Polyisocyanide hydrogels for
modulating epithelial morphogenesis

Ying Zhang

Polyisocyanide hydrogels for modulating epithelial morphogenesis by Ying Zhang
Copyright © 2020 Ying Zhang
All rights reserved. No part of this thesis may be reproduced, stored or transmitted in
any way or by any means without the prior permission of the author, or when applicable,
of the publishers of the scientific papers.
Layout design by Vera van Ommeren, persoonlijkproefschrift.nl
Printing: Gildeprint Enschede, gildeprint.nl

Polyisocyanide hydrogels for
modulating epithelial morphogenesis

Proefschrift
ter verkrijging van de graad van doctor
aan de Radboud Universiteit Nijmegen
op gezag van de rector magnificus prof. dr. J.H.J.M. van Krieken,
volgens besluit van het college van decanen
in het openbaar te verdedigen op dinsdag 26 januari 2021
om 14.30 uur precies

door

Ying Zhang
geboren op 08 december 1988
te Hubei, China

Promotoren
Dr. P.H J. Kouwer
Dr. P.N. Span
Copromotor
Dr. M.M.P. Zegers
Manuscriptcommissie
Prof. dr. ir. S.C.G. Leeuwenburgh
Prof. dr. Th.Smit (Amsterdam UMC)
Prof. dr. P.Y.W. Dankers (Technische Universiteit Eindhoven)

Polyisocyanide hydrogels for
modulating epithelial morphogenesis

Doctoral Thesis
to obtain the degree of doctor
from Radboud University Nijmegen
on the authority of the Rector Magnificus prof. dr. J.H.J.M van Krieken,
according to the decision of the Council of Deans
to be defended in public on Tuesday, January 26, 2021
at 14.30 hours

by

Ying Zhang
born on December 08, 1988
in Hubei, China

Supervisors
Dr. P.H.J. Kouwer
Dr. P.N. Span
Co-supervisor
Dr. M.M.P. Zegers
Doctoral Thesis Committee
Prof. dr. ir. S.C.G. Leeuwenburgh
Prof. dr. Th. Smit (Amsterdam UMC)
Prof. dr. P.Y.W. Dankers (Eindhoven University of Technology)

CONTENTS
Chapter 1
Polyisocyanide hydrogels for modulating epithelial morphogenesis
1.1 The in vivo extracellular matrix
1.2 Crosstalk between cells and the ECM
1.3 Materials to engineer cell behavior in vitro
1.4 PIC hydrogels and applications
1.5 Epithelial morphologies
1.6 Aim and outline of this thesis
1.7 References
Chapter 2
Polyisocyanide hydrogels as a tunable platform for mammary
gland organoid formation
2.1 Introduction
2.2 Results
2.3 Discussion
2.4 Perspective
2.5 Materials and methods
2.6 References
Chapter 3
Tunable hybrid matrices drive epithelial morphogenesis and YAP
translocation
3.1 Introduction
3.2 Results
3.3 Discussion
3.4 Conclusion
3.5 Methods
3.6 References and notes
Chapter 4
Modulating mammary epithelium morphogenesis using synthetic
polyisocyanide-based interpenetrating networks
4.1 Introduction
4.2 Results
4.3 Discussion
4.4 Methods
4.5 References

11
13
15
23
27
31
36
37

51
53
54
63
65
66
71

83
85
86
99
101
102
107

123
125
126
138
139
144

Chapter 5
Summary and perspective
5.1 Summary
5.2 Perspective for PIC hydrogels
5.3 Future application opportunities and challenges for organoid culture
5.4 Conclusion
5.5 References

145
150
152
153
154
155

Acknowledgements

157

About the author

163

List of publications

167

1
Polyisocyanide hydrogels for modulating
epithelial morphogenesis

Chapter 1

ABSTRACT
Morphogenesis of organs and tissues is a biological process involving controlled
organized spatial distribution of cells, e.g. during embryonic development of an organism.
Characteristics and cues from the extracellular matrix (ECM) surrounding cells are
essential factors influencing morphogenesis. Advances in cell biology, biomaterials
design and imaging techniques have enabled the investigation of increasingly complex
biological questions surrounding morphogenesis, including how variable mechanical
cues of the ECM affect cell behavior and how bioengineered systems can be used to
model morphogenesis in vitro. In this introduction, I will firstly introduce the ECM, a major
inspiration to construct bioengineered systems. I will include basic components and
functions of the ECM and further focus on mechanotransduction between ECM and cells.
Subsequently, I will introduce the key factors that mediate cell behavior in artificial
bioengineered systems and include currently used strategies to fabricate an artificial
cellular microenvironment for modelling tissue development and disease generation.
Importantly, the current status of research in stem cell biology and bioengineered
systems gives insights into how to manipulate ideal physiology microenvironment to
model organ-like miniatures (organoid) in vitro. Lastly, I will zoom in on polyisocyanide
(PIC) hydrogels, the material that I explore in this thesis in the context of morphogenesis,
before providing a more detailed overview of aims and approaches of the different
chapters.
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1.1 THE IN VIVO EXTRACELLULAR MATRIX
1.1.1 Basic structure and function of the ECM
Human tissue contains a large amount of extracellular space, into which cells secrete a
variety of fibrillar ECM components, which form a complex 3D organized network through
self-assembly and cell-mediated assembly (Fig. 1.1).[1,2] This matrix provides mechanical
support to tissues and contributes to cell behavior, including cellular (re)organization into
specific tissues, a process called morphogenesis.[3-5] The ECM network proteins include
structural fibrous proteins, such as collagen, elastin and fibrin, as well as cell adhesive
proteins, such as fibronectin and laminin.[1] Cell adhesion to the ECM is achieved by the
binding of cell receptors to different ECM components via receptor-ligand interactions.[6-8]
Establishing cell-ECM interaction crucially reguates many important cellular processes,
such as cell proliferation, differentiation and cell migration.[9] The interaction allows
conversion of ECM cues such as mechanical forces into biochemical or electrical
signals and triggers complex cascades of enzymatic reactions within the cell, thereby
regulating gene and protein expression, synthesis and secretion of ECM components and
directing cell fate in the tissue. At the same time, cells actively remodel and degrade their
microenvironment through such interactions. Most ECM proteins have specific cleavage
sites and can be degraded by enzymes such as matrix metalloproteinases (MMPs).
Proteolytic degradation of natural ECM is an essential feature of a variety of biological
processes such as morphogenesis, angiogenesis, tumor invasion and metastasis. With
all these processes taking place simultaneously, the ECM should not be considered
merely a static and physical scaffold for cells, but should rather be regarded as a
biologically active and dynamic environment that mediates cell functions.[1] During tissue
development, the binding of growth factors and the ECM is one of the main mechanism
to mediate proliferative or anti-proliferative effects in different situations for regulating
cell activities.[10] The ECM also plays a crucial role in modulating the stability, release
and spatial localization of growth factors.
1.1.2 Mechanotransduction
The mechanical properties of the ECM are an important factor in maintaining tissue
functions. For instance in the human kidney, changes in glomerular basement membrane
(BM) stiffness affect the accumulation of the ECM, leading to renal structural deformation,
obstruction, and disease.[12,13] Similarly, in normal mammary epithelial cells, increasing
the ECM stiffness alone induces malignant phenotypes.[14,15] In vivo, adherent cells reside
in different microenvironments, ranging from stiff to soft. Actually, the cellular response
to matrix stiffness is a feedback loop that involves (contractile) forces applied by the
cell and reciprocal resistance of the matrix. Cells push and pull on their surrounding
microenvironment, thereby transferring forces to the matrix. In turn, substrate resistance
determines the extent that cells can contract and migrate.
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Figure 1.1 Cells interact with their environment through integrin and growth factor receptors. Factors
include matrix-bound nanovesicles (MBVs) and tethered growth factors, as well as the production of cryptic
peptides, which are proteolytic degradation products induced by matrix metalloproteinases (MMPs) during matrix
remodelling. FGF2, fibroblast growth factor 2; TGFβ, transforming growth factor-β; VEGF, vascular endothelial
growth factor. Reproduced with permission.[11] Copyright 2018, Nature Publishing group.

