we have determined the overall trends for nuclear/cytosolic ratios of

PDX1 and NKX6.1, we studied the nuclear PDX1 and NKX6.1 intensity in 4 concentric regions

as defined earlier (Figure 3-2D, Figure 3-4A) within each microwell and found that increased cell

density in the center of each individual microwell correlated strongly with increased nuclear PDX1

and NKX6.1 expression. On a single cell basis, the majority of cells cultured within the microwell

had increased expression of PDX1 or NKX6.1 (Figure 3-4B) with increasing expression towards

the centers of the well for NKX6.1. Cells located at the periphery of 150 µm microwells have

much lower NKX6.1 fluorescent intensity than the unconfined control. This could be due to the

clustering as a result from confined culture, thus resulting in self-organization within the

micropatterns. Another potential explanation could be that the decreased cell densities at the

periphery inhibit pancreatic differentiation. Furthermore, nuclear NKX6.1 expression was greater

in 300 µm microwells than in 150 µm which suggests an ideal microwell size exists maximizes

nuclear accumulation of both PDX1 and NKX6.1. Altogether, these data suggest that controlled

clustering into appropriately-sized adherent, multilayered microtissues can significantly impact

nuclear expression of transcription factors such as PDX1 and NKX6.1, which are crucial to beta

cell commitment.
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Figure 3-4: Controlled cluster culture drives spatially dependent patterns of PDX1 and NKX6.1
within the cluster. (A) Mean nuclear PDX1 (n = 21, 13, 9 for 150, 300, and 500 µm microwells)
and NKX6.1 (n = 12, 8, 8 for 150, 300, and 500 µm microwells) intensity varies region-to-region
and shows correlation to local cell densities. (B) Confined PF cells show increased PDX1 and
NKX6.1 intensity on a single cell level. Dashed lines represent limits of regions defined in Figure
2D. n.s. = p>0.05, ** = p<0.01, **** = p<0.001 for a one-way ANOVA between different regions.
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3.4.4. Cell clustering and differentiation efficiency is associated with actin-driven
morphogenesis

Although confined culture in 150 µm microwells consistently increased PDX1 and

NKX6.1 nuclear expression compared to unconfined cultures (Figure 3-3B), some heterogeneity

in actin filament distribution and expression levels were still observed between microwells. We

reasoned that this may be due to differences in clustering  dynamics between wells. Therefore, we

investiated the temporal evolution of the actin cytoskeletal structures associated with formation of

these adherent, multilayered microtissues in 150 µm diameter microwells. A correlation was

observed between microwells with low mean PDX1 expression and a distinctive actin cytoskeletal

architecture where the stain was most intense at the microtissue periphery (Figure 3-5A).

Conversely, microwells with high mean PDX1 expression showed intense actin staining near the

well center and a more aggregated morphology, suggesting that the evolving microtissue

architecture changes during differentiation.

To determine how such actin patterns arise during the clustering process, we looked at

population-based temporal evolution of actin cytoskeletal structures in 150 µm diameter

microwells. We observed characteristic actin architectures at 24, 48, and 72 hours of confined

differentiation and classified them as either uniform, peripheral, or central based on the

predominant actin morphology observed within the microwell (Figure 3-5B). Uniform actin

filament distribution was observed 24 hours after seeding and culture in the 150 µm microwells.

After 48 hours, some microwells developed well-defined F-actin structures concentrated at the

microwell periphery. At 72 hours, a large proportion of the microwells had high intensity actin

cytoskeletal structures develop in the center of the microwell (Figure 3-5C).  The progression from

‘uniform’ to ‘peripheral’ to ‘central’ actin architectures suggests that the peripheral actin ring first

forms around the colony, and then acts to contract the colony inwards to the microwell center.

Furthermore, the large proportion of microwells with ‘central’ actin architectures suggests

controlled clustering could be used to significantly reduce variability in otherwise stochastic

cultures. We therefore hypothesize that centralized actin architectures are characteristic of wells

that have undergone clustering morphogenesis to form multilayered microtissues, while other actin

architectures represent earlier stages in the clustering process.
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Figure 3-5: Confined culture promotes temporal changes in F-actin organization during
differentiation. (A) Micropatterned iPSC-derived PF cell colonies that show visibly lower PDX1
intensity (red arrows) are correlated with distinct actin cytoskeleton structures concentrated at
the microwell periphery. (B) Characteristic actin structures found throughout 72 hours of
differentiation in 150 µm microwells. These structures are grouped based on actin intensity
analysis (bottom). The reported intensity profile is obtained from an average of 8 intersecting lines
(Figure S6). (C) Proportion of wells with actin structure (classified in (B) at 24 (n = 10), 48 (n =
19), and 72 (n = 32) hours. Distribution of actin structures changes throughout differentiation and
aggregates towards the center in 150 µm microwells. (D) Addition of Y-26732 ROCK inhibitor 24
hours after seeding prevents actin structural reorganization. (E) PF colonies in 150 µm microwells
with central actin distribution (n = 16) showed increased nuclear PDX1 expression compared to
those with peripheral actin distribution (n = 5). Addition of Y-26732 abrogated any increase in
nuclear PDX1 expression compared to the unconfined control (n = 12). *=p<0.05 for the student’s
t-test.  Scale bars: 100 µm.
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To determine whether the clustering is caused by pancreatic differentiation or a natural

consequence of microwell geometry, confined culture was performed in basal medium without

added PE differentiation factors. As expected, removing the differentiation factors abrogated the

increases in PDX1 expression in both confined and unconfined monolayer culture (Figure S6A,

B). It is important to note that reduced cell density was observed in the unconfined monolayer

culture in the absence of differentiation factors (Figure S6C), suggesting that population-growth

driven changes in density may play a role in nuclear PDX1 concentration.  Without S4

differentiation factors, most microwells were filled with cells, and exhibited uniformly distributed

actin architectures after 72 hours (Figure S6A, B), suggesting that the process of inducing

differentiation itself is required for F-actin peripherally focused structures to drive cell clustering.

We then hypothesized that variations in PDX1 expression across our microwell cultures

correlated with the observed characteristic actin cytoskeletal architectures. Microwells with actin

filaments concentrated at the center had significantly higher average PDX1 nuclear intensity

(Figure 3-5D) and PDX1 N:C ratio (not shown) than microwells with actin filaments concentrated

at the periphery. This correlation suggests that cytoskeletal rearrangement of the micropatterned

colonies is closely linked to the differentiation state of the cultures. Microwells hence bias

cytoskeletal remodelling towards a clustered morphology, thereby improving differentiation

efficiency as well as reducing differentiation variability.

To isolate the effect of cytoskeletal remodelling on confined, pancreatic differentiation, we

added Y-26732, a selective inhibitor of ROCK(Katoh et al., 2001). Inhibition of the ROCK

pathway in PF cells cultured in 150 µm microwells prevented actin reorganization and clustering

(Figure 3-5E). This also abrogated previously observed increases in average PDX1 nuclear

intensity compared to the surrounding unconfined PE cells. The Y-26732 treated microwells had

similar cell numbers and densities to the untreated conditions, further suggesting that increases in

PDX1 are dependent on cytoskeletal remodeling.
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Figure S3-6: Culture in absence of differentiation inducing factors abrogates increased PDX1
expression, reduces cell density, and disrupts benefits of microwell culture. (A) Removal of S4
differentiation factors halts cytoskeletal reorganization and abrogates any improvements in
pancreatic differentiation from microwell culture shown by immunocytochemistry of PF cells
confined within 150 µm wells. (B) Confined culture in absence of soluble factors does not
upregulate PDX1 expression over the unconfined control. (C) Decreased cell density is observed
in unconfined controls when PE inducing differentiation factors are removed. Scale bars: 100 µm.
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3.5 Discussion
This work demonstrates that controlled clustering in adhesive microwells increases nuclear

concentration of PDX1 and NKX6.1, two key transcription factors in beta cell development, in

pancreatic endoderm (PE) cells. Inspired by spontaneous aggregation observed in standard

unconfined monolayer cultures, we developed a simple, easy to handle 2D system that enabled the

reproducible generation of multicellular pancreatic clusters. The effect of confined culture was

dependent on microwell size as well as the presence of soluble factors known to drive posterior

foregut (PF) cells towards PE phenotypes. Confined culture was also correlated with distinct

organizing behaviour of filamentous actin and clustering of cells within each microwell towards a

multilayered 3D adherent microtissue phenotype. Although microwell-to-microwell variations

exist, we observed a significant and robust increase in nuclear concentration of PDX1 and NKX6.1

in 150 m diameter microwells compared to unconfined monolayer cultures.

The microwell-driven clustering method overcomes several key challenges in improving PSC

differentiation towards mature pancreatic endocrine lineages. First, microwell cultures bias the

stochastic formation of aggregates towards increased percentages of PDX1high cells, compared to

spontaneous aggregation in unconfined monolayer culture(Nostro et al., 2015; Toyoda et al.,

2015). In 150 µm and 300 µm but not 500 µm microwells, increased N:C ratio of PDX1 was

observed as well as clustering towards the center of the microwell; consistent with the approximate

sizes of cell-assembled aggregates that occur in monolayer differentiation experiments. Our

studies demonstrate that culturing differentiating cells in these patterns and at these length scales

promotes the formation of actin architectures that encourage colonies to adopt a multilayered

clustered morphology.  The majority of microwell colonies that adopted this clustered phenotype

were PDX1high and also expressed higher levels of NKX6.1. Producing clusters of a defined size

improves upon uncontrolled approaches such as coalescence in spinner flasks which results in

aggregates with high size polydispersity. Since microenvironmental cues associated with

aggregate size and density significantly impacts pancreatic differentiation(Gage et al., 2013;

Takizawa-Shirasawa et al., 2013),  the heterogeneity introduced during this aggregate formation

step may explain the batch variability observed in beta cell yields, maturity and purity between

research groups.

Second, microwell cultures ensure highly repeatable cell densities across the substrates, which

may significantly influence lineage specification, and is challenging to achieve with other
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aggregate-forming techniques that are amenable to culture for several days.  This is particularly

important to ensure uniform cell behaviour, which might be affected in complex ways. Compared

to unconfined controls, increased PDX1 expression was observed in the 150 µm and 300 µm

microwells, while a significant increase in NKX6.1 expression was only observed in the 150 µm

microwells. This suggests that optimizing these processes for future production of PSC-derived

beta cells will require consideration of a multiplexed panel of pancreatic biomarkers. The

underlying reasons for these differences could be differences in cell density patterns between the

microwell diameters that is known to influence PDX1 nuclear accumulation(Toyoda et al., 2015),

but also alters paracrine signalling gradients that are known to affect NKX6.1 expression, which

requires a certain threshold of soluble factor stimulation(Nostro et al., 2015). Furthermore, the

effect of microwell size on PDX1 and NKX6.1 expression suggests that random aggregation in

unconfined monolayer cultures presents significant variability in endocrine differentiation. Since

the microwell system produced PDX1+/NKX6.1+ co-positive clusters in a more controlled manner

compared to those that formed randomly in conventional unconfined culture, microwell-based

studies may ultimately provide fundamental insight into the driving factors behind lineage

commitment.

Third, although the benefits of aggregation on pancreatic differentiation are well-established,

conventional methods to form aggregates present handling challenges and require “forced”

aggregation rather than spontaneous self-organized cluster formation as shown here. The

throughput of the presented 2D micropatterning method is on a similar order as state-of-the art

commercial aggregation methods. We estimate that around 1000 self-assembled, uniform, clusters

could be produced per square centimeter of culture area, thus requiring roughly 600 cm2 to produce

a therapeutic dose of 600,000 islet-like cell clusters per patient. Similarly, commercially available

non-adhesive pyramidal microwells can produce roughly 700 similar sized clusters per square

centimeter of culture area. However, harvesting requires repeated washing steps and aggregate

recovery can vary from operator-to-operator(M. D. Ungrin et al., 2008). Moreover, the

commercially available pyramidal microwells as well as other controlled suspension cell

aggregation systems do not allow self-organization of adherent cultures into multilayered

microtissues as shown with the adhesive microwell system.



54

In this work we showed robust expression of elevated PDX1 and NKX6.1 nuclear

accumulation in microwells at the PE stage of culture. Although other studies do report

numerically higher frequencies of PDX1+ cells as early as the PF stage, we were unable to replicate

these differentiation levels in unconfined cultures, perhaps due to others’ use of a lower threshold

of PDX1 nuclear accumulation to define a positive cell(Nostro et al., 2015; Pagliuca et al., 2014;

Rezania et al., 2013; Schulz et al., 2012). Since our results demonstrate that levels of nuclear

concentration of both PDX1 and NKX6.1 can be controlled based on the culture environment, and

others have shown that levels of transcription factor expression can be important to improve

downstream differentiation and function(Fujitani et al., 2006; Gannon et al., 2008; H. Wang et al.,

2001), optimizing for the nuclear amount of these transcription factors may be a fruitful strategy,

rather than optimizing for the number of positive or negative cells based on an arbitrarily defined

threshold.

These findings do raise several questions about the stem cell differentiation process,

particularly regarding the specific microenvironmental cues that drive enhanced lineage

commitment at this stage in differentiation. Enhanced differentiation could be driven by many

factor that arise in this culture model, including increased cell-to-cell contact, distinct soluble

signal gradients within the microwell, mechanical stress gradients across the culture(C. M. Nelson

et al., 2005), the rearrangement dynamics of the actin cytoskeleton during aggregation, or simply

allowing the microtissue to follow through on an intrinsic propensity to aggregate during

differentiation31,32. Although the specific details of this transition remain open for investigation,

our observations allow us to propose a putative model for enhanced pancreatic differentiation.

Based on the progressive transition of F-actin patterning from uniform distribution to peripheral

expression to concentration at the microwell center during the aggregation process, we believe that

a ring of contractile actin drives “purse-string” morphogenesis(Rodriguez-Diaz et al., 2008) to

compact the aggregate structures (Figure 3-6). The progressive contraction of the actin filaments

from the microwell periphery correlates with higher levels of PDX1, suggesting that a dynamic

culture process may prove to be an effective strategy to enhance differentiation during

bioprocessing. While we hypothesize that clustering causes increased PDX1 expression, it is

difficult to determine whether morphogenic changes lead to increased PDX1 expression or vice

versa. Introducing approaches to downregulate PDX1 expression, such as siRNA, as well as time-

lapse imaging studies with reporter PSC lines(Gupta et al., 2018; Micallef et al., 2012; Nostro et
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al., 2015) may help to understand the interplay between pancreatic differentiation and clustering.

Further investigation into the dynamic relationship between NKX6.1 expression, actin

reorganization, and further downstream beta cell development could inform bioprocessing

strategies. Going further to develop this into a feasible bioprocessing strategy would require

systematic optimization of microwell diameter, demonstration of scalability, and validation of beta

cell functionality.

Figure 3-6: Proposed mechanism of action for increased PDX1 expression via collective actin
“purse-string” contraction.
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Overall, the presented microwell system is a simple, scalable and efficient method to

produce pancreatic self-organized clusters in adherent cultures that could be used for patient-

specific therapies or drug testing with cells that typically have poor pancreatic differentiation

outcomes. Compared to unconfined adherent culture, the microwell system led to robust and

consistent production of PDX1+/NKX6.1+ multilayered microtissues. Due to the increased

accessibility of microfabrication techniques, fabrication of cell-adhesive microwells could be

easily adapted into pancreatic differentiation protocols of other labs. The results from this work

could inform the design and operation of new vessels for the scalable production of PE organoids

by promoting cell-driven morphogenetic programs. By understanding cell behaviour during

differentiation, novel substrates could be engineered to drive a larger percentage of cells towards

pancreatic endocrine differentiation.
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3.6 Materials and Methods

3.6.1. Cell culture and differentiation
Episomal iPSCs derived from CD34+ cord blood (Gibco, Cat # A18945) were maintained

on Matrigel (Corning) coated plates in TeSR-E8 media (STEMCELL Technologies). For Matrigel

coating, tissue culture treated 6-well plates were incubated with a Matrigel solution, diluted 1:25

in DMEM/F-12 medium (Fisher) for 1 h at room temperature. Media changes were performed

every 24 h. Cells were passaged (1:6 dilution) with 0.5 mM EDTA in phosphate buffered saline

solution (PBS) (Life Technologies) when reaching 70% confluency.