The conversion of mechanical signals into intracellular signaling cascades and gene
transcription is called mechanotransduction (Fig. 1.2).[16,17] The primary site of force
transmission occurs at the cell-ECM interface, where cells are in direct contact with the
ECM (Fig. 1.2a). Cells physically interact with components of the ECM through integrins,
which connect the inside of the cell to the outside. When cells push or pull on the ECM,
integrins undergo conformational changes to increase the integrin affinity of ECM proteins
and cytoskeletal proteins.[18-20] Also, the increased tension enhances the affinity with
the ligand and effectively strengthens the binding at the cell-matrix interface. Besides,
integrins together with other cytoplasmic molecules (such as focal adhesion kinase (FAK),
SRC, etc.) need to cluster into multi-protein complexes called focal adhesions to transfer
mechanical cues from the ECM to the cellular cytoskeleton.[21,22] Furthermore, myosin-II
induced cytoskeletal contraction forces produced in parallel arrays of actin filaments are
essential in mechanotransduction.
To modify gene expression, the mechanotransduction signaling cascade must
be delivered to the nucleus (Fig. 1.2b). The increased F-actin polymerization, actin
contractility and stress fiber growth jointly activate YAP (Yes-associated protein) and
TAZ (transcriptional coactivator with PDZ-binding motif). Typically in cells cultured on
stiff matrices, YAP and TAZ are localized in the nucleus and transcription is active, while
YAP and TAZ are excluded from the nucleus in cells cultured on soft substrates.[23,24]
Transcription coactivators YAP and TAZ have recently been identified as key mediators
of the biological effects observed in ECM elasticity and cell morphology responses, which
are important in development, growth, and regeneration.[23,25,26] Due to the development of
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biomaterials and microfabrication technologies, diverse biomaterial-based systems could
demonstrate the key role YAP/TAZ in mechanotransduction, in two or three dimensions,
in static or dynamic fashions and over a range of elastic and viscoelastic stimuli, from
solid to fluid states.[27]
In summary, mechanical transduction is a complex feedback system that integrates
multiple cellular processes, at different sites and time scales.[28] Despite the significant
progress over made in the past decades, the underlying molecular mechanisms of cellular
mechanotransduction are not well understood. For example, the current insights into
mechanotransduction are derived from studies of mice and cultured cells, and, yet, it
remains unclear how primary human cells and organs respond to variable mechanical
cues. The role of specific cellular features for YAP/TAZ-dependent mechanotransduction,
such as cell–ECM adhesiveness, also remains largely unexplored. Therefore, more
efforts are needed to address many of the fundamental questions in this area.

Figure 1.2 Molecular players involved in mechanotransduction. a) A stiff matrix induces integrin clustering, which results in the activation of focal-adhesion-associated kinases, such as focal adhesion kinase (FAK)
and SRC, which, in turn, favor stress fiber growth, stability and contractility. b) Cell-extracellular matrix (ECM)
adhesion complexes undergo force-dependent conformational changes to trigger an increase in actin polymerization and a consequent increase in stress fiber contractility, thereby activating YAP and TAZ. Reproduced
with permission.[26] Copyright 2017, Nature Publishing Group.

1.2 CROSSTALK BETWEEN CELLS AND THE ECM
The idea that physical properties of ECM affect cell/tissue structure and function
has a long history in cell biology and physiology.[29-31] The parameters to describe the
relevant ECM characteristics include bulk and local stiffness, viscoelasticity, ligand
density, degradability, geometry, etc.[32] Cell responses can vary widely when they
are subjected to different cues, such as different mechanics in shear, elongation or
compression. On the other hand, cells can actively manipulate the physical properties
of their microenvironment by secreting more ECM proteins or by remodeling the ECM in
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its composition and cell adhesion characteristics. As such, these biophysical properties
are a direct consequence of cellular activity, resulting in a dynamic reciprocity between
the cell and its microenvironment.[33] Studies of these individual matrix properties on
cell behavior provide useful information to construct more complex tissue or organs in
vitro.
1.2.1 Cell-adhesive ligands
The components of the natural ECM provide a multitude of cell-adhesive ligands for cell
binding, including fibronectin and laminin.[6] As the extent of clustering of cell-surface
receptors and cell-adhesive ligands is an important factor in mediating cell behavior,
such as cell spreading[34] and cell differentiation,[35,36] the presentation of cell-adhesive
ligands on synthetic biomaterials should be considered carefully. Currently, several
cell-adhesive peptide ligands have been developed and incorporated in biomaterials,
such as RGD sequence from fibronectin and the IKVAV and YIGSR sequences derived
from laminin.[37,38] Among those ligands, RGD peptides are the most widely investigated.
They have been incorporated into a variety of materials, such as polyethylene glycol
(PEG) hydrogels,[39-41] polyisocyanide (PIC) hydrogels[42] and polyvinyl alcohol (PVA)
hydrogels[43]. The peptide concentration,[44] spacing,[45] patterning[46] and cleavable
ligand presentation[47] impact cell behavior. The influence of cell adhesive ligands on
cell behavior has often been studied for one specific ligand, however, in vivo, matrices
contain many different ligands and each cell adhesive ligand can interact with various
cell-surface receptors, the precise control over ligand binding is important for directing
cellular behavior in vitro.[48]
1.2.2 Mechanics
1.2.2.1 Bulk stiffness
The bulk stiffness of soft materials is commonly given by its elastic or storage modulus,
obtained from tensile (giving the Young’s modulus E′) or shear (shear modulus G′)
experiments. Different tissues have clearly different elastic moduli, ranging from very
soft tissue (such as fat, G′ ~ 0.5 kPa) to the more rigid tissue (such as heart E′ ~ 10
kPa), and even relatively stiff bone tissue (E′ ~ 15 MPa) (Fig. 1.3).[50,51] A huge variety
of cellular behaviors have been observed in cell culture experiments carried out on
substrates with varying rigidity, including cell spreading,[52] migration,[53] proliferation,[54,55]
stem cell specification,[56,57] ECM deposition,[58] cancer cell invasion,[59] plasticity, [60] and
metastasis.[61]
In a seminal contribution, Engler et al.[56] have shown that human mesenchymal
stem cells (MSCs) cultured on 2D collagen-coated polyacrylamide (PA) hydrogel with
a stiffness similar to that of the brain (0.1-1 kPa), muscle (8-17 kPa) or bone (25-40
kPa) differentiate into branched, filopodia-rich neurons, spindle-shaped myoblasts or
polygonal osteoblasts, respectively (Fig. 1.4a). Due to the fact that the 2D environment
poorly represents the natural in vivo situation, different approaches have been used to
generate 3D scaffolds with different mechanical properties, for instance by changing
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the concentration of animal-derived matrices[24,62] and adjusting the crosslinking density
of a synthetic polymer matrix.[63] To keep the 3D microstructure the same, while building
materials with adjustable mechanical properties, Chen et al.[64] constructed 3D scaffolds
from decellularized bone combined with different amounts of collagen and HA. The
authors showed that these 3D scaffolds with different stiffnesses can sustain the adhesion
and growth of rat MSCs and promote osteogenic differentiation in vitro. Chaudhuri et al.[14]
also demonstrated that interpenetrating networks of reconstituted BM and alginate can
be used to modulate the ECM stiffness independently of composition and architecture
through varying the Ca2+ concentration (Fig. 1.4b). They found that increasing ECM
stiffness alone induces malignant phenotypes of normal mammary epithelial cells.

Figure 1.3 Cells are tuned to the materials properties of their matrix. Reproduced with permission.[49]
Copyright 2009, Nature Publishing Group.

1.2.2.2 Local stiffness
The bulk stiffness of a 3D scaffold in vivo is essential for a tissue or organs to maintain
structure and function. An individual cell, on the other hand, experiences a local stiffness
when it interacts only with the matrix in its direct (micro)environment. While maintaining
a bulk stiffness below 200 Pa by changing the polymerization temperature, Xie et al.[65]
modified collagen fibers with a large variation in stiffness to investigate how physical
cues from the local fibrous microenvironment of the collagen gels affect cellular behavior
(Fig. 1.4c). Lower polymerization temperatures resulted in shorter, thicker and stiffer
collagen fibers, which are less able to recombine at larger length scales when they lose
connectivity. On the other hand, longer, more flexible fibers can be easily remodeled.
By adding gold nanoparticles (AuNPs) to collagen hydrogel, Li et al.[66] introduced a
biocompatible hybrid. Using an easy synthetic method, AuNP-Col hybrid substrates are
obtained with a gradient in the local nanoscale stiffness across the material surface.
Interestingly, the variation in local stiffness did not lead to a change in the bulk stiffness
of the substrate. The authors further demonstrated that AuNP-Col scaffolds with suitable
stiffness distribution mediated intercalated discs assembly and formation in cultured
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cardiac myocytes through the β1 integrin-mediated signaling pathway. These new
discoveries indicate that cells respond to a local rather than to a bulk stiffness, which
has important implications for the development of new 3D tissue culture biomaterials.