Prior to initiating differentiation, cells were cultured in mTeSR medium (STEMCELL

Technologies) for 1 passage. To initiate differentiation, the iPSC cultures were dissociated with

TrypLE Express (Life Technologies) and resuspended in mTeSR supplemented with 10 µM Y-

26732 (ROCK inhibitor) (Sigma). The iPSCs were plated at a density of 200,000 cells/cm2 on

Matrigel-coated plates. After 24 h, the adherent cells were rinsed with PBS and differentiation was

initiated by the addition of differentiation medium. The differentiation medium was changed every

24 h according to the schedule shown in Table S3 which was based on a published

protocol(Rezania et al., 2014). At the end of PF induction, the differentiated PF cells were frozen

at a concentration of 1 million cells/mL in S3 media supplemented with 10% DMSO and frozen

at a controlled -1 oC/min until -80oC and then transferred to liquid nitrogen storage until required

for confined culture experiments. Between each stage of differentiation, cells were washed with

PBS.

3.6.2. Quantitative polymerase chain reaction (qPCR)
Cell samples were collected as pellets (<5 million cells) and frozen at -20 oC for up to 2

weeks before RNA extraction. Extraction was performed using the QIAGEN RNeasy Mini kit

according to the manufacturer’s protocol. Complementary DNA (cDNA) was produced with the

High Capacity cDNA Reverse Transcription kit (Applied Biosystems) according to the

manufacturer’s protocol. Next, qPCR was performed using the primers listed in Table S4 and

Power SYBR Green Master Mix (Applied Biosystems). The samples were analyzed on an Applied

Biosystems 7900HT Fast Real-Time PCR System. The thermal cycle used was: 50℃ for 2 min,

95℃ for 2 min, 40 cycles going from 94℃ for 30 s to 58 ℃ for 30 s to 72℃ for 30 s, 95℃ for 15

s, 60℃ for 15 s, 95℃ for 15 s, and 40℃ for 2 min.
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Table S3-3: Detailed composition of differentiation medium used in each stage to produce PF
cells.

Days Medium Basal Medium Soluble Factors

1 S1A
MCDB131 + 10mM glucose + 1.5 g/L NaHCO3 +
0.5% fatty acid free bovine serum albumin (FAF-

BSA) + 1x GlutaMAX + 1% Pen/Strep

+100 ng/mL Activin A
+3 μM CHIR99021

2-3 S1B +100 ng/mL Activin A

4-5 S2
+0.25 mM ascorbic acid
+50 ng/mL keratinocyte
growth factor (KGF)

6-7 S3

MCDB131 + 10mM glucose + 2.5 g/L NaHCO3 +
2% FAF-BSA + 1x GlutaMAX + 1% Pen/Strep

+0.25 mM ascorbic acid
+ 1:200 insulin-
transferrin-selenium-
ethanolamine (ITS-X)
+50 ng/mL KGF
+ 0.25 µM SANT-1
+ 1 µM retinoic acid
+ 100 nM LDN193189
+ 200 nM TPB (PKC
activator)

8-10 S4

+0.25 mM ascorbic acid
+ 1:200 ITS-X
+2 ng/mL KGF
+ 0.25 µM SANT-1
+ 0.1 µM retinoic acid
+ 200 nM LDN193189
+ 100 nM TPB
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Table S3-4: Primers used for qPCR

Gene
Forward /
Reverse
Primer

Sequence (5'-3')

GAPDH
Forward CCCATCACCATCTTCCAAGGAG

Reverse CTTCTCCATGGTGGTGAAGACG

OCT 3/4
Forward TGGGCTCGAGAAGGATGTG
Reverse GCATAGTCGCTGCTTGATCG

SOX2
Forward CACAACTCGGAGATCAGCAA
Reverse TCCGGGAAGCGTGTACTTA

SOX17
Forward GGCGCAGCAGAATCCAGA
Reverse CCACGACTTGCCCAGCAT

FOXA2
Forward GGGAGCGGTGAAGATGGA
Reverse TCATGTTGCTCACGGAGGAGTA

HNF1B
Forward TCACAGATACCAGCAGCATCAGT
Reverse GGGCATCACCAGGCTTGTA

HNF4A
Forward CATGGCCAAGATTGACAACCT
Reverse TTCCCATATGTTCCTGCATCAG

HNF6
Forward CGCTCCGCTTAGCAGCAT
Reverse GTGTTGCCTCTATCCTTCCCAT

PDX1
Forward AAGTCTACCAAAGCTCACGCG
Reverse GTAGGCGCCGCCTGC

NKX2.2
Forward CCGAGGGCCTTCAGTACTCC

Reverse CGGGGTCTCCTTGTCATTGT

NKX6.1
Forward TTCGCCCTGGAGAAGACTTT

Reverse GCGTGCTTCTTCCTCCACTT
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3.6.3. Immunocytochemistry (ICC)
Cell samples were fixed in 4% paraformaldehyde for 20 min, washed with PBS three times,

permeabilized with 0.1% Triton-X100 solution for 20 min then washed with PBS three times. Non-

specific protein adsorption was blocked by applying DAKO Protein Block Solution (Agilent) for

1 h at room temperature. After washing with PBS, the primary antibodies were incubated at 4 oC

overnight, washed three times with PBS and then incubated with the corresponding secondary

antibodies for 1 h at room temperature, and washed three times with PBS. Finally, samples were

incubated with DAPI counterstain diluted in PBS for 20 min at room temperature and washed three

times with PBS. The antibodies and dilutions used are list in Table S5.

3.6.4. 2D geometric confinement using agarose microwells
Circular pillars were fabricated using SU-8 photolithography. Briefly, a 15 µm layer of

SU-8 5 (MicroChem) was spin-coated at 4000 rpm for 1 min onto a sonicated, acetone-cleaned 50

mm x 75 mm glass slide. The slide was soft baked at 70 oC for 2 min and then hard baked at 100
oC for 5 min. The SU-8 was covered with the mask (CAD/ART Services, containing circular

features as small as 50 µm) and exposed to UV light for 30 s in 5 s intervals to create a pattern of

photo-crosslinked surfaces. The microfeatures were developed by gentle agitation in SU-8

developer. The resultant mold was baked at 100oC for 5 min then flood exposed under UV for

another 10 min.

These features were replicated using polydimethylsiloxane (PDMS) soft lithography to

produce an inverse mold. An additional replication step was done in PDMS to produce stamps

with pillars ranging from 150 µm to 500 µm in diameter. The PDMS stamps were plasma oxidized

with atmospheric air for 2 min to create a hydrophilic surface and placed feature-side down on a

glass slide. A hot solution of agarose and ethanol (3:2) was perfused through the pillars by capillary

action by pipetting a small drop on the side of the stamp. The slides were then placed under vacuum

for 1 h to allow gelation, after which the stamps were removed in a vertical motion using tweezers.

Before seeding cells onto the substrate, the surface was coated with a layer of fibronectin by

incubating in a 25 µg/mL solution for 1 to 2 h at room temperature.  Frozen PF cells were seeded

at 5.0 x 105 cells/cm2 at day 7 out of 10 in the differentiation protocol to ensure confluency and to

prevent tissue formation between micropatterns as the cells adhere. Cytoskeletal inhibition

experiments were performed by adding 10 µM Y-26732 (ROCK inhibitor) for 48 hours starting

from day 8 out of 10.
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Table S3-5: Antibodies and reagents used for immunocytochemistry

Antibody Supplier Catalog # Dilution
Rabbit anti-human mAb HNF4α Abcam ab92378 1:400
Mouse anti-human mAb PDX1 BD Pharmigen 562160 1:200
Rabbit anti-human pAb NKX6.1 Novus Biologicals NBP149672 1:200
Goat anti-mouse AlexaFluor 488 Life Technologies A11001 Primary
Goat anti-rabbit AlexaFluor 568 Life Technologies A11011 Primary
4′,6-Diamidino-2-phenylindole
dihydrochloride (DAPI)

Life Technologies D9542 1:1000

TRITC-conjugated phalloidin Life Technologies P1951 1:200
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3.6.5. Image analysis
The nuclear levels of transcription factors (PDX1 and NKX6.1) was quantified by image

analysis using Fiji(Schindelin et al., 2012). Nuclei were identified using the DAPI counterstain.

Regions of interest were manually selected to encompass the nucleus (Figure S7). The mean

fluorescent intensity within the regions of interest was obtained as a measure of nuclear

transcription factor concentration. Here, the nuclear cross-sectional area was assumed to be an

adequate measure of nuclear volume due to the homogenous nuclei height across samples. To

determine the nuclear-cytosolic ratio of PDX1 and NKX6.1 fluorescent intensity, the total

cytosolic intensity of PDX1 and NKX6.1 was calculated by measuring the total transcription factor

intensity encompassed by the tissue actin cytoskeleton (marked with fluorescent phalloidin

staining) and subtracting the total nuclear fluorescent intensity. In unconfined samples, nuclei were

chosen indiscriminately in both clustered and non-clustered areas. The surrounding cytoskeletal

area of the confluent monolayer was selected to just encompass the nuclei selected for analysis.

The nucleus-cytoplasmic (NC) ratio was then calculated as the mean nuclear fluorescent intensity

divided by the mean cytoplasmic intensity.

The mean nuclear intensity of all cells measured within a microwell was then normalized

to the intensity in the surrounding unconfined control (Figure S8). This was done after background

subtraction where the average background fluorescence of each image was obtained using the

‘Subtract Background’ algorithm in Fiji and subtracted from the raw fluorescent intensity

measured. The radial position of a cell within the microwell was determined using x and y center

of mass of the selected nuclei.

To confirm whether nuclear PDX1 fluorescent intensity of clustered cells is independent

of any optical effects, we compared the fluorescent intensity of individual cells (n=150) between:

1) spinning disc confocal microscopy and, 2) epifluorescent microscopy with a large depth of field.

A constant ratio between the two imaging techniques in both clustered and non-clustered cells

suggested changes in nuclear PDX1 fluorescent intensity was independent of optical effects.

Classification of actin morphology was done by qualitatively assessing the intensity profile

of the phalloidin stain. The intensity profile was obtained by taking an average of the intensity

profile across 8 lines, intersecting at the microwell center (Figure S9). Microwells were classified

as having an “peripheral” actin profile when the stain intensity was highest at the edge of the
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microwells and a “central” actin profile when the stain intensity was highest at the center of the

microwell. The “uniform” morphology was determined when the actin stain covered the entire

microwell and had a flat intensity profile.

3.6.6. Statistical Analysis
Statistical analysis was performed using JMP 14. Multiple comparisons were analysed

using one-way ANOVA followed by Tukey multiple comparisons test while two-way comparisons

were analysed using the Student’s t-test. In all analyses, p-values < 0.05 denote a statistically

significant result. Three experimental replicates were performed for each experiment unless

otherwise indicated in the figure captions.
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Figure S3-7: Image analysis work flow. First nuclei were manually selected as regions of interest
using the DAPI counterstain. Next, the intensity of the PDX1 stain was measured within the
selected regions of interest.

Figure S3-8: Layout of slide containing microwell cultures.
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Figure S3-9: Process flow to obtain actin intensity profile shown in Figure 5B. The reported actin
intensity profiles are the average of 8 actin profiles which intersect at the microwell colony center.
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Chapter 4

Since multicellular tissue geometry can guide cell differentiation (Ruiz & Chen, 2008), I

reasoned that micropatterned tissues with more complex geometries would better recapitulate the

morphogenesis seen in utero than the circular micropatterns shown in Chapter 3. However,

conventional high-resolution micropatterning techniques are expensive, time consuming, involve

specialized equipment, and require rigorous operator training to create new geometries and molds.

To address this technological need, I developed an easy-to-use, reproducible method, termed

subtractive bioscribing (SuBScribing), to quickly prototype new micropatterned shapes down to

~600 µm in less than 90 minutes. Here I demonstrate a novel, accessible technique to generate

micropatterned cultures which provides additional throughput, consistency, and versatility over

other conventional techniques. Using this technique, I reveal that differences in endothelial cell

migration depend on geometry as well as effects of ECM removal during scratch-based wounding

assays, which together have implications on conventional tissue wounding and healing models.

This then gave me the foundation to generate micropattern geometries mimicking the sagittal

section of the developing pancreas later shown in Chapter 5, that would otherwise be difficult with

conventional micropatterning techniques. This work was published in Biofabrication in March

2021 by IOP Publishing.
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4.1 Accessible dynamic micropatterns in monolayer cultures via modified desktop
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4.2 Abstract
Micropatterned cell cultures provide an important tool to understand dynamic biological

processes, but often require specialized equipment and expertise.  Here we present subtractive

bioscribing (SuBscribe), a readily accessible and inexpensive technique to generate dynamic

micropatterns in biomaterial monolayers on-the-fly.  We first describe our modifications to a

commercially available desktop xurographer and demonstrate the utility and limits of this system

in creating micropatterned cultures by mechanically scribing patterns into a brittle, non-adhesive

biomaterial layer.  Patterns are sufficiently small to influence cell morphology and orientation

and can be extended to pattern large areas with complex reproducible shapes. We also

demonstrate the use of this system as a dynamic patterning tool for cocultures.  Finally, we use

this technique to explore and improve upon the well-established epithelial scratch assay, and

demonstrate that robotic control of the scratching tool can be used to create custom-shaped

wounds in epithelial monolayers, and that the scribing direction leaves trace remnants of matrix

molecules that may significantly affect conventional implementations of this common assay.
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4.3 Introduction
Cell and tissue geometry are well-established to regulate cell functions such

proliferation(C. M. Nelson et al., 2005), migration(Nam et al., 2016), signaling(Etoc et al., 2016;

W. Lee et al., 2019), and differentiation(Tran, Moraes, et al., 2020b).  Hence, controlling tissue

shape is an important strategy in tissue engineering and regenerative medicine, but generally

accessible technologies such as additive three-dimensional (3D) bioprinting are severely limited

in resolution of fabricated features(Miri et al., 2019), which limits broad experimentation with this

critically important parameter.  Alternatively, several studies have demonstrated that patterning

cells and tissues into defined shapes on two-dimensional surfaces is effective at predicting cell

behaviour in three-dimensional tissues(Gjorevski & Nelson, 2010; J. Lee et al., 2016; C. M. Nelson

et al., 2005, 2006). Therefore, using such 2D techniques can be an important first step in

establishing cell-geometry interactions for the custom design of novel biomaterials and tissue

engineering strategies.

High resolution micropatterning technologies such as microcontact printing(C. S. Chen et

al., 1997; Khadpekar et al., 2019; Ruiz & Chen, 2008), patterned surface blocking (Ma et al., 2019;

C. M. Nelson et al., 2003; Tran, Moraes, et al., 2020b),  or laser patterning (Doyle et al., 2009;

Vignaud et al., 2012) of two-dimensional surfaces can achieve precise control of cell size, shape,

and colony geometry. Unfortunately, these methods frequently require expensive specialized

equipment, reagents, and technical expertise. Although some commercial alternatives now exist

(Bosch-Fortea et al., 2019; Monjaret et al., 2015; Young et al., 2018),  customization for specific

applications remains a challenge in standard wet labs. Furthermore, dynamically-adhesive

patterns(Raghavan et al., 2010; N. M. Rodriguez et al., 2014) can provide insight into

developmental and homeostatic mechanisms such as wound closure(Almeida et al., 2019;

Raghavan et al., 2010; van Dongen et al., 2013) . To resolve these issues and broadly improve

accessibility to customized 2D patterning technologies, here we develop a versatile, inexpensive,

and easy-to-use technique, that can create dynamic geometric cues on 2D patterned surfaces, for

broad deployment in standard wet labs.

Our strategy, termed subtractive bioscribing (SuBscribe), is based on patterned removal of

cells or biomaterials at any experimental time point.  For example, a non-adhesive film can be

mechanically removed prior to cell seeding; or the cells themselves can be mechanically removed

during culture. While similar in concept to UV-based photodegradation patterning methods(Strale
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et al., 2016; Vignaud et al., 2012) or photothermal degradation(Moriguchi & Yasuda, 2006), this

mechanical process does not require specialized equipment, and can be applied on existing live

patterned cultures without exposing them to potentially cytotoxic compounds(Brandenberg &

Lutolf, 2016) or thermal shock(Moriguchi & Yasuda, 2006) during the process.

Ordinarily, mechanically subtractive biopatterning approaches such as the monolayer cell

scratch assay (Jonkman et al., 2014; Liang et al., 2007; L. G. Rodriguez et al., 2005), are limited

in positional resolution and pattern shape(Liang et al., 2007; Javaherian et al., 2011; Khadpekar et

al., 2019; Wright et al., 2008; Dubois et al., 2019). Computerized robotic controls could overcome

these handling limitations to precisely damage(Sakar et al., 2016) or pattern tissues by improving

precision, consistency, and reducing operator errors(Simpson et al., 2008).  These

micromanipulation technologies previously required considerable expertise and specialized

equipment, but simple modifications to commercially-available and inexpensive hobby crafting

tools, such as desktop craft cutters or xurographers(Álvarez-García et al., 2018; D. A.

Bartholomeusz et al., 2005; Speller et al., 2019; Stallcop et al., 2018, 2018) are easy pathways

towards automation.  We and others have previously used such modified tools to etch microfluidic

channels in plastic(Chandrasekaran et al., 2017; Guckenberger et al., 2015), and here we modify

the craft cutter to mechanically ‘scratch’ biomaterials and cell layers, using scribes selected to

control the size of the desired patterns.  In this way, we robustly produce features smaller than the

positional resolution of the craft cutter over large culture areas.  We demonstrate the utility of this

technique to control the shape of multicellular clusters; and use this system to investigate the role

of wound geometry on closure rates of established cultures.
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4.4 Results

4.4.1. Optimization of agarose film thickness for scratch-based micropatterns
The blade of an inexpensive, electronically controlled desktop craft cutter (KNK Zing Air;

~$800) was replaced with a metal needle to precisely scratch preprogrammed shapes into the

surface. Thin agarose films are cell-repellent due to their characteristically low protein adsorption

and are sufficiently brittle to be mechanically patterned with high fidelity(C. M. Nelson et al.,

2007).  To create the initial patterns of cells, the SuBscribe system was used to physically scratch

patterns into dehydrated agarose films (Figure 4-1A). The agarose concentration and spin coating

parameters were used to tune film thickness.

Thinner agarose films, (approximately 40 nm, measured via 3D laser confocal scanning

microscopy; Figure S4-1) yielded the best SuBscribe pattern fidelity (Figure 4-1B).  Furthermore,

scribing of the agarose film layer did not result in any observable physical damage to the

underlying glass surface (Figure S4-1). Thicker layers produced with a 1% agarose solution

resulted in film delamination from the underlying glass substrate, likely due to poor adhesion21.

Thicker layers were also subjected to more cracking and delamination during scribing, as the

critical delamination(Beake et al., 2006; Kang & Huang, 2017; Roy et al., 2010) is proportional to

the film thickness and needle penetration depth, which resulted in poor pattern quality.  We

experimentally determined that such thin films could be formed by decreasing agarose content to

0.5% and spin coating at 1500 RPM; or dip-coating glass slides in a 0.25% agarose solution (Figure

S4-2).  While dip-coating is readily accessible to all labs and can be used to create large films, it

can also result in non-uniform film thickness at the glass slide edge. For these proof of concept

experiments, we therefore spin-coated our films in all subsequent experiments but note that dip-

coating concentrations and surface tensions can be optimized as needed to make this technique

accessible without spin-coating equipment.

4.4.2. Characterized limits of scratch-based micropatterning
The smallest spacing between patterns allowable was ~35 µm, which was slightly above

the advertised x-y resolution limits (25 µm) of the craft cutter (Figure 4-1B, Figure S4-3A). This

allowed us to increase pattern line width by strategically programming micropattern designs

(Figure S4-3B). The feature sizes were defined by selecting needles of different dimensions, and

when scratched across a surface, the needle diameter dictates the width of the micropatterned lines

(Figure 4-1C). Sometimes larger needles produced feature sizes smaller than expected from the
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needle geometry, and this could be attributed to incomplete contact between the needle and surface.

The line widths created from our batch of sewing needles was 38.6 ± 5.4 µm (n = 15 needles).

Micropatterns down to 10 m wide could be produced using a microdissection needle while larger

patterns could be produced with a blunt sewing needle. Due to the repetitive strikes made by our

relatively malleable needles against a hard glass substrate, we wondered whether needle tip

diameter would change with repeated use, thereby changing pattern dimensions with usage.

Repeated load testing of the SuBscribe system with sewing needles demonstrated that some tip

dulling occurred between 1000 patterns and 2000 micropatterns but was stable before and after

these points (Figure 4-1D, E). Tip dulling was independent of pattern length or geometry (Figure

S4-4). Optimization of scribing tip hardness through selection of needle material could reduce the

dulling effect; harder scribing needles would reduce tip dulling but could damage the underlying

glass substrate while extremely soft needles would preserve the glass substrate but may not

consistently generate micropatterned surfaces. In addition, optimization of scribing force or

calibration of the needle distance to the surface can also reduce the change in line width but should

be optimized for different machines (Figure S4-5,Figure S4-6). These results demonstrate that this

approach can consistently make well-defined and predictable patterns, suitable for high-

throughput micropatterned cell culture arrays. Should even greater consistency be required,

alternative scribing needles of harder materials and coatings may be used.
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Figure 4-1: Production of micropatterned cell cultures via subtractive bioscribing (SuBscribing)
of cell-repellant agarose layers. (A) Process flow requires less than 90 minutes to prototype slide
designs. Patterns can be scribed at a speed of 2-3 mm/s allowing scribing of the patterns over a
total surface area of 10 cm2 within 10 minutes. (B) Dilute solutions of agarose reduce tearing and
result in precise micropatterned substrates. Red outline denotes optimal conditions used for
remaining studies. (C) Micropattern width can be varied by changing needle tip diameter. (D)
Micropattern width shows insignificant degradation of a sewing needle tip over time. x represents
the cumulative number of line micropatterns produced with tip. (E) Pattern width stays consistent
over time. Error bars represent standard deviation over at least 15 measurements. Dashed line
represents average line width after 2000 patterns scratched. Scale bars: 100 µm (B, C), 50 µm
(D).
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Figure S4-1: Agarose film layer height is roughly 40 nm thick

Figure S4-2: High precision, tear free RMS patterning can also be achieved with a dip coating
technique to create agarose film with optimal scribing characteristics. Optimal coating
parameters can be determined visually. SuBscribed patterns should have little roughness (<5 µm
bumps) and should not have bright outlines when visualized with phase contrast microscopy. Scale
bars represent 100 μm.
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Figure S4-3: SuBscribing technique allows for precise control of micropattern pitch. (A) High
resolution of craft cutter allows for micropattern pitch down to 70 µm. (B) Programming of
micropattern design allows for different micropattern dimensions with the same tip. Scale bars:
(A) 50 µm, (B) 100 µm.
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Figure S4-4: Number of strikes against surface is responsible for tip dulling, not pattern length
or geometry. Change in pattern width was characterized by varying the number of impacts for a
set scribing length (800 mm). N = 3 needles for each condition, error bars represent standard
error on the mean. * represents p<0.05 for a Two-way matched ANOVA with Sidak’s post-hoc
multiple comparisons test.

Figure S4-5: Change in line width can be reduced by lowering the ‘force’ setting used to scribe
micropatterns. Data represents average line width after 2000 scribes at the specified force. Initial
line width was 38.6 ± 5.4 µm (n = 15 needles).
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Figure S4-6: Change in line width can be reduced by calibrating needle tip closer to the glass
surface. (A) Measured line width does not significantly change when needle is calibrated at
substrate surface. Error bars represent standard deviation of line width. (B) Calibration of the
scribing tip at the surface can lead to the tip missing the surface, resulting in incomplete pattern
generation. Incomplete patterns were excluded from analysis. Scale bar represents 50 µm.
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4.4.3. Cells confined within scratch-based micropatterns align along direction of pattern
Next, we confirmed that SuBscribed micropatterns could successfully confine cells within

the desired geometries. Our patterned surfaces were first incubated with fibronectin to promote

attachment in the scribed regions and seeded with human umbilical vein endothelial cells

(HUVECs).  Cells were confined to micropatterned lines, which limited cell attachment to the

pattern widths (Figure 4-2).  Patterns down to the width of a single cell were successfully

fabricated.  (Figure 4-2A). Furthermore, patterns made with 0.5% and 1.0% agarose solutions

showed no observable difference in ability to confine cells within micropatterns (data not shown).

To determine whether patterns of these dimensions were small enough to influence cell behaviour,

we analysed the nuclear alignment within our scratch-based micropatterns. Confined HUVECs

showed increased nuclear alignment with decreasing line width (Figure 4-2B), consistent with

findings in HUVECs cultured on micropatterns produced with other techniques (Versaevel et al.,

2012). At larger pattern widths, preferential alignment direction became substantially less

prominent, approaching non-patterned culture conditions. Together, these results demonstrate that

cells cultured in SuBscribed micropatterns are consistent with other existing micropatterning

technologies.
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Figure 4-2: Scratch-based micropatterned cell cultures reproduce previously reported cell
alignment. (A) Micropatterned cultures are robust and can be stained for immunofluorescent
analysis. (B) Nuclei alignment correlates with decreasing line width as seen by radial histograms.
Scale bars: 100 µm.
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4.4.4. Reproducible formation of more complex micron-scale patterns
The width of the 1D patterns produced by the SuBscribe technique in the previous

experiments are solely based on the needle dimensions. When creating 2D patterns, x-y “step”

resolution limitations (previously shown to be ~35 µm (Figure S4-3)) become more important. We

therefore tested the minimum feature size limits possible when producing 2D, rounded features.

The desktop craft cutter was programmed to produce circles with diameters of 2 mm down to 250

µm (Figure 4-3A). Circles could be fabricated reliably down to ~600 µm in diameter with less than

10% deviation from the programmed shape (Figure 4-3B). Smaller patterns did not retain

circularity or projected size. Furthermore, small shapes were occasionally discontinuous and open,

likely due to accumulated positioning errors over multiple steps. For subsequent experiments,

programmed geometries were hence limited to minimum diameters of 600 µm. We confirmed that

at these sizes, other basic shapes could be consistently produced while retaining sharp features

(Figure 4-3C).  We also tested our capacity to consistently pattern features over a large area with

the SuBscribe technique (Figure 4-3D). With conventional microcontact printing approaches,

multiple stamps and patterning steps would be required since it is difficult to consistently stamp a

single pattern stamp over large areas, as stamps are prone to mechanical collapse and smearing of

transferred proteins(Hui et al., 2002).  Patterning agarose cell-repellent surfaces using PDMS

microfluidic channels directly is limited by capillary-driven flow of agarose solutions(C. M.

Nelson et al., 2007).  By precoating the glass substrates with the cell-repellent agarose layer, the

SuBscribe system provides an alternative and less labour-intensive solution to these issues. The

consistent and reproducible patterns formed ‘on-the-fly’ here facilitates reliable fabrication of

multiple, cell-adhesive geometries over a full microscope slide (~10cm2) in around 10 minutes,

demonstrating the versatility and broad applicability of the current technique.
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Figure 4-3: Scratch-based patterning technique produces consistent, micron-scale resolution
patterns and allows for high-throughput screening of various geometries. (A) Annuli features can
be fabricated down to 500 µm diameter with (B) high circularity and pattern fidelity. n = 20
samples were analyzed. Error bars represent standard deviation. Red dashed line represents 10%
deviation from programmed patterns. (C) Magnified view of cell-laden micropatterns (i) triangle,
(ii) square, (iii) circle, (iv) lines. (D) Stitched image of multiple fluorescently labelled cell
micropatterns. Scale bar: 100 µm (A, C), 1 mm (D).
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4.4.5. Dynamic modifications to agarose surface enables micropatterned co-culture
A unique feature of the SuBscribe patterning technique is that micropatterns are produced in a

pre-formed non-adhesive layer, and hence requires no subsequent blocking steps that are often the

cause of experimental failure in other techniques(Dixon et al., 2014). Since the entire surface is

initially blocked, this technique therefore allows dynamic additions to patterns of living cultures.

To demonstrate proof of principle of this concept, the SuBscribe system was used to create line-

patterns, coated with fibronectin, and seeded with HUVECs (live labelled with CellTrackerTM

Green CMFDA) as in the previous experiment.  Once cultures were established, the samples were

returned to the craft cutter, and new micropatterns were formed adjacent to the living cells.  After

a brief incubation with fibronectin to provide attachment sites on the newly exposed glass surfaces,

a 2nd population of HUVECs (live labelled with CellTrackerTM Red CMTPX) were seeded on the

micropatterned co-surfaces (Figure 4-4A). These results confirm that the co-cultured cells were

well segregated between the initial and secondary micropatterns, but some cells from the second

round of seeding (red) did layer themselves on top of the existing patterns of green cells. No tearing

was evident in the secondary SuBscribed micropatterned lines, suggesting that hydration of the

agarose film did not negatively affect pattern fidelity within the ~4 hours between initial seeding

and secondary patterning.

4.4.6. Precise, geometrically controlled wounding of live cell cultures
Since the SuBscribe technique can add new micropatterns dynamically in live cultures,

scratch-based wounding can also be performed directly on a live cell monolayer. Typically, such

wounding assays are performed manually with pipette tips or razor blades, with relatively poor

control over wound size and shape.  While specialized inserts can be custom-designed to create

desired wound sizes, this requires the technological capability to produce custom devices(Dubois

et al., 2019; Jonkman et al., 2014; Nyegaard et al., 2016), and do not recreate features of damage

associated with conventional wounding strategies(Murrell et al., 2011).  Typical wounds are made

in a straight line, and these assays implicitly assume that the short wound edges do not contribute

significantly to migration within the field of view, and that the direction of wounding does not

influence closure. Using SuBscribing, a confluent monolayer of HUVEC cells cultured on a glass

slide was wounded (Figure 4-5A, B) and closure was observed for various wound patterns and

directions.
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Figure 4-4: Technique allows for dynamic, modifiable, micropatterned cell cultures. (A) Step-by-
step process to create co-cultures with multiple cell types. (B) Different HUVEC populations,
stained with CellTrackerTM show distinct segregation via fluorescent microscopy. Scale bar: 100
µm.
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Figure 4-5: SuBscribe technique can be adapted to wound healing assays to test various wound
lengths. (A) i) Process flow to create wounded tissues with SuBscribe. ii) Wound closure can be
visualized over time with fluorescent staining. (B) Wounds with defined geometry were created
using SuBscribe wounding approach and visualized over time. (C) Line-shaped wounds close
fastest as shown by wound area over time. (D) Wound closure velocity normalized to wound
perimeter quantified from phase contrast images during live cell imaging (n=3 for each wound
type). Velocity was obtained from linear regression. * represents p<0.05 for a one way ANOVA
with Tukey post-hoc multiple comparisons test. Scale bars: 100 µm.
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To evaluate the contributions of wound geometry towards endothelial closure time, wounds

with equal areas but of varying aspect ratio (lines vs. squares) and geometry (squares vs. circles)

were formed, and their closure rates were visualized over 4.5 hours with live cell imaging (Figure

4-5C, Figure S4-7).  All wounds closed over time, with wound closure velocities similar to those

previously reported in in vivo animal studies(McGrath & Simon, 1983). Individual cells in wound

with unity aspect ratio shapes must travel further to close, and hence we expected and confirmed

that thin, line-shaped wound areas close significantly faster compared to circular and rectangular

wound, with significantly faster areal closure rates in the first hour (Figure 4-5C, Figure S4-7).