Figure 1.4 Bulk stiffness and local stiffness affect cell behavior. a) Naive MSCs of a standard expression
phenotype are initially small and round but develop in increasingly branched, spindle, or polygonal shapes when
grown on matrices with a stiffness of E brain (0.1-1 kPa), Emuscle (8-17 kPa), or stiff crosslinked-collagen matrices
(25-40 kPa), respectively. Scale bar is 20 mm. Reproduced with permission.[56] Copyright 2006, Cell press. b)
Enhanced stiffness alone leads to the malignant phenotype in MCF10As. 1) Schematic of the experimental
design: MCF10A proliferation and development into growth-arrested acinar structures or invasive clusters as
a function of (alginate-based) IPN stiffness is assessed. 2), 3), Bright-field images of MCF10A clusters in IPNs
at the indicated stiffness at day 11 and day 19, respectively. Reproduced with permission.[14] Copyright 2016,
Nature Publishing Group. c) Collagen gels polymerized at different temperature with tunable mechanical and
architectural features. (1−3) Morphologies of Alexa-Fluor 488-labeled collagen gels polymerized at 4, 21, and
37 °C, respectively. 4) Collagen fibers became gradually disorganized after 15 h incubation. Actin cytoskeleton
is stained with phalloidin (red), and collagen fiber is labeled with collagen antibody (green). Arrows indicate
collagen lines formed between cells. Scale bars are 200 μm for images at low magnification (top) and 20 μm
for images at high magnification (bottom). Reproduced with permission.[65] Copyright 2017, ACS publications.

1.2.2.3 Stress-stiffening
Tissues contain many different fibrous networks, both in the intracellular cytoskeleton
(actin filaments, microtubules and intermediate filaments) and in the extracellular matrix
(fibrin, collagen). A common feature of all these biological fibrous networks is that they are
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stress-stiffening: they become stiffer when stress is applied to them. This unique aspect
protects tissues against damage and assists in long-distance cell-cell communications.

1

Figure 1.5 Stress-stiffening and stress-relaxation affect cell behavior. a) Stress-stiffening-mediated stem
cell differentiation. 1) Differential modulus, K’, as a function of stress, σ, for intracellular and extracellular filamentous biopolymer gels that show stress-stiffening. G o indicates the equilibrium bulk stiffness and σ C denotes
the critical stress for the onset of stress-stiffening of the polymer gel. 2) (Top) Western blot analysis of DCAMKL1
(represses RUNX2) and RUNX2 (osteogenic biomarker) protein expression in hMSCs after 96 h of culture in
matrices of short to long polymers (P1-P6). (Bottom) Plot of the relative protein expression intensities of RUNX2
versus DCAMKL1 for all the conditions (P1-P6), showing a switch-like relationship between these two proteins
with relevance for the mechanistic insights of stress-stiffening sensing. Reproduced with permission.[42] Copyright
2016, Nature Publishing Group. b) Alginate hydrogels are modified to modulate stress-relaxation properties
independent of initial elastic modulus and matrix degradation rate to capture the viscoelastic behaviors of living
tissues. 1) Living tissues are viscoelastic and exhibit stress-relaxation at a strain of 15%. Stress is normalized
by the initial stress. 2) Stress-relaxation tests on different (modified) alginates gels with varying molecular
weight (MW) at 15% compressional strain. 3) Spreading and proliferation of fibroblasts encapsulated within gels
enhances with faster stress-relaxation. Green: actin staining; blue: nucleus. Scale bar: 100 μm for the larger
images and 20 μm for the insets. Reproduced with permission.[69] Copyright 2016, Nature Publishing Group.

Commonly, the stress-stiffening regime of synthetic hydrogels is found at stresses
far beyond the rupture stress of the matrix in vivo. Hydrogels based om the helical
oligo(ethyleneglycol)-decorated polyisocyanide (PIC) hydrogels, however, show a stress
regime in the biologically relevant stress (~0-10 Pa). These materials made it possible to
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investigate the role of stress-stiffening on cell behavior (Fig. 1.5a).[42,67,68] Interestingly, Das
et al.[42] demonstrated that the commitment and differentiation of hMSCs encapsulated
in PIC hydrogels can be readily switched from adipogenesis to osteogenesis by only
changing the onset of stress-stiffening, which is normally triggered by the stiffness of
matrix, indicating that stem cell fate is regulated by ECM stress-stiffening. PIC gels, which
for the basis of this thesis, will be introduced more thoroughly in a later paragraph.
1.2.2.4 Stress-relaxation
For most elastic matrices, researchers commonly only consider the time-independent
storage or elastic modulus[70] and ignore plasticity and relaxation. As a consequence,
the resistance to cellular forces is considered constant over time and elastic energy is
stored permanently in the matrices. Most biological tissues, however, are viscoelastic.
Natural extracellular matrices, such as collagen[71] or fibrin,[72] and many tissues,[51,73]
exhibit stress-relaxation, or a loss in stress over time under a constant strain. When
stress-relaxation occurs, the matrices release the stored energy to resist the forces of the
cell with a characteristic relaxation time. This stress release causes the matrix to deform
and the cells to polarize, migrate or spread.[74] Inspired by the natural ECM, the effects
of time-dependent mechanical properties on cellular behavior have been investigated.
[69,74-76]
Chaudhuri et al.[69,77] reported an approach to tune the stress-relaxation rate of
hydrogels for 2D and 3D cultures, independent of the hydrogel’s initial elastic modulus,
cell-adhesion-ligand density and degradation (Fig. 1.5b). They found that cell spreading,
proliferation, and osteogenic differentiation of MSCs were all enhanced in cells cultured
in gels that relax faster. They also showed that the effects of stress-relaxation are
mediated by adhesion-ligand binding, actomyosin contractility and clustering of adhesion
ligands. Their findings highlighted stress-relaxation as a key characteristic of cell-ECM
interactions and as an important design parameter of biomaterials for cell culture.
1.2.3 Matrix remodeling
The cell and its microenvironment are shaped by their mutual dynamic reciprocal
interactions.[33] In vivo, the (local) stiffness, or other mechanical properties of a matrix
are not constant but vary in time as a result of cellular deposition and remodeling.
The importance of controlling matrix remodeling including degradation, deposition
and redistribution has been demonstrated by several research groups.[78] Bryant et al.[84]
showed that the total collagen and DNA concentrations were higher in more degradable
hydrogels by encapsulating bovine chondrocytes into photo-cross-linked hydrogels with
different biodegradation capacities. In addition, the secreted ECM in more degradable
matrices was more uniformly distributed throughout the entire tissue. Alsberg et al.[85]
compared a light-induced fast-degrading alginate gel with a light-insensitive slow
degrading gel in a bone formation experiment. They proved that the rapidly degrading
gels significantly improved the formation and quality of bone tissue. In a recent article,
Mahoney et al.[86] identified degradation rates as a key factor that affects nerve tissue
formation and neuronal cell differentiation. Besides the degradability and degradation
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rate, the effects of degradation products must be considered in the design of degradable
materials. For example, Stern et al.[87] demonstrated that hyaluronic acid is relatively
inert in the form of a cross-linked matrix or a high molecular weight polymer, but once
degraded, the low molecular weight fragments act as signal molecules. In short, it is
important that all aspects of the degradation profile of a matrix that can potentially impact
cell behavior should be considered when engineering biomaterials.
An approach to modify physical properties of artificial matrices in situ is to include
biological or synthetic degradation and reconstruction mechanisms.[78] Remodeling of
biomaterials can roughly be divided into cell-independent remodeling and cell-mediated
remodeling; in reality, a combination of mechanisms may contribute.
1.2.3.1 Cell-independent remodeling
Cell-independent material remodeling is commonly achieved by cleavage of covalent
bonds, for instance through hydrolysis.[79] Lutolf et al.[79] prepared mechanically dynamic
PEG hydrogels that showed varying extents of spontaneous softening via hydrolytic
degradation. By providing an initially stiff and later soft environment, the matrices were
initially optimal for intestinal stem cell expansion and subsequently permissive to intestinal
organoid formation. Kloxin et al.[47] employed a light-mediated patterning technology to
tune the mechanical properties of the microenvironment on-demand (Fig. 1.6a). A PEG
hydrogel can be devised containing photodegradable crosslinks that degrade locally
after exposure to light, which results in softening of the gel. Alternatively, by including
photo-initiators in the gel, illumination of specific regions initiated additional crosslinking
and local stiffening.[43] These photoresponsive hydrogels show promise as in vitro 3D
cell culture platforms in which cell-material interactions are dynamically and externally
directed to elucidate how cells receive and process information from their environments.
[80]