These findings are consistent with delayed exponential models commonly used to describe wound

closure rates(Cukjati et al., 2000; Du Noüy, 1916; Dubois et al., 2019). In order to compare wounds

of different geometry, we normalized the wound closure rate to wound perimeter(Arciero et al.,

2013; Cukjati et al., 2000; Gorin et al., 1996). This yields a linear healing parameter which

represents the migration speed of the wound edge(Gilman, 1990, 2004). Line shape wounds had

lower normalized migration speeds compared to square and circular geometries (Figure 4-5D),

suggesting that thin line-shaped wounds only appear to close faster because of the aspect ratio of

the wound. Tracking the cells at the wound edge also show significantly slower migration speeds

in line-shaped patterns but also in circular patterns (Figure S4-8) further suggesting geometric

dependence of cell migration during wounding. These differences between geometries may be due

to differences in migration mechanism, for example purse-string closure mechanisms(Kiehart,

1999) versus lamellipodia-protrusion based migration (Vedula et al., 2015), which may each

dominate wound closure depending on local geometry.



86

Figure S4-7: Percent wound closure by area after 1 hour of wounding. ** represents p<0.01, ***
represents p<0.005 for a one way ANOVA with Tukey post-hoc multiple comparisons test.

Figure S4-8: Single cell migration speed reveals cells at wound borders of lines and circles
migrate slower than in square geometries. (A) Single cell tracking was performed manually using
MTrackJ plugin. (B) Mean cell migration of cells at wound edge for line (n = 3), square (n 4),
and circular (n = 4) wounds. Each data point represents the average migration velocity of 10 cell
nuclei at the wound edge. Error bars represent standard error. * represents p<0.05 for a one way
ANOVA with Tukey post-hoc multiple comparisons test. Scale bar represents 100 µm.
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A potential confounding factor in conventional scratch-based assays is the presence or

absence of ECM on the denuded surface(Vedula et al., 2015). If ECM is left intact, cells can close

the gap via lamellipodia-mediated adhesive migration, while ECM removal prevents lamellipodial

crawling to close the wound(Grasso et al., 2007; Vedula et al., 2015). In our straight-line wounds,

we observe rapid migration in the first hour after wounding, accompanied by large lamellipodial

extensions for cells at the leading edge.  As the wound closes, these lamellipodia become smaller

and fewer (Supplementary Video 1).  We reasoned that the central area of the wound has greater

ECM removal because of the needle profile, while the edges may retain some ECM that supports

lamellipodial-assisted crawling migration.  Designing needle profiles and tuning the applied

loading force exerted by the craft cutter may hence provide additional control over wound quality

and closure rates in subsequent studies.

We then reasoned that if remaining ECM plays a role in wound closure, then the scratching

paths may leave traces of oriented ECM that guide wound closure. We are uniquely able to test

this parameter by programming distinct scratching paths that wound not be possible with

conventional scratching tools. To test this idea, we created a square wound using a side-to-side

scratching motion (Figure 4-6A). We confirmed that trace nanoscale ECM cues remain in linear

patterns oriented along the scratch path by staining adsorbed fibronectin on cell-free controls

(Figure 4-6B, Figure S4-9).  Square-shaped wounds in cell monolayers rapidly become rectangular

and closed consistently along the longitudinal scribing direction (Figure 4-6C, D).

We then compared the average migration velocities of HUVEC edges both parallel and

perpendicular to the scratching direction (Figure 4-6E). The migration of cells into a circular

wound, created by repeated scratching of concentric circles, was also measured and the direction

of wound closure was considered perpendicular to the scratch direction. The migration velocity of

HUVECs parallel to the scratch direction was significantly greater than perpendicular to the

scratch direction, suggesting cues that arise from the scratching direction itself could act to guide

migration. Since topographic direction of 1-D patterns of ECM is well-established to guide and

enhance migration rates (Doyle et al., 2009), these findings suggest an additional parameter present

in conventional wound assays that may affect results, and that can be controlled for using

robotically-controlled scribing assays.
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Supplemental Video 1. Wound closure of epithelial monolayer showing distinct lamellipodal
behaviour in different wound regions.
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Figure 4-6: Nanotopographic ECM cues produced from SuBscribe technique increases migration
velocity parallel to scratch direction. (A) Proposed model for increased directional migration
velocity action due to remaining ECM cues after scratch patterning. (B) SuBscribe technique
physically removes ECM but also leaves trails of fibronectin in direction of scribe path. (C)
Asymmetric wound closure of square wounds over time results in rectangular wounds with aspect
ratio < 1. (D) Representative wound closure over time in square wounds. Inset shows increased
directional migration along scratch direction. Time stamps in HH:MM format. (E) Mean wound
closure velocity with respect to scratch direction in different shapes. Error bars represent standard
error. * represents p<0.05 for a one-way ANOVA with Tukey post-hoc multiple comparisons test.
Scale bars: (B) 50 µm, (D) 100 µm.
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Figure S4-9: Residual fibronectin is deposited from scratching a fibronectin-coated glass layer.
(A) (i) Fibronectin trails are deposited by scratching needle shown by indirect immunostaining of
scratched, adsorbed fibronectin. Trails are present in both areas with adsorbed fibronectin and
uncoated areas. (ii) Brightness-amplified, magnified image shows fibronectin deposition in
uncoated areas. (B) Deposited fibronectin is located at center of scratch pattern as shown by high
magnification image. Scale bars: (A) 100 µm, (B) 50 µm.
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4.5 Discussion
This work demonstrates a novel micropatterning strategy where thin layers of cell-repellent

agarose are mechanically removed with a pointed needle, controlled by an inexpensive and readily

available hobby craft cutter. Removal of agarose can produce confined cell cultures like those

produced in other, more laborious micropatterning techniques. Circular micropatterns down to 600

µm can be reproducibly created in both biomaterial films and on-the-fly in live cultures, allowing

subsequent patterning and seeding steps. Using this platform, we were then able to investigate the

effect of precisely defined wound geometry and scribing direction on closure rate, revealing an

intriguing role for nanotopographic remnant ECM in influencing wound closure rates in

conventional assays.  Overall, the presented SuBscribe technique provides additional consistency,

throughput, capabilities and accessibility over other microengineered techniques and assays.

In this proof-of-concept work, we used a relatively inexpensive hobby craft cutter to

achieve these patterns. This $800 system had an advertised positioning resolution of 25 µm, which

does present some limitations on the resolution of rounded features. Micropattern resolution may

be improved by hacking an inexpensive 3D printer to achieve x-y stepping resolutions down to 5

µm or using alternative vector-based craft cutters to implement the SuBscribe technique.

Currently, our technique is limited in the choice of substrates; patterns cannot be generated on

substrates with nanoscale features as they may be damaged during the SuBscribing process. We

also limited our studies to off-the-shelf needles, which do have some limitations in available

geometry and relevant material properties such as hardness. Custom-cut needles with non-standard

profiles may also further improve the resolution of this technique, and the applied loading force

profile may also be tuned to eliminate or retain nanotopographic ECM cues without damaging the

underlying surface.  Alternatively, soft silicone tips may allow further fine-tuning of these removal

processes(Ammann et al., 2015; Kam et al., 2008).  We also observed that different degrees of

ECM cue removal can be controlled by tuning the force and calibration of the craft cutter (Figure

S4-10). Finally, the capacity of this technique to pattern relatively large surface areas could allow

for systematic investigation of the effect of geometrically defined multicellular islands on cell

function.

There may also be considerable room for expanding this technique by carefully selecting

alternative biomaterial films for scribing.  In our experience, SuBscribe-produced agarose

micropatterns could be maintained in culture for at least 3 days, but can fail after this timepoint
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due to poor physical adsorption of the agarose to the underlying glass substrate(C. M. Nelson et

al., 2003). Longer duration experiments would require an alternative material that is sufficiently

cell-repellent and brittle and may require advanced deposition techniques to process. Our

SuBscribe technique is particularly useful for prototyping new micropatterned cultures in lines or

non-filled shapes with radii of curvatures greater than 600 µm. Patterns of this scale have

previously been shown to pattern pluripotent(Tewary et al., 2017) and mesenchymal(Ruiz & Chen,

2008) stem cell differentiation and are important to establish soluble factor gradients within

micropatterned culture. Filled-in shapes can be created by the repeated etching of concentric

patterns which decrease in size, similar to the methods presented to create square or circular

wounds. Increasingly complex geometries are also theoretically possible but require fine craft

cutter calibration to ensure scribing errors do not propagate during patterning. With some

optimization, this technique could be employed to generate numerous novel patterns to perform

high-throughput screens on novel geometries. Given the demonstrated capacity of this technique

to handle live cultures, we envision a dynamically tunable surface able to generate dynamic

adhesive sites on demand and at selected locations, opening new avenues for investigation into

responsive morphodynamic cell culture systems.
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Figure S4-10: SuBscribing with different force settings can produce varying amounts of
fibronectin removal. (A) Map of different scribing forces applied in B and C. (B) Multiple scratch
directions were implemented at different forces. (C) Magnified area (yellow box in A) with
enhanced brightness and contrast to demonstrate increased fibronectin removal. (D) Fluorescent
intensity profile across the dashed black line in C) of adsorbed fibronectin on the surface. Scale
bars represent 50 µm.
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This work also builds upon conventional scratch-based wounding techniques by allowing

precise control of wound geometry which has not been possible previously due to operator

handling limitations(Riahi et al., 2012). Robotically-aided wounding has previously been reported

but were limited to large, straight wounds(Simpson et al., 2008). Wound geometry can also be

controlled using silicone-based culture inserts during cell seeding but, this approach does not allow

mechanical retraction of cells on wounding, which has been shown to be important in initiating

wound closure mechanisms in 2D(Murrell et al., 2011) and 3D cultures(Dubois et al., 2019).

Furthermore, this work demonstrates that the process of scratching may itself leave

nanotopographic cues that affect observed wound closure, further emphasizing the need for an

active wounding process, and precise control over wounding conditions. Interestingly, cells at the

wound edge in line and circular wounds migrated slower than those in square wounds (Figure

S4-8). This could be due to the nanotopographic cues left from scratching, where in line and

circular wounds most cells are migrating perpendicular to the wounding direction. Conversely, in

square wounds ~50% of cells are migrating parallel to the wounding direction. Finally, future

studies using this system could be integrated into existing platforms to investigate the role of gap

closure in the a more realistic environment by better recapitulating ECM protein interactions, co-

culture, or in the presence of in vivo flow dynamics(Hoesli et al., 2018).

4.6 Conclusions
Using a robotically-controlled mechanical micropatterning technique raises the possibility

for dynamic micropatterning systems that would be otherwise difficult with chemical approaches.

Such a system could allow for novel confined migration assays, wounding assays, or

micropatterned co-cultures with greater than 2 cell types.  Here, we demonstrate an approach that

allows us to precisely define geometry in our wounding assay and we show the importance in

considering the presence of ECM in such studies. Overall, the described SuBscribe technique

provides an inexpensive, novel, and accessible route towards surface micropatterning, which will

ultimately lead to improved collaborative opportunities between biomaterials scientists, engineers

and fundamental biologists.
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4.7 Methods

4.7.1. Micropatterned agarose layer preparation
A dilute stock solution of agarose in water was heated to 80 oC until completely liquid. Thin films

of cell repellent agarose surfaces were fabricated by spin coating the 0.5 % UltraPureTM Agarose

(Invitrogen) solution at 1500 rpm for 30 seconds onto standard 25 mm x 75 mm glass slides. The

slides were then placed on a hot plate set at 100 oC for 5 minutes to dehydrate the glass slide.

Microscale patterns were mechanically scratched into the dehydrated agarose film atop a glass

slide using an electronically-controlled, inexpensive desktop craft cutter (KLIK-N-CUT Zing Air,

KNKUSA). Sewing needles and microdissection needles were fitted into an 18-gauge needle,

immobilized with epoxy, and attached to a syringe which was mounted onto the desktop craft

cutter. Calibration of the z-axis was done by manually by adjusting the position of the needle

holder. To ensure the cuts always contacted the substrate throughout the programmed pattern, the

needle position was calibrated to cut below the glass surface (i.e. 1mm below the glass surface).

Designs were created in the Make-the-Cut! software provided by the manufacturer. In this

software, the cutting parameters were adjusted in the following ranges; Cutting speed: 1-10, Travel

speed: 1-10, Cutting force: 50, Multi-cut: 1. The patterned substrates were coated with 25 g/mL

fibronectin (Millipore) diluted in phosphate buffered saline (PBS) for 1-2 hours and then rinsed

once with PBS before cell seeding.

4.7.2. Cell culture
Human umbilical vein endothelial cells (HUVECs) up to passage 6 were used in RMS patterning

experiments. HUVECs were cultured on 25 g/mL fibronectin-coated tissue culture polystyrene

in Medium 200 supplemented with low serum growth supplement (LSGS) (Thermo Fisher

Scientific) and 1% antibiotic-antimycotic (Gibco). Medium changes were performed every 2-3

days and cells were passaged at 90% confluency. Patterned substrates were seeded with at least

50,000 cells/cm2 to ensure confluency of patterns. Patterns were then rinsed with PBS after 2 hours

to remove cells that did not adhere.

4.7.3. Co-culture experiments
HUVECs were fluorescently labelled with CellTrackerTM Red CMTPX (Life Technologies) and

CellTrackerTM Green CMFDA (Life Technologies) as per manufacturer’s instruction. Patterned

co-culture was accomplished by sequential seeding of the two cell populations. The first cell

population was treated as before, allowed 2 hours to adhere, and then rinsed once with PBS. The
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second patterns were immediately scribed while still in solution. Afterwards, the culture was

soaked in Medium 200 supplemented with LSGS, 1% antibiotic-antimycotic, and 25 µg/mL of

fibronectin to coat the new micropatterns for 1 hour. The second cell population was then seeded

at 50,000 cells/cm2, allowed 2 hours to adhere, and then rinsed of excess cells.

4.7.4. Immunofluorescent staining
Cell micropatterning samples were fixed with 4% paraformaldehyde for 20 minutes, washed with

PBS three times, permeabilized with 0.1% Triton-X100 solution for 20 minutes, then washed with

PBS three times. A cocktail of FITC-phalloidin (1:200 dilution) and the DAPI counterstain

(1:1000) were diluted in PBS, incubated with the sample for 20 minutes at room temperature, then

washed three times with PBS. Images were obtained on an Olympus IX73 microscope.

Fibronectin patterns were visualized with an indirect immunostaining approach. First, non-specific

binding was blocked by a 30 minute incubation at room temperature with DAKO Protein Block

(X0909, Agilent) and then rinsed once with PBS. The primary antibody, mouse anti-human

fibronectin (SAB4200760, 1:400 dilution, Sigma) was incubated at 4 ºC overnight then washed

three times with PBS. Afterwards, the corresponding secondary antibody, goat anti-mouse

AlexaFluor 488 (A11001, 1:400 dilution, Life Technologies) was incubated at room temperature

for 1 hour, washed three times in PBS and then visualized.

4.7.5. Data Analysis
All images obtained were analysed using the open-source software, Fiji.(Schindelin et al., 2012)

The nuclear alignment of micropatterned cells was measured by approximating each nucleus as an

ellipse. The angles reported represent the angle between the primary axis of the nucleus and the x-

axis. Circularity of the patterns presented in Figure 3 was obtained by manually tracing the

resultant micropatterns and reporting the circularity outputted by Fiji. Deviation of the

micropatterns was computed as the percent difference between the expected diameter and the

actual diameter of the resultant micropatterned circle. The calculated diameter was approximated

with the traced perimeter of the micropatterned circle. Stitched images of the line-shaped wounds

were created using the Fiji Pairwise stitching plugin(Preibisch et al., 2009). Single cell tracking

was performed using the MTrackJ plugin for Fiji (Meijering et al., 2012). Statistics were calculated

using GraphPad Prism 8.
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Chapter 5

The developing pancreas undergoes complex morphological changes during primary and

secondary transition, which are correlated with key cell fate decisions. In Chapter 3, I discovered

that confinement of posterior foregut (PF, Stage 3) cells in circular micropatterns mechanically

primed cytoskeletal rearrangement, which increased nuclear PDX1 levels. Finite element models

predicted that microtissues confined in circular micropatterns are subjected to gradients of stress

due to non-uniform cell contraction (Ma et al., 2019; McBeath et al., 2004). This suggested to me

that biomechanical stimuli can guide pancreatic lineage decisions, but this finding was convoluted

with other effects such as cell density and soluble signalling gradients. To address these

limitations, I aimed to specifically test the effect of biomechanical stresses on pancreatic

differentiation by 1) creating more complex micropatterned geometries, using the SuBScribing

technique described in Chapter 4, to keep paracrine signalling gradients constant while varying the

effect of curvature; and 2) applying an active biomechanical stress in the form of stretching onto

a cell monolayer. To accomplish this, I first predicted the forces present during pancreas

morphogenesis due to shape changes using a finite element modelling approach. I then leveraged

this knowledge to apply physiological stress gradients during directed differentiation protocols

using a microfabricated device capable of applying timed, equibiaxial strain to a monolayer of

PSC-derived PF cells while maintaining constant cell density.
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5.2 Abstract

Tissue geometries which arise during organogenesis impart biomechanical forces onto the

developing cells. In the pancreas, we hypothesized that the forces which arise in developmental

tissue geometry regulate differentiation towards endocrine lineage by mechanically activating cells

through the mechanosensitive YAP/Hippo signaling pathway. Finite element models were

generated to recreate these developmental geometries and demonstrate areas of high stress are

found at concave regions of protruding, proliferative structures. During in vitro directed

differentiation protocols, PDX1high cells spontaneously appear in cell-dense clusters. These

PDX1high clusters were more contractile based on traction force microscopy and displayed low

YAP expression. Pancreatic endoderm cells cultured on adhesive micropatterns showed increased

PDX1 expression in curved, mechanically primed regions. External biomechanical stimuli from a

dynamic, deformable silicone substrate also increased local PDX1 expression. Altogether, these

results suggest that biomechanical force sensing mechanisms can be leveraged to increase nuclear

levels of key pancreatic transcription factors such as PDX1.
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5.3 Introduction
During early embryogenesis, mechanical forces play a critical role in instructing cell

differentiation (Herrera-Perez & Kasza, 2019). In particular, the pancreas undergoes multiple

morphological changes during tissue growth which impart time-dependent biomechanical stimuli

onto the developing cells. Much of the current art focuses on manipulating biochemical signalling

pathways involved in pancreatic development, which have to date produced several directed

differentiation protocols to generate insulin-producing beta cells from pluripotent stem cells

(PSCs) (H. Liu et al., 2021; Millman et al., 2016; Nair et al., 2019; Pagliuca et al., 2014; Rezania

et al., 2014; Russ et al., 2015). However, the cost and relatively low efficiency of current directed

protocols severely limit the accessibility of potential treatment. Insulin-producing cells

approaching the functionality of human islets can be generated without aggregation by precisely

timed cytoskeletal depolymerization during endocrine induction (Hogrebe et al., 2020). The

cytoskeleton is heavily involved in biomechanical sensing, suggesting a role in the biomechanics

of the surrounding microenvironment (Fletcher & Mullins, 2010). Therefore, mechanically

priming endocrine precursors with developmentally-relevant biomechanical forces could improve

downstream beta cell commitment, reduce batch-to-batch variability, and potentially lead to novel

innovations to generating insulin-secreting beta cells from direct differentiations protocols for type

1 diabetes treatment.

Tissue-scale forces transduce through the extracellular matrix (ECM) and impart

biomechanical stresses onto developing cells, causing cell-scale specification and patterning

(Vijayraghavan & Davidson, 2017). Mechanical forces are translated into biochemical signals in

a process called mechanotransduction, which can control cell responses through the Hippo

pathway via YAP/TAZ regulation (Dasgupta & McCollum, 2019; Heng et al., 2020). YAP acts as

a core mechanotransducer which will translocate into the nucleus upon activation, in response to

external mechanical force transduced from cell focal adhesions (Lachowski et al., 2018) or

cadherins (Huveneers & de Rooij, 2013; Zaidel-Bar, 2013). Several studies suggest that pancreatic

differentiation of PSCs is controlled by cytoskeletal tension and extracellular matrix interactions

(Hogrebe et al., 2020; Mamidi et al., 2018b), further suggesting that biomechanical stimuli may

play a role in endocrine specification.

Pancreatic duodenal homeobox 1 (PDX1) is a key player in pancreatic specification and is

necessary for beta cell maturation, maintenance, survival, and function (Babu et al., 2007;
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Fujimoto & Polonsky, 2009; Spaeth et al., 2017, p. 1). The co-expression of PDX1 with other

transcription factors such as NKX6.1 (J. K. Pedersen et al., 2005; Russ et al., 2015; Schaffer et al.,

2013, p. 1; Taylor et al., 2013b) and NGN3 (Burlison et al., 2008; Johansson et al., 2007; Xu et

al., 2013; Y. Zhu et al., 2017) is important for differentiation downstream to insulin-secreting beta

cells. During secondary transition, high levels of PDX1 expression, denoted as PDX1high, have

been correlated with downstream beta cell differentiation (L.-C. Li et al., 2018; H. Wang et al.,

2001; Willmann et al., 2016). Overexpression of PDX1 in the differentiation of pluripotent stem

cells in vitro promotes downstream differentiation towards insulin-expressing beta cells (Kubo et

al., 2011; Lavon et al., 2006). Endocrine differentiation of pancreatic progenitors is correlated with

increased PDX1 expression and the loss of YAP in vivo (George et al., 2012; Mamidi et al., 2018b).

We propose that presenting biomechanical stimuli to differentiating PSC-derived posterior

foregut cells can promote endocrine differentiation downstream. In mesenchymal stem/stromal

cells, the transfer of mechanical strain to the cytoskeleton regulates YAP (Driscoll et al., 2015)

which controls focal adhesion assembly (Nardone et al., 2017), and downstream lineage

specification (Heng et al., 2020; Kearney et al., 2010; Killaars et al., 2020; Kurpinski et al., 2006;

McMahon et al., 2008; Oliver-De La Cruz et al., 2019). Mechanical stimuli plays a role in

regulating lineage decisions in the early fate decisions of PSCs (Xue et al., 2018) which may

suggest mechanical forces play a role later downstream in the differentiation process (Gwak et al.,

2008; Mihic et al., 2014; Ravichandran et al., 2017). Recent evidence suggests the cell niche is

responsible for downstream acinar and endocrine lineage specification in tip-trunk patterning as

opposed to being predisposed to their final fate (Nyeng et al., 2019), suggesting a role of

surrounding mechanics. In this work, we modelled pancreatic morphogenesis and demonstrate that

changes in geometry produce areas of tension, which may affect differentiation downstream. We

also confirm that the differentiation of PDX1high cells is correlated with low levels of nuclear YAP,

as well as increased cell-generated contractile forces, suggesting a role of mechanical stimuli on

pancreatic endocrine differentiation. Finally, we demonstrate that externally applying mechanical

strain, in tandem with biochemical-focused directed differentiation protocols can promote the

differentiation into PDX1high cells which may lead to enhanced endocrine differentiation

downstream.
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5.4 Results

5.4.1. Pancreatic budding and branching is dependent on geometry, proliferation, and
stiffness

During pancreas development, various morphological changes occur during primary and

secondary transition, which both involve the formation of bud and branched structures (Figure

5-1A). The formation of these curved geometries produces mechanical stress within the developing

tissue. To understand the stress profiles that arise within the developing pancreatic epithelia, we

created a general model, simulating tissue outgrowth from a tube, in silico using finite element

modeling (FEM). During development, the pancreatic branches (with diameters varying between

50 – 150 µm (Villasenor et al., 2010)) develop from the initial pancreatic bud (starting ~100 µm

diameter (Jennings et al., 2013; Piper et al., 2004)), and eventually give rise to the complex

branched ductal structure of the pancreas. In our general model, we varied the diameters of the

parent pancreatic duct to be 2.5 – 10 times larger than the developing branch and assumed that the

formation of a pancreatic branch was due to regions of differential growth, which could arise in

vivo due to cell stratification (Villasenor et al., 2010). Differential rates of tissue growth likely

occur during pancreatic development due to changes in cell shape and tissue remodelling (Pan &

Wright, 2011), or proliferation differences between different cell types (Chiang & Melton, 2003;

Horb & Slack, 2004), also seen during differentiation protocols in vitro (Figure S5-1). Finite

element models were therefore developed to capture cell growth and simulate circular areas of

increased tissue growth in a tube.

Recreating the cylindrical, tube-like geometry was sufficient to recreate morphogenesis

resembling the beginning morphogenesis of a pancreatic branch (Figure 5-1Bi, Ci). Conversely,

models built using a flat disc geometry resulted in tissue thickening on both the simulated apical

and basal surfaces (Figure S5-2). The ratio of tube curvature to the size of the proliferative zone

was correlated to the relative displacement of the simulated branch, where a smaller curvature

resulted in larger relative displacement (Figure 5-1Bi,ii). This suggests that the presence of

curvature in the initial tube geometry dictates the direction and displacement during bud

development compared to equal thickening of a cell sheet.

As the pancreas develops, architectural variations arise in cell organization, morphology,

and matrix composition and these differences could result in perceived stiffness changes (A. J.

Thompson et al., 2019; M. Zhu et al., 2020). We therefore performed a parametric sweep to test



103

the effect of stiffness gradients surrounding the proliferative zone. To simulate this, we varied the

stiffness differences between the two simulated tissue zones. Increasing the surrounding tube

stiffness resulted in greater bud deformation (Figure 5-1Ci,ii) and increased the magnitude of

stresses around the growing region. From these experiments, we can recreate curvatures similar to

those seen in vivo (6.7 x 10-3 µm-1 < κ < 2.0 x 10-2 µm-1) (Villasenor et al., 2010), allowing us to

infer the associated stress patterns that may be acting on developing pancreatic cells. In both our

models, the development of a protruding bud resulted in high tensile forces at the edge of the area

of increased tissue growth (Figure 1Biii,iv & 1Ciii,iv). This suggests that during pancreas

development, mechanical forces are present and act upon growing tissues, which may play a role

in differentiation.
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Figure 5-1: Shape changes during development impart tensile forces at tissue boundaries. (A)
Classical model of early pancreatic development and cell specification. (B) (i) Increasing the
initial tube radius relative to the size of the proliferative region (ii) decreases the relative bud
displacement and (iii,iv) generates tensile stresses surrounding the proliferative region. (C) (i)
Increasing the surrounding tube stiffness (ii) increases the displacement of the proliferative bud
and similar (iii,iv) tensile stresses are generated surrounding the proliferative region. Purple
region of model represents areas with increased tissue growth. Yellow region represents
surrounding epithelial tube. RT represents the radius of the tube and RP represents the radius of
the circular proliferative zone. Etube represents the Young’s modulus of the tube and Ecell represents
the Young’s modulus of the proliferative zone.
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Figure S5-1: PDX1highcells are more proliferative than PDX1low cells during differentiation. (A)
Cells are highly proliferative during differentiation and Ki67 expression is scattered throughout
culture. (B) PDX1high cells are more proliferative than PDX1low cells. (N = 3 experimental
replicates of different differentiations). Similar trends were seen between replicates. (C,D) EdU
assay confirms proliferation differences at the end of stage 4. EdU was incubated for 3 hours
before the end of differentiation where cells were then fixed, permeabilized, and immunostained.
(N = 2 technical replicates) * represents p<0.05 for a two-sided Student’s t-test. Scale bars: 100
µm.

Figure S5-2: FEMs reveal that proliferative regions in a plane-geometry results in two-sided
tissue growth. Green represents a tissue region with 2 times faster growth than yellow regions.
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5.4.2. Directed pancreatic differentiation produces highly proliferative, PDX1+/NKX6.1+

clusters
We produced PDX1+ pancreatic endoderm (PE) cells from pluripotent stem cells (PSCs)

using a previously established 10 day directed differentiation protocol (Figure 5-2A) (Rezania et

al., 2014; Tran, Moraes, et al., 2020b). Large clusters of cells with high PDX1 expression (denoted

as PDX1high cells) were scattered randomly throughout the culture (Figure 5-2B). Further

differentiation into endocrine precursor (EP) cells in vitro produced PDX1high cells which also

expressed the markers NKX6.1 and NGN3 (Figure 5-2C), suggesting the PDX1high cells are primed

towards beta cell lineage, as previously shown (Mamidi et al., 2018b; Ohlsson et al., 1993).

To determine if mechanical stimuli might influence pancreatic differentiation, we next

looked at the mechanosensitive Hippo pathway which has previously been connected with

mechanosensitivity (Tran, Moraes, et al., 2020b). In particular, we looked at the expression of

YAP which is a key regulator of tissue growth (Piccolo et al., 2013) and has previously been shown

to be deactivated through the course of endocrine differentiation (Rosado-Olivieri et al., 2019).

PDX1low pancreatic progenitors expressed higher amounts of active, nuclear YAP than PDX1high

cells (Figure 5-2D,E). The inhibition of YAP by the addition of verteporfin during Stage 4 of

differentiation resulted in an increased amount of PDX1high cells expressing cytosolic YAP, further

confirming a previously shown role of YAP in pancreatic differentiation (Mamidi et al., 2018b;

Rosado-Olivieri et al., 2019) (Figure S5-3A). Interestingly, the inhibition of YAP did not increase

the incidence of PDX1high cells in our cultures, suggesting changes in YAP occur downstream of

changes in PDX1 expression (Figure S5-3B).

Force mechanotransduction occurs through the actin cytoskeleton. PDX1 expression levels

correlated with increased staining intensity of E-cadherin, active vinculin, and beta-catenin (Figure

S5-4), all of which bind to the cytoskeleton to transmit external forces, suggesting an increased

ability of the PDX1high cell population for mechanosensing (Zaidel-Bar, 2013) compared to cells

with lower PDX1 levels. The influencing forces could arise in culture due to stochastic changes in

cellular contractility, which is regulated by phosphorylation of myosin. Phosphorylation of myosin

light chain 2 is correlated with myosin activity and thus cellular contraction. Previously, we

observed PE cell clustering when confined to circular micropatterns, suggesting these cells have a

contractile phenotype (Tran, Moraes, et al., 2020b). We saw that PDX1high and the surrounding

PDX1low cells had increased staining intensity of phosphorylated myosin light chain 2 co-localized
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with F-actin, suggesting increased contractile activity and cytoskeletal tension may be involved in

generating these multicellular clusters (Figure 5-2F) (Fernandez-Gonzalez et al., 2009).

Reducing the cell-generated contractile activity during Stage 4 by the addition of Y-26732

or blebbistatin (Z. Liu et al., 2010), which inhibits ROCK and myosin II ATPase respectively,

increased the fraction of PDX1high cells expressing cytosolic YAP, contrary to our initial

hypothesis (Figure S5-5A). However, adding these factors also disrupts cytoskeletal tension which

could in itself promote cytosolic YAP expression. This could imply that cell mechanosensing and

cytoskeletal tension is required for increases in PDX1 expression and the formation of PDX1high

cells (Figure S5-5B). Since YAP is regulated by cytoskeletal tension (Totaro et al., 2018), this may

further suggest upstream mechanosensing by posterior foregut (PF) cells under high cytoskeletal

tension is involved in downstream lineage specification.
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Figure 5-2: Pancreatic differentiation is correlated with changes in YAP expression and
cytoskeletal mechanics. (A) Directed differentiation protocol scheme towards endocrine precursor
(EP) cells (adapted from Rezania et al. 2014). (B) Clusters of cells expressing high levels of PDX1
(PDX1high) are found sporadically throughout culture surface. (C) Upon further differentiation
towards EP cells, high PDX1 expression was correlated with high expression of endocrine
markers NKX6.1 and NGN3. (D) PDX1high pancreatic endoderm (PE) cells are associated with
cytosolic expression of YAP. White arrows indicate PDX1high cells which express cytosolic YAP.
(E) PDX1low cells predominantly express nuclear YAP. (F) Expression of phospho-myosin light
chain 2 (pMLC2) co-localized with areas of intense F-actin staining in PDX1high cells, suggesting
a contractile phenotype. Scale bar: (B,C,F) 100 µm, (D) 50 µm.
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Figure S5-3: Addition of 0.3 µM verteporfin for 48 hours during Stage 4 of differentiation (A)
increases fraction of PDX1high cells expressing cytosolic YAP while (B) not significantly increasing
fraction of PDX1high cells. * represents p<0.05, ** represents p<0.01. N=1, n=10 images
analyzed. Error bars represent standard error.