1.2.3.2 Cell-mediated remodeling
Cell-mediated remodeling is facilitated by enzymes, secreted by or expressed on the
membranes of cells. They break down the matrix through cleavage at specific amino acid
sequences. To this end, enzyme-sensitive (e.g. to matrix metalloproteases (MMPs), which
are produced by a variety of cell types.[83]) domains containing amino acid sequences
are chosen as a cross-linker or are incorporated in the backbone of a polymer chain of
the matrix to allow cell-mediated remodeling proteolysis (Fig. 1.6b).
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Figure 1.6 Approaches in in situ matrix remodeling. a) Photodegradable hydrogel synthesis and degradation
for tuning gel properties. 1) Photodegradable acrylic monomers to synthesize 2) the photodegradable crosslinked PEG (black) network with photolabile moieties (blue), and acrylic end groups (red). 3) Upon irradiation,
the photolabile moiety cleaves (open blue boxes), decreasing ρx and releasing modified PEG (right). 4) hMSCs
encapsulated within dense hydrogels exhibit a rounded morphology. 5) Irradiation (480 s, 365 nm at 10 mW/cm2)
significantly promotes hMSC spreading after 3 days in culture. Scale bar, 50 μm. Reproduced with permission.
[47]
Copyright 2009, Science Publishing Group. b) Biodegradable hydrogels. 1) Fabrication of enzymatically-degradable peptide-crosslinked alginate hydrogels. Bis-cysteine peptides (red) crosslink with norbornene-modified
alginate (blue) when exposed to UV light in the presence of photoinitiator by thiol-ene chemistry. Simultaneously,
cysteine-coupled RGD molecules (green) can be incorporated, while crosslinkers can be designed to be susceptible to enzymatic degradation. Reproduced with permission.[39] Copyright 2019, Elsevier. 2) Scheme of the
modular design of PEG-based artificial ECMs. Stoichiometrically balanced ([Lys]/[Gln]=1) 8-arm PEG macromers
in a buffer solution are enzymatically cross-linked via their pending glutamine acceptor [Gln] and lysine-donor
[Lys] FXIIIa substrate sequences to form a hydrogel. By variation of the linker sequence and the initial precursor
concentration, aECMs with different stiffness and MMP sensitivities in presence of constant RGD concentrations
can be generated. Reproduced with permission.[82] Copyright 2011, Cell press.

1.2.4 Matrix geometry
Beyond the mechanical properties of the matrix, also the 2D or 3D matrix geometry
impacts cellular behavior.[88] Ruiz et al.[89] showed that in multi-potent differentiation media,
hMSCs at the edge of multicellular islands underwent osteogenesis, whereas those in
the center differentiated towards adipocytes. Interestingly, the locations of osteogenic
versus adipogenic differentiation can be changed via the shape of the multicellular sheet
modification. Measuring traction forces revealed that regions of high stress resulted in
osteogenesis while in regions of low stress, the stem cells differentiated to adipocytes.
Kilian et al.[90] showed that geometric features increase MSCs actomyosin contractility and
promote osteogenesis. Dalby et al.[91] demonstrated that nanotopographies in squares,
hexagons or disordered structures have a high impact on the osteogenic differentiation
of mesenchymal stem cells (MSCs). The difficulties of controlling cell geometry in a
complex 3D setting and for long periods of culture limit the exploration of how geometrical
cues affect cell function in 3D. Bao et al.[92] presented robust 3D hydrogel microniches
to control cell volume and shape of individual human MSCs with a range of different
geometries (e.g., cylinder, triangular prism, cubic, and cuboid) (Fig. 1.7). They found
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that the actin filaments, focal adhesions, nuclear shape, YAP/TAZ localization, cell
contractility, nuclear accumulation of histone deacetylase 3, and lineage selection are
all sensitive to cell volume.

1

Figure 1.7 3D microniches reveal the importance of cell size and shape. a) F-actin staining for hMSCs
cultures in different volumes and geometries after 24 h. b) Quantification of the number of cells forming stress
fibers in a 3D microniche of different sizes and geometries; n = 50-60 cells analyzed for each data point. c)
Myosin IIa levels as a function of cell shape (cylinder and triangular prism) or aspect ratio (cubic and cuboid). d)
Quantification of YAP/TAZ localization in hMSCs with different cell volumes but same geometry after 24 h. e)
Quantification of YAP/TAZ localization in hMSCs cultured in different geometries with the same volume after 24
h. f) Representative images of hMSCs stained for HDAC3 on cells cultured in different volumes with the same
geometry. Histogram shows nuclear HDAC3 levels as a function of cell volume. Reproduced with permission.
[92]
Copyright 2018, Nature Publishing Group.

1.3 MATERIALS TO ENGINEER CELL BEHAVIOR IN VITRO
To further advance the interpretation of cell-ECM interactions and to control them,
researchers will need to rely on optimized biomaterials. Over the years, a wide range
of different biomaterials have been designed and prepared with the aim to provide a
biologically more relevant environment for cells mimicking several characteristics of the
ECM such as physical, mechanical and biological properties. The section below will
discuss major classes of biological and synthetic materials that may find applications in
studying cell behavior, tissue morphogenesis, etc.
1.3.1. Single-component biopolymers
Naturally derived single-component biopolymers, including collagen,[93,94] hyaluronic
acid[95] and alginate[96] have been widely used for tissue generation in vitro.[97-99] The
biopolymers can also be used as building blocks to create complex 3D matrices. Chen
et al.[100] used a combination of laminin and PEG to prepare mechanically dynamic
matrices to culture mouse and human stem-cell-derived organoids. They proved that
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in the presence of RGD-decorated PEG and laminin-111, the softening profile of the
gels significantly influenced the emergent phenotype. Interestingly, this behavior could
not be copied with laminin-derived peptides grafted to the PEG. Their work is a clear
demonstration how biopolymers can be incorporated into other hydrogels in the study
of tissue morphogenesis.
1.3.1.1 Collagen is the primary organic constituent of native tissues, making it an attractive
material for cell studies.[56,99] Collagen hydrogels are mostly composed of type I collagen,
sometimes complemented with types II and III collagen, and other constituents such as
glycosaminoglycans. Commercialized collagen is prepared from a low-pH solution at
low temperature and the gelation process is initiated by warming the temperature and
raising the pH. Notably, the temperature can critically affect the hydrogel architecture,
which can be used to mediate cell behavior;[65,101] lower gelation temperatures lead to the
formation of larger fibrils. However, collagen suffers from some important disadvantages
including a coupling between the mechanical properties and the density of cell-adhesive
ligands, batch to batch variability, etc.
1.3.1.2. Hyaluronic acid (HA) is a linear polysaccharide that is distributed throughout
many tissues, including skin, cartilage and brain. It is known to play an important role in
development, wound healing, and disease.[98,102,103] HA can be processed into different
systems, such as 2D films, 3D hydrogels, nanofibers, and injectable materials.[104] A
key advantage of HA is its mechanical versatility and its rich abundance of biological
signals to surrounding cells and tissues.[102] The mechanics of HA are tunable via the
crosslinking density, which facilitates cellular mechanotransduction investigations.[104,105]
By incorporation of MMP-cleavable crosslinks, degradable HA hydrogels have been
prepared.[106,107] To enhance cell adhesion, the HA backbone can be modified to conjugate
ECM-mimicking peptides or used to form interpenetrating networks with other ECM
components.[102]
1.3.1.3. Alginates are polysaccharides isolated from brown algae, and have been used as
biomaterials in biomedical products, including wound healing, a bone graft substitute for
spine fusion, cell therapy, and pharmaceuticals.[97,108,109] The gelation of alginate hydrogel
occurs under physiological conditions via ionic crosslinking often with calcium, which
allows for very easy cell encapsulation.[9,39,110] In addition, cells can be retrieved from
alginate hydrogels by a simple de‑gelling process that does not require disaggregation
of multi-cellular structures. However, to incorporate cells into alginate gels, the matrix
must be modified with an adhesive ligand such as RGD to promote the interaction with
cells, which is different from collagen or matrigel.[111] In addition, alginate hydrogels are
not enzymatically degraded by cells.39
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1.3.2 Decellularized ECM
The technology of decellularization and recellularization is an interesting approach to
generate matrix for regenerative engineering applications (Fig. 1.8a). Decellularization
involves removing the cells and immunogenic components from the organs, while
retaining the natural structure as well as the biochemical and biophysical characteristics
of the ECM.[112,113] These biological ECM derived materials have attracted increasing
attention in the last decade. In the near future, patients with organ failure may be treated
with a decellularized xenogenic or allogenic organ that has been recellularized with
patient’s own cells or with induced pluripotent stem cells (iPSCs) that underwent organspecific differentiation and amplification.[114]
A decellularized ECM can also be further processed into powders, slurries or
hydrogels before subsequent use as ECM. For instance, the milled ECM can be further
processed by enzyme digestion (usually pepsin),[115] and the resulting solution can be
used in a variety of applications, including the development of bioactive 2D coatings,[116]
hydrogels[117], and bio-inks for 3D printing.[118] Among those applications, hydrogels are
particularly useful because of their thermo-responsiveness and have been generated
from a variety of tissues.[117,119-123] Matrigel is one of the most notably used decellularized
hydrogels.[124-126] Matrigel is extracted from Engelbreth-Holm-Swarm (EHS) mouse
sarcoma tumors, which is composed of laminin, type IV collagen, entactin, and other
various constituents including proteoglycans and growth factors. Cold Matrigel solution
will self-assemble into a hydrogel at physiological temperatures. Matrigel offers many
of the advantages in studying tissue engineering,[127,128] organoid development,[129] and
tumor development.[130] However, its tumorigenic origin, diverse composition, and batchto-batch variability in terms of mechanical and biochemical properties, bring unwanted
uncertainty to cellular experiments.
In recent years, the decellularization of cell cultures has received more attention.
[116,131,132]
The generation of dECM from MSCs also achieved attention, in particular in the
maintenance of the MSCs phenotypes during in vitro expansion (Fig. 1.8b). Motlagh et
al.[133] demonstrated that MSCs cultured on these surfaces exhibit improved proliferation
capacity, maintenance of phenotype, and increased differentiation potential.
1.3.3 Synthetic hydrogels
Synthetic hydrogels have a wide range of applications in many technical areas, such
as materials for protein separation and contact lenses, molds for encapsulating cells,
and materials for controlling protein and drug release.[135-137] Hydrogel formation can be
achieved using either physical (noncovalent)[42,67,76,138] or chemical (covalent) crosslinking.
[138-142]
The formation of hydrogels for cellular experiments typically involves either
encapsulation of viable cells within the material or fabrication of substrates using molds
that are later seeded with cells.[76,143] In both the 2D and 3D experiments, it is important
to investigate the compatibility of crosslinking procedures for any cell type of interest and
minimize cell death and maintain overall cellular function.
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1.3.3.1. Polyacrylamide (PA) is a synthetic polymer with a long history of use in cell culture
applications.[144-146] PA hydrogels are produced by the polymerization of an acrylamide
monomer and a bisacrylamide crosslinker, usually in the presence of ammonium

Figure 1.8 Decellularized ECM for cell culture. a) Concept of de- and recellularization (an example is shown
for the liver). 1) Schematic showing de- and recellularization. 2) Native rat liver. 3) Decellularized rat liver. 4)
Recellularized rat liver. H&E staining of a 5) native rat liver, 6) decellularized rat liver, and 7) recellularized rat
liver. Reproduced with permission.[134] Copyright 2019, Wiley. b) Surface-anchored cell-derived ECM in vitro. 1)
Timeline for the generation of decellularized bone marrow MSC-derived ECMs and their use for stem cell culture.
2) Schematic of the chemical platform to stably anchor cell-secreted ECM to a glass carrier. A glass-immobilized
maleic anhydride copolymer is functionalized with FN and seeded with cells that produce ECM. Immobilized FN
allows for binding of other ECM molecules via its binding domains. Reproduced with permission.[132] Copyright
2013, Nature Publishing Group.

persulfate (APS) with tetramethylethylenediamine (TEMED) as activated initiator.[144]
PA hydrogels are typically fabricated as thin films bound to coverslips that are prefunctionalized with aminosilanes.[144,147] To enable cell attachment, bifunctional crosslinkers
such as sulfo-SANPAH are commonly used to covalently conjugate proteins of interest to
the PA hydrogel surface. PA hydrogels -synthetic hydrogels in general- display the ability
to decouple hydrogel mechanical properties from cell adhesive ligands density,[147] leading
to better understanding of complex cell responses, such as cell motility, spreading, and
differentiation to these external cues.[146,147] However, due to the toxicity of the hydrogel
precursors, PA cannot be used to encapsulate cells in 3D.
1.3.3.2. Polyethylene glycol (PEG) forms the basis for arguably the most widely used
synthetic hydrogel for cell cultures studies. A major benefit is that PEG chains can
be modified with a wealth of different functional groups, offering more flexibility to
generate hydrogels through using a variety of chain-growth, step-growth, or mixedmode polymerization techniques.[148,149] PEG gels have shown great progress as cell
culture material, including studies of stem cell differentiation,[150,151] mechanobiology,[139,152]
and tissue regeneration.[137,153] In addition, chemically modified PEG is often used as
crosslinker to formulate other polymeric materials under physiological conditions; for
example, PEG-thiol crosslinkers to crosslink maleimide-functionalized dextran or PVA.
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[154,155]

Importantly, the PEG crosslinkers are available in either nondegradable or MMPdegradable forms, providing the choice to prepare biodegradable matrix and to tune the
degradation rate.[156] 3D encapsulation of cells in PEG hydrogels can also be achieved
by photocrosslinking;[47] a PEG-diacrylate, photoinitiator, and cells are mixed together
and gelled using UV light.
1.3.3.3. Poly(vinyl alcohol) (PVA) is the basis of one of the most widespread and oldest
synthetic polymer hydrogels and has been applied in several advanced biomedical
applications in wound dressing,[157] drug delivery systems,[158] artificial organs,[159,160] and
contact lenses.[161] By altering the type and concentration of crosslinks within the material,
its mechanical properties and biocompatibility can be tailored. Unfortunately, physical
crosslinking such as freeze-thaw processes, chemical crosslinking with aldehydes, or
radiation, create harsh environments that are poorly compatible with cells and tissues
embedding.[162] Photoactive PVA derivatives have been investigated by grafting a
crosslinkable group to form crosslinked hydrogels in the presence of cells and tissues.
[43,163]
Via a non-toxic photoinitiator approach and exposure to UV light, PVA hydrogels can
be prepared and allow cells to be seeded under biologically compatible conditions.

1.4. PIC HYDROGELS AND APPLICATIONS

Figure 1.9 Oligo(ethylene glycol)-substituted PICs. a) Representation of the hydrogen-bond network (dotted
lines) that stabilizes the helical backbone conformation. b) Schematic illustration of the β-sheet helix. Color
coding: red, the stiff helical polyisocyanide backbone; Blue, tri(ethylene glycol) tails. Reproduced with permission.
[67]
Copyright 2013, Nature Publishing Group.