Figure S5-4: Increased expression of proteins responsible for tethering F-actin to external stimuli
for mechanosensing in PDX1high cells. Orange and yellow border insets represent high
magnification views of PDX1low and PDX1high cells respectively. Scale bar: 100 µm.
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Figure S5-5: The addition of cytoskeletal modulators for 48 hours during Stage 4 of differentiation
(A) increases fraction of PDX1high cells with cytosolic YAP expression while (B) the overall
fraction of PDX1high cells remains constant. ** represents p <0.01, *** represents p<0.005, and
**** represents p<0.001.
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5.4.3. Pancreatic clustering in vitro is correlated with formation of mechanical
architecture and dynamic force generation

To determine whether the surrounding cell-generated mechanical stimuli could be associated

with generating PDX1high clusters, we measured the nearby cell contractility present during the

differentiation of PF cells to PE cells. Traction force microscopy was used to determine the average

stresses involved during cluster formation. The differentiation into PDX1+ PE cells was efficient

but the appearance of PDX1high cells was spatially stochastic (Figure 5-3A).  During secondary

transition, endocrine cells originate from the trunks of the branched pancreas while exocrine cells

are found at the tips (Nyeng et al., 2019; Sharon, Chawla, et al., 2019; Q. Zhou et al., 2007). The

cells that generate endocrine and ductal cells are thought to be PDX1high and PDX1low cells

respectively (Mamidi et al., 2018b; Piccand et al., 2014). To recreate this patterned differentiation,

we co-cultured PDX1high PE cells with less differentiated, PDX1low PF cells in a 1:3 ratio

respectively. This resulted in the formation of well-segregated PDX1high clusters (Figure 5-3B)

that were brightly stained for E-cadherin compared to the surrounding PDX1low cells (Figure

5-3C). Nuclear YAP levels were low in PDX1high cells (Figure S5-6) similar to previous

observations with pure PE cultures (Figure 5-2D).

Traction stresses were calculated from the displacement fields of fluorescent tracking beads

(Figure 5-3D) and then projected onto vectors towards the center of E-cadherinhigh/PDX1high

clusters. Within PDX1high clusters, traction stresses projected towards the center of the clusters

were significantly higher than traction stresses towards the center of random surrounding areas

(control) (Figure 5-3G). The contraction of PDX1high cells suggests that a tensile stress is being

applied to the surrounding PDX1low cells, which may affect the differentiation of these cells

downstream. Post-hoc analysis of cell migration within our cultures shows that surrounding cells

migrate into these clusters (Figure S5-7, Supplementary Video 2), suggesting mechanical forces

are exerted on the surrounding cells. This further suggests that endocrine differentiation in vitro is

influenced by the presence of mechanical stimuli from neighbouring cells.
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Figure 5-3: Appearance of PDX1high pancreatic clusters is correlated with
compressive/contractile traction forces. (A) PE cells stochastically form PDX1high cells throughout
culture which cluster together to form ‘islands’ surrounded by PDX1 low cells.  (B) Co-culture of
S3 and S4 cells results in well-defined clusters of PDX1high cells which displace fluorescent beads
on substrate surfaces. Yellow box indicates magnified area shown in (C). Red dashed line
represents the boundary of the PDX1high cluster. (D) Traction stresses within cell cluster (identified
in (C)) are calculated from displacement of fluorescent tracking beads. (E) Traction stresses are
projected towards the center of each cluster to measure contractility of the cluster. (F) Traction
stresses are positive on average, and peak near the cluster boundary. (G) Average traction stresses
toward cluster centers are significantly greater than random regions in the surrounding areas
(control). N = 3 experimental replicates. Each point represents the average stress for that
replicate. Scale bars: (A,B) 100 µm, (C,D) 50 µm. ****, represents p<0.001 for an unpaired t-
test.
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Figure S5-6: PDX1high clusters in PF/PE co-culture model expressed cytosolic YAP.

Figure S5-7: Cells migrate into the eventual PDX1high clusters. (A) Immunostaining of S3/S4 co-
culture shows PDX1high clusters are demarcated by high expression of E-cadherin. (B) Live nuclei
tracking with live Hoechst shows that cells contract and migrate together to form a cluster. Red
tracks indicate a cell with a final position within the PDX1high cluster. Yellow tracks indicate a cell
with a final position outside the cluster. Scale bars: 50µm
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Supplementary Video 2: Tracking of Hoecsht-labelled nuclei shows that PDX1high cells (identified
in Figure S5-7) cluster together while PDX1low cells do not undergo large migration. Red tracks
indicate a cell with a final position within the PDX1high cluster. Yellow tracks indicate a cell with
a final position outside the cluster. Each frame, starting from the top left, represents 1 hour starting
where time 0 is Stage 4 day 2. Scale bars: 50µm
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5.4.4. Biomimicry of force profiles is correlated with enhanced PDX1 expression
Given the uncovered correlation between cell clustering, traction forces and PDX1

expression, we reasoned that confining cells within a curved geometry which mimicked that of a

developing pancreatic branch could improve pancreatic differentiation. Since we observed a highly

contractile phenotype associated with PDX1high cells in PF/PE co-cultures, applying local stress

gradients during PE differentiation may lead to related patterns in PDX1 expression. Previously,

we had demonstrated that PE cells confined within circular micropatterns displayed increased

PDX1 and NKX6.1 expression, while inhibition of actin remodelling with ROCK inhibitor

abrogated the effects of confinement (Tran, Moraes, et al., 2020b). However, those experiments

did not capture the changing transverse stresses along the pancreatic branch structure and are

confounded with paracrine signalling gradients within the micropatterns (Tewary et al., 2017).

To this end, we generated S-curve micropatterns to mimic the sagittal cross-section of a

developing pancreatic branch using our previously demonstrated xurography technique (Figure

5-4A) (Tran, Hoesli, et al., 2020). These patterns enabled us to simulate stresses in the transverse

plane and keep consistent local cell density across the length of the pattern allowing consistent

paracrine signalling. FEM simulations predict the micropattern edges to be under tensile stress due

to confined cell contractility (Figure 5-4B).

PE cells confined within these S-curves contracted non-uniformly, creating local

concentrations of F-actin filaments in concave regions of micropatterns, suggesting increased

cellular tension, which matched the trends predicted in our FEM simulations (Figure 5-4C). To

determine if the tension caused by micropattern curvature can guide the formation of PDX1high

cells, we segmented our curve into the straight portion and curved portions (Figure 5-4E). Within

the curved sections, the normalized PDX1 expression was higher than in the straight areas, which

may suggest a higher incidence of PDX1high cells with similar cell density.



116

Figure 5-4: Confined, micropatterned culture of PE cells produces cell-generated stress gradients
within culture. (A) Proposed sagittal section of a developing pancreatic branch. Green box
represents the section mimicked by the micropattern. (B) Tensile stresses are predicted along
edges of the micropattern. (C) F-actin is highly concentrated in concave regions of the S-curve.
(D) Increases in F-actin intensity correlate with max principal stress predicted in FEM. (E)
Sectioning of cells cultured within S-curve patterns. Dashed white line represents curved perimeter
of micropattern segment. Yellow lines segment the “curved” regions from the “straight” center
region. (F) PDX1high cells cluster within curved micropatterns. PDX1 expression normalized to
average expression within micropattern is higher in curved regions compared to the straight
region. (N=1, n=14 micropatterns analyzed) Error bars represent standard deviation. PDX1
expression was normalized to the average PDX1 expression of all cells within each image. ***
represents p<0.005 for an unpaired t-test. Scale bars: 100 µm.
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5.4.5. Dynamic application of external force differentially guides pancreatic and beta cell
differentiation

To specifically test the effect of external mechanics on pancreatic differentiation, we

constructed a pressure-actuated, deformable membrane using polydimethylsiloxane (PDMS)

which allowed us to strain cells in a geometry which mimicked that seen during pancreatic

branching (Figure 5-5A). The externally applied stresses acting upon the PF (Stage 3) cell layer

were predicted by FEM.  When operating with positive pressures, cells at the center of the strained

area was subject to tensional forces (red) while compressive forces (blue) were dominant at the

edge of the interface. When a vacuum was applied, these stress profiles reversed (Figure 5-5B,C).

Three subsections within images were classified based on the differing stress profiles

observed and denoted as: the strained area, the interface, and the outer area (Figure 5-5D). In this

analysis, the boundaries of these regions were determined with phase contrast images, which show

clear demarcation of the edge of the strained region (Figure 5-5E). A confluent layer of PF cells

was seeded on day 7 of the differentiation protocol, allowed 24 hours to adhere, and then strained

for 48 hours. At the end of our experiments, we didn’t observe any ordered spatial patterning of

PDX1 in the strained regions. When a tensile load was applied to PE cells, the average normalized

PDX1 expression (Figure 5-5F) was significantly increased compared to unactuated regions and

separate unactuated samples. Conversely, when a compressive load was applied, the average

normalized PDX1 expression was decreased (Figure 5-5G). These changes in normalized, regional

PDX1 expression could be due to changing numbers of PDX1high cells, suggesting that culture in

the presence of external forces could help specify endocrine differentiation.

We next asked if this mechanical activity was regulating the Hippo signalling pathway by

activating YAP expression. An increased percentage of PE cells located within the strained regions

contained cytosolic YAP (Figure 5-5H), which was previously associated with PDX1high cells and

increased endocrine differentiation. Since our control samples had a larger fraction of cells

expressing nuclear YAP, this suggests mechanical strain caused phenotypic changes which

resulted in endocrine-primed differentiation and thus deactivation of YAP. Overall, this suggests

that mechanical priming with biomechanical stress plays a role in regulating PDX1 expression.
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Figure 5-5: Externally applied stress applied to PF cells during PE (Stage 4) differentiation alters
spatial differentiation profile. (A,i) Schematic of pressure-actuated strain device to apply stress
onto cultured cells. (ii) Profile view of membrane during actuated straining. (B) Finite element
models predict tensile stress in the strained area of the PDMS membrane when a positive pressure
is applied and slight compressive stress when a negative pressure is applied. (C) Stress profiles in
cylindrical coordinates show mainly radial and hoop (circumferential) stresses act on cells with
relatively low amounts of axial stress. (D)Three regions were created based on overall stress
profile within strained area. (E) Phase contrast images were used to identify the strained area and
segmented based on (D). (F) PDX1 expression was sporadic on our actuated culture surface. (G)
PDX1 expression normalized to expression throughout image is increased when exposed to tensile
stress and decreased when exposed to compressive stresses. N= 3 (pressure or vacuum) or 6
(control) experimental replicates, with n>10 membrane regions analyzed per replicate, error bars
represent S.E.M. PDX1 expression levels were determined by taking the average fluorescence
intensity in the green channel in nuclear regions defined through DAPI staining. The normalized
PDX1 expression was taken as the value for a given cell or cells in a region of interest, divided by
all cells within each image. (H,I) A larger proportion of PE cells cultured within the strained area
express cytosolic YAP. Yellow box represents magnified image shown. White arrows indicate
example cells expressing cytosolic YAP. Each point represents the percent of cells with nuclear-
cytosolic ratio <1.0 in the region of interest (N=1, n>10 regions analyzed). Scale bar: (A)1 mm,
(E,F,H) 100 µm.
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5.5 Discussion
This work demonstrated that biomechanical stimuli, applied to posterior foregut (PF) cells

during Stage 4 of pancreatic differentiation, increased PDX1 expression of the resultant pancreatic

endoderm (PE) cells and this was correlated with downstream endocrine commitment. To recreate

the tissue patterning observed in vivo, we developed a PF/PE co-culture system where we observed

consistent formation of PDX1high PE clusters, which generate high contractile stresses as seen with

traction force microscopy. A marked decrease in nuclear YAP levels was observed in PDX1high

cells, pointing towards of role of the mechanosensing YAP pathway in PE differentiation. After

trunk specification in vivo, high PDX1 expression becomes restricted to endocrine-fated trunk cells

while PDX1 levels are diminished in nearby exocrine and ductal-fated cells (Dassaye et al., 2016;

Mamidi et al., 2018b). We showed that PDX1high cells coordinate to cluster and generate traction

forces in vitro which may prompt surrounding cells to specify tip or trunk lineage. Inspired by the

bud-like geometries observed during pancreatic development, we developed a pressure-actuated

platform to provide equibiaxial strain onto cells, similar to previously described systems (Moraes

et al., 2010; Xue et al., 2018). Together with observations of PDX1 patterning in S-shape adhesive

micropatterns, our results suggested a close relationship between PDX1 expression levels and

culture areas under higher tension.

We confirmed reports that the appearance of PDX1high cells and downstream endocrine

differentiation was correlated with cytosolic YAP expression (Mamidi et al., 2018b; Rosado-

Olivieri et al., 2019), suggesting changes in cell phenotype involved the mechanosensitive Hippo

signalling pathway (George et al., 2012; Y. Wu et al., 2021). YAP inactivation is dependent on

cell shape and cytoskeletal tension (Wada et al., 2011) and focal adhesion assembly (Kuroda et al.,

2017; Nardone et al., 2017) which is altered in confinement (J. Gao et al., 2017), high densities

(Gumbiner & Kim, 2014; Hsiao et al., 2016), or during detachment from extracellular matrix (B.

Zhao et al., 2012). Well spread cells, associated with high cytoskeletal tension, were correlated

with low levels of PDX1 expression, nuclear YAP, and ductal specification (Mamidi et al., 2018b).

In general, it is difficult to decouple YAP expression, differentiation-associated changes in cell

phenotype, and changes in the cell microenvironment, which may together lead to islet

delamination. In the future, live tracking of YAP translocation during pancreatic differentiation

and the clustering process could help determine if cell differentiation leads to YAP inactivation or

vice-versa.
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In this work, we suggested that biomechanical stimuli acting on the force-sensing

cytoskeleton at earlier stages in pancreatic differentiation could prime downstream endocrine

differentiation. Specifically, we strained PF cells and found that the response was also dependent

on the direction of strain which may play a part in how mechanosensing occurs, perhaps due to

how the cytoskeletal structure adapts to strain. Mechanosensing of positive substrate strain

promotes more robust cytoskeleton assembly (Panzetta et al., 2019), which may lead to

downstream changes in cell phenotype. Mechanically-primed cells with a robust cytoskeleton and

high tension could be more mechanosensitive. Due to the adaptable nature of the equibiaxial strain

platform, it would be interesting to apply strain in different programmes (i.e. cyclically or

incrementally) which could result in more distinct differentiation patterning (Xue et al., 2018) if

stress dissipation plays a role in pancreatic differentiation.  Overall, determining the optimal

parameters to strain differentiating cells including magnitude, stage of differentiation, length of

time, and strain programme could lead to more efficient, cost effective differentiation protocols in

the future.