This thesis revolves around the application of a relatively new hydrogel based on
polyisocyanides (PIC). In the following sections, the polymer, its hydrogel and PIC gel
application will be introduced.
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1.4.1 PIC hydrogels
Polyisocyanides are helical polymer chains that are stabilized along the polymer
backbone by peptidic hydrogen bonds (Fig. 1.9).[67] The polymers are obtained by a
nickel(II)-catalyzed polymerization of the corresponding isocyanide monomer. To form
polyisocyanide hydrogels, the backbone is equipped with a oligo(ethylene glycol) tail.67
The molecular weight of the polymer, and with that the properties of the hydrogel, is
controlled by the ratio of catalyst to monomer of the polymerization reaction. Thermal
analysis shows that a cold, diluted tri(ethylene glycol)-grafted PIC solution forms a
transparent hydrogel by heating beyond 18 °C and that the gelation process is completely
reversible. The gelation temperature is readily tuned by the length of the ethylene glycol
tail.[164] Both atomic force microscopy (AFM) and scanning electron microscopy (SEM)
have been used to visualize the polymer network, which indicated that PIC polymers
form into porous structures with fibrous bundles.[67]
The thermal responsiveness of PIC hydrogels is caused by the hydrophobic effect
of the ethylene glycol tail on the polymer chain, resulting in clear phase transition at the
lower critical solution temperature (LCST).[67] Heating a PIC polymer solution beyond the
LCST causes the hydrophobic chains to separate from the aqueous solution. Subsequent
bundling of the relatively rigid hydrophobic polymers in the aqueous environment leads
to the formation of a three dimensional fibrous network that forms the hydrogel. Even at
very low concentrations (as low as 0.006 wt %), the gel can support its own weight. The
completely reversible thermal responsiveness of the gels is an additional benefit in cell
culture applications, as the cells can be easily recovered for downstream treatment after
the culture experiment is finished. Early research indicated that PIC hydrogels form a
promising cellular research platform, because it combines unique adjustable biochemical
and biomechanical properties.[42,165] Temperature-dependent rheological analyses showed
that the polymer concentration has a minor effect on gelation temperature but strongly
changes the bulk stiffness of the hydrogels and the critical stress.[67] The experimentally
observed values of PIC hydrogel stiffness and other mechanical properties are similar
to other semi-flexible networks such as gels based on actin,[166] intermediate-filament
gels[167] and DNA gels.[168]
A unique feature that makes PIC hydrogels comparable to gels of structural
biopolymers is that they are strain or stress-stiffening at small stresses; small increases
in strain result in very high stress levels and corresponding moduli. Jaspers et al.[68]
uncovered how readily tunable parameters such as concentration, temperature and
polymer length impact the stiffening behavior of PIC hydrogels (Fig. 1.10a). They
observed a transition from a low-viscous liquid to an elastic gel upon applying minute
stresses around the marginal point. They further demonstrated that the gel stiffness
can be manipulated over more than two orders of magnitude by the Hofmeister effect.
[169]
Surprisingly, the microstructure of the gels does not change upon salt addition,
demonstrating that the Hofmeister effect provides an excellent route to change the
mechanical properties without distorting other influential parameters of the gel (Fig.
1.10b). Moreover, they added either stiff, flexible and semi-flexible biopolymers to PIC
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hydrogels to prepare hybrid networks[170] and found that even very low concentrations
of the biopolymers strongly affect the network stiffness and/or its strain-responsive
character (Fig. 1.10c).
Deshpande et al.[171] prepared novel synthetic hydrogels containing DNA crosslinks
as stimuli-responsive elements. They showed that the mechanical properties of the
hybrid hydrogel depend on the DNA crosslinker concentration and the temperature.
Schoenmakers et al.[172] selectively crosslinked inside the bundles of PIC hydrogels to
mimic the complex mechanical crosslinking of fibrous microstructures (Fig. 1.10d). At any
desired point, the associated mechanical properties can be frozen, which renders the
gel stiffness temperature-independent. De Almeida et al.[173] described ultra-responsive
hybrid hydrogels composed of two synthetic networks to mimic cytoskeletal stiffening
in synthetic hydrogels. The hybrid gels can become over 50 times stiffer by heating just
a few degrees (Fig. 1.10e). Although the mechanism of force generation is completely
different, the stiffening response is remarkably similar to what happens when myosin
motor stress the F-actin network.
1.4.2 Biological application of PIC hydrogels
Winer et al.[174] found that fibroblasts and hMSCs on a stress-stiffening fibrin matrix
(2D) can deform their microenvironment and realize a high-strain modulus. Similarly,
PIC hydrogels exhibit stress-stiffening behavior in the biologically relevant range. It is
therefore interesting to investigate how this biologically relevant parameter affects cell
behavior.
To construct PIC hydrogels that are suitable as 3D cell culture matrices, the
synthetic polymers require functionalization with the basic cell-adhesive peptide RGD,
which promotes (stem) cell adhesion to the matrix. To conjugate RGD to the polymers,
azide-containing monomers have been co-polymerized with the regular ethylene glycol
monomers under standard Ni2+ catalysis conditions, resulting in copolymers with azide
functionality statistically distributed over the polymer chain.[175] The density of azide
functionality can be varied by the feed ratio of both monomers. In a second step, the RGD
cell adhesion peptide can be readily and homogeneously conjugated to the polymers.
Das et al.[42] showed that stem cell commitment could be mediated by the stressstiffening properties of PIC hydrogels. When encapsulated in physiologically soft
(∼0.2-0.4kPa) PIC hydrogels, hMSCs can be readily switched from adipogenesis to
osteogenesis by changing only the onset of stress-stiffening. The authors demonstrated
that, independent of stiffness and ligand density, stress-stiffening was the determining
parameter that governed stem cell fate in the 3D microenvironment. Liu et al.[165] found
that the morphological changes of human adipose-derived stem cells strongly depend
on the adhesive ligand density and the network mechanics of PIC hydrogels. Their work
highlighted the role of the nonlinear mechanics of ECM in regulating cell functions.
PIC hydrogels also offer solutions for in vivo settings, for instance as wound dressings.
Commonly, changing the dressings inflicts pain and disrupts wound repair. Based on the
reversible thermoresponsive behavior, Op ’t Veld et al.[176] postulated that PIC gels are

29

1

Chapter 1

easy to apply and remove. They found that the gels facilitate wound healing without
eliciting foreign body responses or excessive inflammation. Their recent work[177] further
illustrates the use of [111]In-labelled PIC gels for diagnostic and monitoring purposes and
describes the use of PIC gels in the (non-)splinted murine skin wound model. They found
that PIC gels remained in splinted and in not-splinted full-thickness skin wounds during
wound repair.
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Figure 1.10 Different strategies to mediate mechanical properties of PICs. a) Mechanical properties (differential modulus K′) of PIC hydrogels (T=25 °C) as a function of polymer concentration. Reproduced with
permission.[68] Copyright 2014, Nature Publishing Group. b) Temperature ramps of the storage modulus show
large variations in the gelation temperature in the presence of different anions. Reproduced with permission.
[169]
Copyright 2015, Wiley. c) Mechanical properties of composites with semi-flexible PIC networks and rigid
CNT rods. 1) Stiffness of PIC/CNT composites in the nonlinear at σ=40 Pa (1) and the linear regime at σ=0 Pa
(2) for gels with PIC concentrations of 1.0 mg ml -1. In the nonlinear regime, K′ increases with increasing CNT
concentrations. While in the linear regime, the CNTs have no visible effect on the linear storage modulus K′=G′.
3) The critical stress σc decreases with nanotube concentration for gels with PIC concentrations of 1.0 and 2.5
mg ml -1. Reproduced with permission.[170] Copyright 2016, Nature Publishing Group. d) Crosslinking a bundled
network. 1) Schematic representation of the crosslinking method. Azide (orange) decorated polymers (blue) are
gelled and crosslinked selectively within the bundles by a crosslinker (pink), stabilizing the architecture. 2) Gel
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components: PIC 1 (yield: 94%, 3.3-mol-% N3, Mv = 599 kg mol−1) and crosslinkers 2a and 2b. Reproduced with
permission.[172] Copyright 2018, Nature Publishing Group. e) Controlling the stiffening response. 1) Schematic
overview of the structure of PIC-PNIPAM hybrid hydrogels. The flexible PNIPAM network (green) is generated
in the presence of the pre-formed semi-flexible PIC network (red), resulting in two interpenetrating networks. 2)
Thermoresponsive mechanical properties of PIC-PNIPAM hybrid hydrogel with 1.0 mg mL−1 PIC and 17 mg mL−1
PNIPAM, and the single networks at the same concentrations. Arrows indicate PIC gelation and the PNIPAM
LCST. Reproduced with permission.[173] Copyright 2019, Nature Publishing Group.

The biocompatibility and reversible thermoresponsive properties make PIC gels ideal
candidates for bioink formulations to be used for the assembly of complex 3D matrices
via (bio)printing technologies. Celikkin et al.[178] first demonstrated that PIC solutions can
be deposited in 3D with relatively good accuracy. They fabricated 3D objects with a good
shape fidelity. The printed scaffolds showed structural stability and endurance both during
and after printing at 37 °C without any addition of crosslinker or further processing.
This thesis focuses on a potential biological application of PIC hydrogels that has not
received a lot of attention: morphogenesis. The aim is to use the synthetic PIC matrix
to direct morphogenesis. In the next sections, epithelial morphogenesis modulating in
vitro is introduced.

1.5 EPITHELIAL MORPHOLOGIES
1.5.1 Epithelial tissues
Epithelial tissues in vivo involve elaborate and diverse cellular architectures.[179] Generally,
they form polarized cell layers that are organized as 2D cell sheets (Fig. 1.11a) to cover
body surfaces in order to provide protection from the environment, or elaborate 3D
structures (Fig. 1.11b) like tubes, branches, and acini allowing selective transportation,
secretion and excretion processes.[180,181]
1.5.1.1 2D cell sheets
Epithelial cells that exist as a thin sheets polarize into distinct apical, basal, and lateral
plasma membrane domains (Fig. 1.11a).[182,183] The apical surfaces contain specialized
structures, including cilia, microplicae, microvilli, and stereocilia microvilli to facilitate
nutrient absorption, sensory transduction and a barrier function.[184] The basal surfaces
bind to extracellular matrix proteins, typically organized within a basement membrane,
via integrins that assemble into focal adhesions. Lateral membranes contain junction
complexes such as adherens junctions, tight junctions and desmosomes to link adjacent
cells and to form diffusion barriers.[185]
2D epithelial sheet also show a planar cell polarity (PCP), which is directed orthogonal
to the axis of apical-basal polarity.[186] The resulting asymmetry within cell contributes
to local cell-to-cell communication that enables the formation of precise and diverse
morphologies. Apical constriction is another important feature of epithelial cell sheets.
It promotes tissue development, such as gastrulation and neural tube formation in
vertebrates.[187] The processes include the contraction of actin-myosin networks, which
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generates force, and the attachment of actin networks to cell-cell junctions, which
allows forces to be transmitted between cells.[188] Further understanding cell polarity
and apical constriction promises to provide insight into the mechanisms that underlie
tissue morphogenesis.[189,190]

1

Figure 1.11 Epithelial tissues in vivo. a) Morphology of a polarized epithelial monolayer. 1) In the vertical direction: epithelial polarization into distinct apical, basal, and lateral plasma membrane domains. 2) In the horizontal
direction: epithelial polarization of core planar cell polarity (PCP) proteins in the Drosophila wing. PCP protein
accumulate at proximal or distal faces coded in red or green, respectively. Dgo, Diego; Dsh, Dishevelled; Fz,
Frizzled; Pk, Prickle; Vang, Van Gogh. 3) Intracellular tension and intercellular forces shape epithelial morphology. Apical constriction results from the counterbalance of cortical tension and cellular adhesion. b) Building
epithelial tissue architecture from tubes, branches, and acini. Reproduced with permission.[179] Copyright 2012,
Wiley Periodicals, Inc.

1.5.1.2 3D cell morphologies
Most internal epithelial organs consist of polarized epithelial cell monolayers that
surround a central lumen, which can be spherical, forming acini, or tubular, forming a
branching tubular tree (Fig. 1.11b).[191] In these morphologies, the apical epithelial surface
faces the lumen and the basal surface resides on the surrounding tissue. All of these
features in structures and polarity are necessary for tissue functions. Tubes in vivo are
conduits in absorptive and secretory epithelia for directed transport within the organism.
[192]
Branching morphogenesis is a process whereby the 3D epithelium elongates against
the stroma or mesenchyme.[193] Mechanical stress transmitted by the ECM, cell-cell and
cell-ECM interactions have also been implicated in branch formation.[194,195] Epithelial
acini (also known as cyst) are the terminal ducts of branched epithelial trees with single
lumens that transport gases and liquids.[196]
1.5.2 Culture models of epithelial morphogenesis
Traditional 2D epithelial monolayer cell culture has significantly advanced our
understanding of epithelial behavior in vivo, but are poorly suited to investigate the role

33

Chapter 1

of ECM in cell behavior.[184,186,197] 3D in vitro cultures provide a more natural epithelial
physiology.[198,199] Acinar cells exhibit differences in the regulation of apical-basal
polarization and responses to growth factors when compared to cells grown as 2D
monolayers.[200] We note that the majority of 3D morphogenesis studies is carried out
in natural matrices, most often in basement membrane extracts such as Matrigel. As
mentioned earlier, these natural matrices are inherently limited by the inability to decouple
mechanical properties from matrix and ligand density and lot-to-lot compositional and
structural variability.[194]
Madin-Darby Canine Kidney (MDCK) and Michigan Cancer Foundation-10A (MCF10A)
cells are well established models that are widely used in 3D culture experiments to
study epithelial morphogenesis.[201,202] MDCK cells retain properties of the kidney distal
tubule and collecting duct, which makes the cell line a great model to study the intrinsic
mechanisms for epithelial polarization, lumenogenesis, and tubulogenesis.[203] When
single MDCK cells are suspended in Matrigel, they rapidly polarize and proliferate to form
a round hollow cyst.[204] Another widely used model for 3D cultures is the immortalized
human breast-epithelial cell line, MCF10A.[205] MCF10A cells on rBM results in formation
of polarized, growth-arrested acini-like spheroids that recapitulate several aspects of
glandular architecture in vivo.[205] Moreover, as a non-tumorigenic cell line, MCF10A cells
can be used to study the effects of oncogenes on glandular morphogenesis.[15,206]
These 3D culture models have revealed the function of factors that regulate the
establishment of cell polarity and morphogenesis as well as tumorigenesis, such as cell
adhesion molecules and mechanical properties of ECM.[194,195,207,208] One the other hand,
these models also lack important features of epithelial tissues; for example, the MCF10A
model ignores the fact that breast tissue in vivo comprises of both luminal and basal
cells.[209] As such, epithelial morphogenesis is incompletely represented by a single cell
type use as MCF10A cells. 3D cultures of minimized epithelial organs, tissue fragments,
or just single cells seek to address this deficiency.
1.5.3 Organoid technology
Organoids are 3D structures derived from (induced) pluripotent stem cells (PSCs) or
adult stem cells (ASCs) through proliferation, differentiation and self-organization.[210-212]
They can mimic some of the structural and functional characteristics of an organ.[213]
During organoid formation, several cellular process occurs, such as cell recognition,
cell sorting and fate specification to spontaneously organize into complex structures in
vitro.[214,215] Organoid cultures have achieved great success in investigating organ-level
biology such as tissue development[216-218] and disease generation[219,220] and also show
potential application in drug development and disease research,[221,222] such as drug tests
and personalized medicine.[221]
Organoids have been derived from ASCs (either sorted cells or tissue fragments),[129,223]
PSCs[213,216,224] or fetal progenitor cells.[225,226] Different cell types recapitulate distinct
developmental stages, and therefore the choice of the starting cell population is
particularly important when studying mechanisms underlying organoid formation.
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Organoids derived from ASCs or adult tissue fragments are believed to mimic the
homeostatic or regenerative conditions of their tissue.[227,228] PSC-derived organoids
are mainly used to study developmental events that lead to tissue formation.[224,229-231]
Embryonic organoid also termed ‘embryoids’ or ‘gastruloids’ can mimic embryonic
development.[232] Finally, fetal progenitor-derived organoids start directly from fetal
tissues, which can be used to study their maturation towards adult organoids.[233,234]
Organoids derived from ASCs, PSCs or fetal progenitor cells advanced 3D epithelial
morphogenesis in the diversity of cell types, tissue structures and functions.
Bioengineered 3D culture systems allow the precise and reproducible investigation
of the effects of experimental conditions on cell and tissue behavior, boosting the
development of organoid technology.[235,236] Several approaches have been used to
simulate the native 3D ECM for organoid culture, ranging from natural-derived matrix
to synthetic biomaterials.[237] Robust culture conditions that use matrices based on
basement membrane extracts like Matrigel, supplemented with growth factors have been
established to generate multiple kinds of organoids including intestine, mammary gland,
lung and brain.[213,219,226,238,239] Although animal-derived matrices, such as Matrigel, support
organoid formation and branching morphogenesis, their poorly defined composition and
lot-to-lot variation hampers systematic investigation of the large role of the ECM and
biomechanics in tissue development.[124] Moreover, the murine tumor-derived matrices
are incompatible with clinical transplantation.
As an alternative, essential signals from the native ECM have been incorporated
into synthetic polymer matrices to produce designer ECMs, with specifically tailored
compositions to support the development and maturation of organoid cultures. Compared
with natural hydrogels, synthetic hydrogels allow one to tune biochemical and mechanical
properties to exploit specific stem cell signaling pathways that are responsible for driving
organoid formation. Gjorevski et al.[79] used PEG-based modular synthetic hydrogel
networks to define the key ECM parameters that govern intestinal stem cell (ISC)
expansion and organoid formation. The authors showed that separate stages of the
process require different mechanical environments and ECM components (Fig. 1.12a).
Cruz-Acuna et al.[81] developed a synthetic PEG hydrogel that supports in vitro growth
and expansion of human intestinal organoids (HIOs, Fig. 1.12b). They also demonstrated
that the hydrogel-derived HIOs can be delivered into injured intestinal mucosa resulting
in HIO engraftment and improved colonic wound repair.
However, organoids are in an early stage of development and need more robust
and dependable culturing practices that support proliferation, differentiation and selforganization. Many material properties such as cell-adhesive ligands, matrix mechanics,
geometry and remodeling have impact on cell behavior. Therefore, to realize the full
potential of organoids, technologies that precisely combine multiple factors above are
required to improve organoid generation and reliability for investigating key tissuespecific features.
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Figure 1.12 PEG based hydrogels for intestinal organoid culture. a), 1) Schematic illustration of the chemical
basis of the mechanically dynamic hydrogels. 2) Mechanical characterization of hybrid sPEG-dPEG gels. G′,
shear modulus. 3) Organoid formation within matrices of varying softening rates. 4) Organoids formed in PEG
hydrogels contain differentiated intestinal cells. Reproduced with permission.[79] Copyright 2013, Nature Publishing Group. b), 1) PEG-4MAL macromers are conjugated with thiol containing adhesive peptide to produce
a functionalized PEG-4MAL macromer, which is then crosslinked in the presence of HIOs/spheroids using
protease-cleavable peptides containing terminal cysteines to form hydrogel network. 2) Fluorescence microscopy images of a HIO at seven days after encapsulation in 4.0% PEG-4MAL-RGD hydrogel or Matrigel, and
labelled for β-catenin, proliferative cells (Ki-67), and epithelial apical polarity (ezrin) and tight junctions (ZO-1).
Reproduced with permission.[81] Copyright 2017, Nature Publishing Group.
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1.6 AIM AND OUTLINE OF THIS THESIS
In general, the work described in this thesis aims at exploring the biological application of
PIC hydrogels in tissue engineering to ultimately replace poorly defined natural matrices
with controllable synthetic hydrogels in the fields ranging from tissue development to
disease generation and organ transplantation. In order to accomplish this goal, PIC
hydrogels of different properties and characteristics have been developed. By utilizing
epithelial cell lines and fresh mouse mammary gland tissues, relevant 2D and 3D
cell structures are reconstructed in vitro. Due to the biochemical and biomechanical
tunability of PIC hydrogels, the formation of 3D structures could be systematically
investigated, especially the effects of the mechanical properties of the gels on the cell
morphologies.
The reliance on poorly defined animal-derived extracellular matrix severely limits the
application of organoid technology in regenerative and translational medicine. In Chapter
2, we establish a well-defined, synthetic biomimetic matrix based on PIC hydrogels to
support the efficient and reproducible formation of mammary gland organoids (MGOs) in
vitro. Only equipped with adhesive peptides for cell binding, PIC hydrogels allow for MGO
formation from mammary fragments or from purified single mammary epithelial cells.
Epithelial cells exhibit different 2D and 3D morphologies, induced by distinct
biochemical and biophysical cues from their environment. In Chapter 3, we use novel
hybrid hydrogels, composed of Matrigel and PIC hydrogels to form highly tailorable
matrices. Through precise control of the stiffness and cell-matrix interactions, while
keeping other properties constant, we observe a broad range of morphologies induced
in MDCK cells.
Stress-stiffening has been shown to be a mechanical cue in mediating stem cell
differentiation. In Chapter 4, we show that the morphogenesis of mammary gland
epithelial cells encapsulated in PIC hydrogels-based IPNs can be readily altered from
lumen-containing round acini to branching structures that invade into the matrices. Using
RNA sequencing, we investigate the specific genes and pathways affected by this specific
stress-stiffening cue in mammary gland epithelial morphogenesis.
After summarizing, Chapter 5 will provide an outlook for the future of PIC as cell
culture matrix. For example, we will discuss approaches to measure mechanosensing
through RGD between PIC hydrogels and tissues or cells. We suggest that celladhesion peptide screening should be carried out on PIC hydrogels and screen out
their biocompatibility with different cell types, and, last but not the least, suggest that
enzyme based degradability can be another important feature that may be incorporated
to PIC hydrogels to make them more dynamic.
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Chapter 2