Throughout pancreatic differentiation, cells undergo changes in phenotype, such as during

secondary transition, where EP cells undergo epithelial-mesenchymal transition (EMT),

delaminate from the epithelium, and migrate through the surrounding mesenchyme to eventually

form the islets of Langerhans (Sharon, Chawla, et al., 2019; Willmann et al., 2016). Changes in

cell phenotype could alter mechano-sensitivity and response to biomechanics, in part due to

changes in cell-cell E-cadherin contacts and cytoskeletal organization (D.-H. Kim et al., 2009;

Park et al., 2019; Schneider et al., 2013). We observed that PDX1high cells in our culture had

increased staining intensity of F-actin, E-cadherin, beta-catenin, vinculin, all of which are

associated with mechanosensing (Bays & DeMali, 2017; Huveneers & de Rooij, 2013; le Duc et

al., 2010) compared to PDX1low cells, suggesting different cell phenotypes with varying degrees

of mechano-sensitivity arise during pancreatic development. Previously, PDX1high and PDX1low

cells have been reported to be primed to endocrine or ductal lineages respectively (Mamidi et al.,

2018b). Interestingly, we observed that PDX1high cells typically had high levels of vinculin at cell-

cell interfaces, while substrate-bounded vinculin focal adhesions were found predominantly in

PDX1low cells, which may suggest a switch from substrate-bound to intercellular force sensing

(Figure S5-4). This is consistent with evidence suggesting secondary transition of endocrine

precursors occurs as delamination of whole cell clusters (Sharon, Chawla, et al., 2019). During
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differentiation, PDX1high cells are potentially more mechanosensitive but it was unclear whether

increased mechanosensitivity leads to PDX1high cells or vice versa. Overall, these data suggests

that changes in the mechanosensing machinery during pancreatic differentiation primes subsets of

PE cells for endocrine specification.

Recent evidence suggests tip-trunk patterning is due to migration to the “tip” niche and that

cells are not pre-disposed to acinar or endocrine lineage earlier in differentiation (Nyeng et al.,

2019), further suggesting a role of the surrounding mechanical microenvironment. Although we

did not observe significant cell-patterning when PF cells were strained, our results show that cell

strain increases average PDX1 expression which may promote downstream endocrine

differentiation. Other mechanical aspects of the surrounding cell microenvironment such as

extracellular matrix or substrate stiffness could affect differentiation outcomes. PDX1high cells

seeded on fibronectin tended to adopt a more spread phenotype and downregulated endocrine

differentiation while laminin promoted endocrine differentiation (Mamidi et al., 2018b). In our

experiments, we mainly used fibronectin which may have decreased the clustering capability of

our cells. Increased clustering could potentially be seen by using laminin or physiologically

relevant mixtures like decellularized fetal pancreas extracellular matrix. In general, softer

substrates reportedly promote cell architectures associated with improved pancreatic

differentiation (Tran, Moraes, et al., 2020a). In our experiments, we cultured cells on tissue culture

plastic, PDMS, and soft PDMS, which have large differences in substrate stiffness. Across the

substrates, we observed no noticeable difference in cell morphology between soft and stiff

substrates (comparing Figure 5-2 (tissue culture plastic), Figure 5-3 (Sylgard 527, soft), Figure 5-5

(Sylgard 184, stiff) ) suggesting similar levels of cytoskeletal tension. Further optimization of the

cell microenvironment and potential synergistic effects between biomechanical and biochemical

signalling could be key to obtaining optimal, efficient differentiation protocols.

In our experiments, we introduced mechanical stimuli during the transition from PF cells

to PE cells for 48 hours. Beyond that, the time frame in which mechanics plays a role in specifying

pancreatic lineage is unclear. Others have found that adding cytoskeletal inhibitors (Hogrebe et

al., 2020; Rosado-Olivieri et al., 2019; Toyoda et al., 2017) or biomechanical cues (Legøy et al.,

2020; Maldonado et al., 2017; Rasmussen, Reynolds, et al., 2016b) have stage-specific results,

suggesting that further stage-by-stage optimization is required. Previously, mechanics have been
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shown to guide differentiation early in development (Galea et al., 2017; Keller et al., 2003; Poh et

al., 2014) however this is relatively unstudied in pancreas development. Since different cell subsets

may have varying degrees of mechano-sensitivity, applying biomechanics at earlier stages of

differentiation where cells are mechanically primed may have more significant effects. Different

methods of definitive endoderm induction via biochemical signalling have been shown to affect

downstream differentiation outcomes (Jaramillo et al., 2014), which suggests that utilizing

biomechanical signalling pathways earlier during differentiation could improve downstream beta

cell maturation.

Overall, our evidence suggests that the geometry changes associated with pancreas

morphogenesis may provide biomechanical cues, potentially influencing differentiation outcomes.

This could result in more efficient protocols which do not rely as heavily on high concentrations

of growth factors to activate specific signalling pathways. This knowledge may lead to the

development of next generation directed differentiation protocols, which involve biochemical

stimuli as well as mechanical stimuli.
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5.6 Materials and Methods

5.6.1. Finite Element Modelling
Finite element modelling of the developing pancreatic bud/branch was performed using the

FEBio software package (PreView, FEBio, and PostView) (Maas et al., 2012) with the cell growth

model, which models growth by volume change due to osmotic effects (Ateshian et al., 2009; Maas

et al., 2018). Briefly, tissue growth was modelled by increasing the number of membrane-

impermeant intracellular solutes, cr, and the normalized volume of intracellular solid matrix, phir,

to generate osmotic effects and tissue growth (Ateshian et al., 2012). The tube geometries and

meshes used were created using GMsh, an open-source, 3D finite element mesh generator

(Geuzaine & Remacle, 2009). The following material properties were used for our simulations

(Table S5-1).

Finite element models were generated to predict the stresses acting upon cell monolayers

in both micropatterned culture experiments and in the equibiaxial strain system using COMSOL

5.3. Stresses in our micropatterned culture model were generated as previously described (Ma et

al., 2019). Briefly, a cell layer was simulated as a two-layer system consisting of a 20 µm thick

active layer isotropic elastic modulus: 500 Pa; Poisson’s ratio: 0.499; thermal conductivity: 10 W

m–1 K–1; coefficient of expansion: 0.05 K–1) and a 4 µm passive layer (isotropic elastic modulus:

100 Pa; Poisson’s ratio: 0.499). Cell contraction was simulated using thermal contraction where

an isothermal 5 K temperature drop was applied to the active layer while a fixed displacement

boundary condition was applied to the bottom surface of the passive layer. Max principal stress is

reported and similar trends were observed with von Mises stress. The equibiaxial strain system

was simulated with a 25 µm PDMS membrane (density = 965 kg/m3, Young’s modulus = 0.98

MPa, Poisson’s Ratio = 0.495). A +/- 50000 Pa pressure boundary condition was applied to the

inner surfaces of the device.
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Table S5-1: Simulation properties for FEBio simulations of branching morphogenesis

Material property

Density 1.00 kg/m3

Young’s modulus 0.019 Pa

Poisson’s ratio 0.48

Cell growth model parameters

cr (concentration of membrane-impermeant

intracellular solutes)

210 mM

phir (normalized volume of intracellular solid

matrix)

0.3

ce (osmolarity of extracellular environment) 300 mM
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5.6.2. Human pluripotent stem cell culture
The pluripotent stem cell line used in this study was mainly the Episomal hiPSC line

(Gibco, Cat # A18945) and was maintained as described previously (Tran, Moraes, et al., 2020b).

Additional experiments were also performed with hESCs (WA01, WiCell) and the NKX6.1-GFP

HES3 line (donated from the lab of Prof. C. Nostro and A.G. Elefanty). Briefly, hPSCs were

cultured on Matrigel (Corning, Cat # 354277) coated plated with TeSR-E8 media (STEMCELL

Technologies). For Matrigel coating, tissue culture 6-well plates were incubated with a Matrigel

solution, diluted 1:25 in cold DMEM/F-12 medium (Gibco, 21331020) for 1-2 h at room

temperature. Media changes were performed every 24 h. Cells were passaged (1:6 dilution) with

0.5 mM EDTA in phosphate buffered saline solution (PBS) (Life Technologies) at roughly 70%

confluency.

5.6.3. Pancreatic endoderm cell directed differentiation
Prior to differentiation, cells were cultured in mTeSR medium (STEMCELL

Technologies) for 1 passage. To initiate differentiation, the PSC cultures were dissociated with

TrypLE Express (Life Technologies) and resuspended in mTeSR supplemented with 10 µM Y-

26732 (ROCK inhibitor) (Sigma). The PSCs were plated at a density of 200,000 cells/cm2 on

Matrigel-coated plates. After 24 h, the adherent cells were rinsed with PBS and differentiation was

initiated by the addition of differentiation medium. The differentiation medium was changed every

24 h according to the schedule shown in Table S3 which was based on a published protocol

(Rezania et al., 2014). Between each stage of differentiation, cells were washed with PBS.

For our micropattern or equibiaxial strain experiments, frozen PF cells were thawed

directly onto our culture systems. The differentiated PF cells were frozen at a concentration of 1

million cells/mL in S3 media supplemented with 10% DMSO and frozen in a CoolCell® freezing

container (Corning) until -80oC and then transferred to liquid nitrogen storage until required for

experiments.
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Table S5-2: Detailed composition of differentiation medium used in each stage to produce PF
cells.

Days Medium Basal Medium Soluble Factors

0-1 S1A
MCDB131 + 10mM glucose + 1.5 g/L NaHCO3

+ 0.5% fatty acid free bovine serum albumin
(FAF-BSA) + 1x GlutaMAX + 1% Pen/Strep

+100 ng/mL Activin A
+3 μM CHIR99021

1-3 S1B +100 ng/mL Activin A

3-5 S2
+0.25 mM ascorbic acid
+50 ng/mL keratinocyte
growth factor (KGF)

5-7 S3

MCDB131 + 10mM glucose + 2.5 g/L NaHCO3

+ 2% FAF-BSA + 1x GlutaMAX + 1%
Pen/Strep

+0.25 mM ascorbic acid
+ 1:200 insulin-transferrin-
selenium-ethanolamine
(ITS-X)
+50 ng/mL KGF
+ 0.25 µM SANT-1
+ 1 µM retinoic acid
+ 100 nM LDN193189
+ 200 nM TPB (PKC
activator)

7-10 S4

+0.25 mM ascorbic acid
+ 1:200 ITS-X
+2 ng/mL KGF
+ 0.25 µM SANT-1
+ 0.1 µM retinoic acid
+ 200 nM LDN193189
+ 100 nM TPB

10-13 S5
MCDB131 + 20mM glucose + 1.5 g/L NaHCO3

+ 2% FAF-BSA + 1x GlutaMAX + 1%
Pen/Strep

+ 1:200 ITS-X
+ 10 µM zinc sulfate
+ 10 µg/mL heparin
+ 0.25 µM SANT-1
+ 1 µM T3
+ 10 µM ALK5 inhibitor II
+ 0.05 µM retinoic acid
+ 100 nM LDN193189
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5.6.4. Immunocytochemistry and image collection
Cell samples were stained and fixed as described previously (Tran, Moraes, et al., 2020b).

Cells were fixed in 4% paraformaldehyde for 20 min, washed with PBS three times, permeabilized

with 0.1% Triton-X100 solution for 20 min then washed with PBS three times. Non-specific

protein adsorption was blocked by applying DAKO Protein Block Solution (Agilent) for 1 h at

room temperature. After washing with PBS, the primary antibodies were incubated at 4 oC

overnight, washed three times with PBS and then incubated with the corresponding secondary

antibodies for 1 h at room temperature, and washed three times with PBS. Finally, samples were

incubated with DAPI counterstain diluted in PBS for 20 min at room temperature and washed three

times with PBS. The antibodies and dilutions used are list in Table S5-3.

5.6.5. Traction force microscopy
Traction force microscopy was performed by tracking the movement of custom synthesis

fluorescent beads (gift from the lab of Allen Ehrlicher) dispersed on the surface of soft silicone,

polydimethylsiloxane (PDMS) gels (Sylgard 527, mixed in a 1:1 ratio) similar to that previously

described (Yoshie et al., 2018). Briefly, an initial layer of freshly mixed Sylgard 527 was

spin-coated onto an 18 mm glass coverslip (1. 200 rpm 1min, acceleration 50rpm/s; 2. 300 rpm for

1 min, acceleration 200 rpm/s; 3. deceleration to stop 50 rpm/s) to form a roughly 100 µm thick

layer and then incubated at 40 oC overnight to cure.

The next day, the fluorescent tracking beads were placed in a sonicator for 5 minutes,

dispersed into a fresh Sylgard 527 mixture to make a ~10% w/w solution of fluorescent tracking

beads, and spincoated onto the previous ~100 µm thick layer of Sylgard 527 (1. 500 rpm for 1

minute, acceleration 100rpm/s; 2. 5000 rpm for 20 sec, acceleration 200 rpm/s; 3. Deceleration to

stop at 100 rpm/s). These gels were cured overnight at 40 oC on a level surface, then adhered onto

the bottom of a 12-well plate using a 10:1 ratio of Sylgard 184, then cured overnight at 70 oC. The

gels were then placed in a UV chamber for at least 2 hours and then coated with a 25 ug/mL

solution of fibronectin for 2 hours at 37 oC.
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Table S5-3: Antibodies and reagents used for immunocytochemistry

Antibody Supplier Catalog # Dilution
Mouse anti-human mAb PDX1 BD Pharmigen 562160 1:200
Rabbit anti-human mAb PDX1 Abcam ab219207 1:200
Rabbit anti-human pAb NKX6.1 Novus Biologicals NBP149672 1:200
Mouse anti-human mAb NKX6.1 DSHB F55A12 1:50
Rabbit anti-human mAb E-cadherin Abcam ab40772 1:500
Rabbit anti-beta catenin mAb Cell Signalling

Technology
8480 1:100

Rabbit anti-human mAb Ki67 Abcam ab92742 1:200
Rabbit anti-human pAb
phosphorylated myosin light chain 2

Cell Signaling Technology 3671 1:50

Rabbit anti-human mAb vinculin Abcam ab129002 1:200
Rabbit anti-human mAb YAP Cell Signaling Technology 8418 1:200
Goat anti-mouse AlexaFluor 488 Life Technologies A11001 1:200
Goat anti-rabbit AlexaFluor 568 Life Technologies A11011 1:200
Goat anti-rabbit AlexaFluor 594 Abcam ab150116 1:200
4′,6-Diamidino-2-phenylindole
dihydrochloride (DAPI)

Life Technologies D9542 1:1000

Hoecsht 33342 Invitrogen H3570 0.1 µg/mL
AF488-conjugated phalloidin Sigma P5282 1:200
AF555-conjugated phalloidin Life Technologies A34055 1:200
AF350-conjugated phalloidin Life Technologies A22281 1:400
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Reference images of the unstrained TFM beads were obtained at 20x magnification

immediately before cell seeding, where posterior foregut (PF or S3) and pancreatic endoderm

(PE or S4) cells were seeded in a 3:1 ratio respectively at 200,000 cells/cm2 onto the TFM

substrates. After 72 hours, cells were fixed, permeabilized, and stained as previously described,

then images were acquired, including the strained TFM beads.

5.6.6. Sagittal section micropattern fabrication
To confine PP cells in non-circular geometries, we used a modified desktop craft cutter to

physically scribe patterns in an agarose layer as described previously (Tran, Hoesli, et al., 2020).

Briefly, a 0.5% w/w solution of agarose was heated to 80oC, spincoated onto a glass slide (1500

rpm for 30 seconds), and heated at 100oC for 5 minutes, resulting in a brittle, nanometer-thin film

of agarose. The slide was mounted onto a hobby crafter cutter (Zyng Air, KNK), custom fit with

a needle-tip where micron-scale patterns, designed in the ‘Make the Cut!TM’ software could be

robotically scribed. The patterns were coated with 25 µg/mL fibronectin (Millopore) diluted in

PBS for 1-2 hours then rinsed once with PBS before seeding.

5.6.7. Silicone equibiaxial strain system fabrication
Briefly, the DPAM system was fabricated by soft lithography using 3D printed negative

molds. Negative molds were fabricated using SLA 3D printer (Ember, Autodesk), cured with UV

overnight, and coated with Ease ReleaseTM (Mann). Sylgard 184 (Paisley), mixed in a 10:1 ratio

by weight, was poured into the negative molds, sandwiched against an acetate sheet to prevent

adhesion, and cured at 70 oC overnight. This sandwich technique resulted in a membrane thickness

of roughly 25 µm once peeled.  The DPAM channels were then adhered onto a glass slide by

stamping the underside on a thin layer of spincoated Sylgard 184.

All devices were then leak-tested and confirmed to strain when pressure is applied. The

DPAM system was pressurized using a miniature eccentric diaphragm air pump (SP 100 EC,

Schwarzer Precision) capable of achieving a max pressure of 600 mbar and max vacuum of -500

mbar when powered by +5V DC. The pump was powered (+5V) and controlled by an Arduino

Uno. A media reservoir was fabricated out of PDMS and glued to the DPAM channels, where

connections were made using blunted 90o bent needles (Jensen), Luer-lock fittings, and flexible

tubing. Cells were fixed in an unstrained state and then immunostained to visualize PDX1 and

YAP expression.
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5.6.8. Data Analysis
For the traction force microscopy experiments, particle tracking and traction stress

calculations of the fluorescent beads was done using the Fiji plugin as previously described (Tseng

et al., 2012). Cluster boundaries were manually drawn based on high fluorescent staining intensity

of E-cadherin and PDX1 to create regions of interest (ROI) of these clusters. A custom MATLAB

script was used to project the traction stresses towards the center of the clusters, defined as the

ROI center of mass in ImageJ, and to calculate the average stresses within the cluster ROIs.

For the strained PDMS membrane devices, image processing and analysis was performed

on Fiji. Briefly, the ‘Subtract Background’ function was used to correct for non-uniform

background fluorescence due to different layer thicknesses of the autofluorescent PDMS device.

The ‘Analyze Particles’ function (set to include particles from 25 – 500 µm2) was used to obtain

regions of interest for all nuclei using a watershed, thresholded DAPI image, from which the

positions and fluorescent intensities of each nuclei were measured. The center and diameter of the

strained region was obtained using phase contrast images and the position of all nuclei analyzed

was mapped to the center of the strained region. The normalized radial position was calculated and

the strained, interface, and outer regions was classified for nuclei falling within normalized radial

positions of r < 0.6, r < 1.2, and r < 1.8  respectively, where r is the measured radius of the strained

region.

5.6.9. Statistical analysis
Statistical analysis was performed using GraphPad 8. For two-way comparisons, the two-

sided student’s T-test were performed (Figure 5-3G, Figure 5-4G). For the strain experiments

shown in Figure 5-5G, a two-way ANOVA was performed followed by Tukey multiple

comparisons test. In all analysis, p-values < 0.05 denote a statistically significate result. Three

experimental replicates were performed for each experiment unless otherwise indicated in the

figure captions.
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Chapter 6
6.1 Final Remarks

6.2 Comprehensive Discussion
The overall goal of this work was to test the effect of mechanics during pancreatic

differentiation by taking a biomimetic approach to emulate the developing cellular

microenvironment. In Chapter 2, I presented a comprehensive overview of innovations in

pancreatic directed differentiation protocols where biomimetic strategies are used to manipulate

mechanical cell interactions along with the conventional timed soluble factor addition. Although

these works have effectively improved the resultant cell functionality (Nair et al., 2019; Velazco-

Cruz et al., 2019) and efficiency (Hogrebe et al., 2020; H. Liu et al., 2017, 2021) in the pancreatic

differentiation workflow, none of the works have directly addressed the geometric and mechanical

cues presented by the changing form of the developing pancreas (Jennings et al., 2015; D. W.

Thompson, 1942). Tissue growth and remodelling in development results in complex geometries

with curvature-driven and mechanical effects on cell behaviour (Alias & Buenzli, 2017; Callens

et al., 2020). Curved geometries directly affect cytoskeletal tension of cultured cells (Callens et

al., 2020; Lou et al., 2019) which prime lineage decisions during differentiation (McBeath et al.,

2004; Ruiz & Chen, 2008; Werner et al., 2017). Recognizing the need to investigate various

mechanical influences during pancreatic differentiation, I developed approaches to: 1) recreate cell

clustering in a 2D platform, 2) recreate tissue geometry, and 3) apply dynamic mechanical forces

during directed differentiation protocols. By incorporating biomimetic cues inspired by pancreas

development, this body of work takes a mechanical approach to directed differentiation protocols

to better guide the generation of insulin-producing beta cells.

Identifying the mechanical stresses present during development and then applying similar

stresses during directed differentiation can promote pancreatic differentiation towards the

endocrine lineage. In Chapters 3 and 5, I explored the relationship between pancreatic

differentiation and the actin cytoskeleton. Specifically, in Chapter 3, I showed that when confined

in agarose micropatterns, PF cells clustered and simultaneously underwent coordinated

supracellular cytoskeletal reorganizations which were associated with increased PDX1 expression,

suggesting a role of cell shape and the actin cytoskeleton in pancreatic differentiation.

Micropatterned culture has previously been associated with patterns of stress generation (Ma et

al., 2019; C. M. Nelson et al., 2005; Ruiz & Chen, 2008), suggesting the agarose micropatterns
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mechanically primed the confined cells during differentiation. Then in Chapter 5, I show that there

is heterogeneity in cell-generated traction stresses of pancreatic endoderm cells, with high stresses

surrounding PDX1high clusters, suggesting a role of mechanical force in differentiation. With this

information, I then engineered a micro-scale device to mechanically stretch differentiating PF cells

and showed that strain promotes PDX1 expression. These results together highlight a role for

mechanical priming during pancreatic differentiation and support the observations that pancreatic

fate decisions are mediated by mechanosignalling (Hogrebe et al., 2020; Mamidi et al., 2018a).

However, the addition of guiding cues in directed differentiation is time-dependent (Hogrebe et

al., 2020; Rasmussen, Reynolds, et al., 2016a) and may only act as initial guiding cues due to tissue

homeostasis (Youngblood et al., 2019), suggesting the need for additional future optimization.

The evidence presented in this thesis suggests that in vitro PE differentiation involves a

change in mechanical cell phenotype to become more contractile. During the transition from PF

cells to PE cells, we observed distinct changes in cell architecture from smaller, rounded cells to

more elongated cells, which may suggest changes in cytoskeletal tension and thus mechanosensing

ability, that could play a role in differentiation (McBeath et al., 2004). During in vitro culture,

point spots of high cell contractility could prime differentiation into PDX1high cells, which then

cascade contraction and differentiation to other nearby cells. In Chapter 3, we observed the

formation of spontaneous, self-aggregating, contractile pancreatic cell clusters during

differentiation and were able to mimic this behaviour in a 2D micropatterning platform. Self-

clustering aggregates could have phenotypic differences from manual, user-aggregated clusters

due to the cell enrichment and the harsh forces associated with dissociation (Docherty et al., 2021).

Downstream this may lead to functional differences in maturation compared to heterogeneous

PSC-derived clusters formed manually in other protocols. Further study of the self-clustering

phenomena with a PDX1 reporter could give insight into how clusters and local cell densities self-

assemble during pancreatic differentiation.

Throughout this thesis, pluripotent stem cell (PSC)-derived stem cells were used to model

the developmental process. Although the efficiency of pancreatic progenitor generation varies

between protocols and cell lines, a common transcriptomic and epigenomic signature is shared

between protocols (Rostovskaya et al., 2015; Wesolowska-Andersen et al., 2020). Previously,

single-cell transcriptomics show that in vitro pancreatic differentiation protocols generate a



134

mixture of hormonal cells which are immature (Hrvatin et al., 2014; Veres et al., 2019) compared

to native human islets. However, maturation can occur in vivo through stimuli likely including

both soluble factors, non-soluble matrix components and mechanical cues (Augsornworawat et al.,

2020). The intermediate endocrine precursor cells obtained during differentiation have

transcriptomes similar to those found during mouse development in utero and most hESC-derived

endocrine cells were “fated” to the beta cell lineage (Krentz et al., 2018; Wesolowska-Andersen

et al., 2020), suggesting PSC-derived cells are a good analogue for human pancreatic development.

In this thesis, the PSC-derived cells (Rezania et al., 2014) expressed key markers of pancreatic and

endocrine lineage such as PDX1, NKX6.1, and NGN3, suggesting a similar signature to previous

works. However, the expression of NGN3 does not require earlier NKX6.1 expression, suggesting

alternate pathways to become endocrine progenitors which could be important when classifying

the cell types found earlier in differentiation (Petersen et al., 2017). Applying the appropriate

biomechanical stimuli during differentiation could potentially guide differentiation through

alternate pathways which may be more favourable towards beta cell lineage, but more in-depth

study of the dynamic transcriptome and resultant functionality is required.

6.3 Future Directions
The developing cellular microenvironment is constantly changing and microenvironmental

niche for one stage of differentiation may be completely different from the next (Hogrebe et al.,

2020; Rasmussen, Reynolds, et al., 2016a). Designing novel, dynamic, user-controllable cell

culture platforms which allow temporal control of the presented mechanical stimuli alongside

biochemical cell signalling could better mimic stages of development, potentially improving

differentiation outcomes downstream. The equibiaxial strain system presented in Chapter 5 as well

as by others (Moraes et al., 2010; Xue et al., 2018), could allow for temporal control and therefore

enabling stage-specific mechanical strain. Further optimization of the magnitude of strain and

stress provided to differentiating cells could also improve protocols towards desired lineages. It

would be interesting to test the platform with different modes of operation (e.g. cyclic strain,

ramping strain, uniaxial stretch), which may be important to optimize for endocrine cell

production. Expanding on this, multiplexing of this platform could allow for controlled, dynamic

strain of multiple selected regions to get cell patterning. These strategies could lead to new

paradigms which incorporate mechanical stresses at various stages of directed differentiation,

potentially increasing differentiation uniformity or decreasing costs. These technologies would
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require multi-stage optimization to determine the necessary, mechanosensitive stages of

differentiation to control and the types of biomechanics required (e.g. different stiffnesses, stresses,

topography, etc.). For example, removal of endogenous cytoskeletal tension through precisely

timed actin depolymerization can improve differentiation into NGN3+ endocrine precursors

(Hogrebe et al., 2020). Alternatively, mechanical control of the substrate to provide compressive

strains or to change differentiating cell shape could reduce cytoskeletal tension which may have

similar effects on pancreatic differentiation. Further down the line, self-sustaining systems which

combine user-actuatable culture substrates, feedback controllers, and reporter cell lines could

reduce the labour and variability of differentiation protocols, thus increasing accessibility of cell

therapies. Doing so could prime Stage 4 cells which could profoundly impact downstream

differentiation events towards endocrine lineage, however this needs to be investigated further.

Almost all developmental systems undergo complex morphogenesis which impart

mechanical forces onto differentiating cells (Heisenberg & Bellaïche, 2013). For example, smooth

muscle differentiation and contraction is correlated with regions of epithelial shape change and is

necessary for lung branching morphogenesis (H. Y. Kim et al., 2015). Providing physical

boundary conditions with growth factor gradients to human intestinal stem cells is sufficient to

form a polarized crypt-villus (Y. Wang et al., 2017). The mechanics associated with

morphogenesis have been well studied  but the systems available to apply these forces in a

physiological way need to be developed (Herrera-Perez & Kasza, 2019). The strategy of

identifying and integrating the relevant biomechanical forces during directed differentiation of

PSCs could lead to breakthroughs in generating functional cells for other developmental systems

(Hernández-Hernández et al., 2014; Vining & Mooney, 2017). For example, cyclical stretch can

be applied to provide physiologically similar forces to processes such as heart beating (Mihic et

al., 2014) or breathing (Huh et al., 2010). Therefore, identifying correlations between cell

patterning and tissue morphogenesis could then lead to new strategies for directed differentiation

in various fields.

In general, cell identification in early development is done with a panel of protein and gene

expression due to lack of functional outputs. In Chapter 5, I mainly looked at the expression of

PDX1 and confirmed downstream that PDX1high cells are correlated with downstream NKX6.1

and NGN3 expression. In the traction force experiments, the contractile strength of PE cells was
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greater than PF cells, suggesting mechanical differences between cells could be a marker of

differentiation and changing cell phenotypes. Therefore, studying the differentiation process with

a panel of reporter markers, including potential mechanical markers (e.g. contractility, cell

stiffness, cell shape), could improve our understanding of lineage decisions. It will be necessary

to verify if mechanical strain can produce cells with more functional insulin secretion by

continuing directed differentiation protocols long-term or through in vivo implantation studies. In

future work, better understanding how mechanical strain affects cell phenotype during

differentiation by single cell RNA sequencing could shed light on differentiation trajectory (Krentz

et al., 2018; Veres et al., 2019) and other signalling pathways being affected (Sharon, Vanderhooft,

et al., 2019), potentially resulting in more efficient biomanufacturing processes.

The ultimate goal of this research area would be to achieve therapeutic doses of islet-like

clusters efficiently to improve accessibility of islet transplantation or other novel implantable

biomedical devices targeting diabetes. To accomplish this, novel systems may be required to apply

mechanical stimuli onto differentiating cells in a scalable manner. To meet the currently required

~8,000 islet equivalents/kg (~600,000 islet-like clusters per 75 kg patient) (Hering et al., 2016)

required for islet transplantation, roughly 1 billion cells would be required, assuming 60% beta

cell composition (Da Silva Xavier, 2018) and 1,000 cells per islet equivalent (in an average 150

µm islet) (Ramachandran et al., 2015). By some estimates in 2D cultures, this would require from

2,000 cm2 (Hogrebe et al., 2021) – 6,000 cm2 (Rezania et al., 2014) of initial cell culture surface

area. This could potentially be reduced since we show that mechanical stimuli could further

promote downstream beta cell differentiation. In Chapter 5, the equibiaxial strain system tested

was designed to strain 70 circular regions (500 µm diameter, ~0.14 cm2 strained area total in a

1.65 cm2 device) but could be scaled linearly and further optimized to meet the surface area

required. Other systems which apply force onto cell cultures, such as larger-scale uniaxial strain

systems (Somers & Grayson, 2021) or low magnitudes of shear force (Yourek et al., 2010), could

be more feasibly at larger scales. Likewise, other mechanical influences from ECM composition

or stiffness could mimic the cell behaviour and shape produced in mechanically strained cell

cultures. Simultaneously, once a reliable, accessible cell source is secured, other challenges such

as immunoisolation (Hoesli et al., 2011; O’Sullivan et al., 2011) and oxygenation (Avgoustiniatos

& Colton, 1997; Suszynski et al., 2014) of the implanted beta-like cells also need to be addressed.
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6.4 Conclusions
In this thesis, I have taken a biomimetic approach to investigate the effect of various

mechanical cues from the developing cellular microenvironment during pancreatic differentiation.

Together, these works suggest that mechanical stimuli during pancreatic differentiation of

pluripotent stem cells can positively regulate endocrine lineage specification when applied during

the transition from posterior foregut to pancreatic endoderm cells. However, the developmental

microenvironment is constantly changing and evolving suggesting that dynamic, stage-specific

approaches may be required to further improve pancreatic differentiation. Although this thesis

focuses within the context of pancreatic differentiation, this knowledge could be used to guide and

optimize other lengthy, variable differentiation protocols which mimic other mechanically-

influenced developmental phenomena (Strano et al., 2020; H. Wu et al., 2018). Further

development of high throughput, bioprocessing strategies such as mechanically actuatable, high

surface area platforms may improve throughput and scalability of these findings. A synergistic

approach where protocols combine different aspects of microenvironment, such as ECM

composition, stiffness, mechanical strain, and soluble signalling molecules could further improve

differentiation and maturation. Overall, this body of work has found that utilizing a biomimetic

approach to recreate pancreatic differentiation can improve differentiation outcomes for beta cell

generation but further stage-specific optimization and scale-up is needed to efficiently obtain the

therapeutic doses required for islet transplantation.
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