ABSTRACT
In the last decade, organoid technology has developed as a primary research tool in
basic biological and clinical research. The reliance on poorly defined animal-derived
extracellular matrix, however, severely limits its application in regenerative and
translational medicine. Here, we present a well-defined, synthetic biomimetic matrix
based on polyisocyanide (PIC) hydrogels that support efficient and reproducible formation
of mammary gland organoids (MGOs) in vitro. Only decorated with the adhesive peptide
RGD for cell binding, PIC hydrogels allow MGO formation from mammary fragments or
from purified single mammary epithelial cells. The cystic organoids maintain their capacity
to branch for over two months, which is a fundamental and complex feature during
mammary gland development. We find that small variations in the 3D matrix give rise to
large changes in the MGO: the ratio of the main cell types in the MGO is controlled by the
cell-gel interactions via the cell binding peptides density, whereas gel stiffness controls
colony formation efficiency, which is indicative of the progenitor density. Simple hydrogel
modifications will allow for future introduction and customization of new biophysical and
biochemical parameters, making the PIC platform an ideal matrix for in depth studies
into organ development and for application in disease models.
Keywords
Synthetic hydrogels, organoids, polyisocyanides; mammary gland; synthetic matrices
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2.1 INTRODUCTION
The female mammary gland consists of a highly elaborate, tree-like network of branched
ducts and lobular alveolar structures, which are composed of an inner layer of luminal
cells that surround a central lumen and of an outer layer of basal cells residing on the
basement membrane. Over time, the mammary gland undergoes dramatic changes
in structure and function during puberty, pregnancy, lactation and involution.[1-3] The
proliferative and differentiation potential retained by the adult mammary epithelium makes
the mammary gland a unique model for biologists to study organ development[4-7] and
disease generation.[8-10] However, due to limitations in starting material, experimental
accessibility and prolonged times during which development occurs, the mammary gland
remains challenging to study in vivo.
The advent of stem cell-derived 3D culture systems fills the gap between the complex
organ in vivo and easily accessible but over simplified cell culture systems in vitro. They
provide the scientific community with in vitro models that more closely represent in
vivo physiology.[11-13] The 3D structures derived from such stem cell-derived 3D culture
systems have been defined as organoids. During organoid formation, cells organize into
structures that resemble the function and architecture of the corresponding native organ.
[14]
As such, organoid technology promises exciting new insights into the fields of basic
biology,[15-16] disease modeling[17-19] and regenerative medicine.[20-22]
For mammary gland studies, robust culture conditions that use matrices based on
basement membrane extracts like Matrigel, supplemented with growth factors have
been established to generate mammary gland organoids (MGOs) from mammary
gland fragments or from single sorted mammary epithelial cells (MECs).[23-24] Studies
on MGOs have offered unique insights into the mechanisms regulating cell fate,[24]
branching morphogenesis[25-26] and the critical role of the extracellular matrix (ECM) in
mammary gland development.[27-28] Although animal-derived matrices, such as Matrigel,
support MGO formation and branching morphogenesis, their poorly defined composition
and lot-to-lot variation hampers systematic investigation of the large role of ECM and
biomechanics in organoid development. Moreover, the murine tumor-derived matrices are
incompatible with clinical transplantation. Only recently, the first synthetic extracellular
matrices (ECMs), based on enzymatically crosslinked PEG gels equipped with essential
biological cues have been reported to replicate the natural ECM.[29-30] Such well-defined
ECMs constitute a powerful platform to identify biochemical and biophysical effects on
stem cell-derived organoid formation, branching morphogenesis and proliferation.[31-32]
Here, we introduce a simple, yet highly versatile 3D culture system for murine MGOs
based on synthetic hydrogels of oligo(ethylene glycol)-grafted polyisocyanides (PICs).[33]
PIC gels are a relatively new class of synthetic hydrogels that closely mimic the fibrous
and porous architecture and mechanical properties of structural ECM proteins, such as
collagen and fibrin. Gelation is thermally induced (heating a polymer solution beyond
the gelation temperature Tgel ~ 18 °C), very fast (within seconds) and fully reversible,
which facilitates cell and organoid extraction.[33] The gels are physically crosslinked
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but stable over the course of cell culture experiments (weeks). Typically, the hydrogels
that are formed at low polymer concentrations (0.1–1 wt-%) are soft (shear modulus
G′ = 0.1–4 kPa), which overlaps with the stiffness of mammary adipose tissue (NB: For
Matrigel, G′ = 0.05 kPa). As a fully synthetic material, one can readily manipulate the
network structure and mechanical properties by changing the polymer concentration,
polymer molecular weight and external factors.[33-36] Recent work showed that PIC gels
are biocompatible[37-39] and show no signs of toxicity during in vivo experiments.[40] In these
applications, PIC polymer are frequently functionalized with the well-known cell adhesion
peptide Gly-Arg-Gly-Asp-Ser (abbreviated to RGD), a motif that is found in many ECM
proteins, including collagen, fibronectin, tenascin and vitronectin.[41-42]
In this manuscript, we demonstrate that PIC gels only functionalized with the celladhesive RGD peptide can support the generation of cystic MGOs from dissected mouse
mammary gland fragments or from purified mouse mammary epithelial cells in vitro.
The MGOs can be maintained for prolonged periods while retaining their capacity to
branch. Moreover, we show that by independently tuning biomechanical and biochemical
parameters (bulk stiffness and the peptide density), we are able to affect mammary gland
progenitor enrichment and the cellular composition of the MGOs, respectively.

2.2 RESULTS
2.2.1 Materials.
To prepare our matrix, we started from PICs functionalized with azide (N3) groups (Figs.
1a and S1),[33] which can be reacted with acetylene-equipped cell-binding peptides (RGD)
through the highly efficient strain-promoted azide-alkyne cycloaddition reaction.[37-38,40]
The matrix properties are tuned by independently modifying the polymer concentration,
molecular weight and the RGD density; details are given in the experimental section. We
first assessed the capacity of PIC gels to support MGO formation in gels from polymers
of Mv = 502 kg mol –1 (3K) at a polymer concentration of 0.2 wt-% (or 2 mg mL−1) and with
an RGD peptide concentration of 63 μM. Rheology experiments in HBSS give a gelation
temperature Tgel = 18 °C and a storage modulus G′ = 0.3 kPa at 37 °C, corresponding to
a Young’s modulus E′ ~ 1 kPa, which is in line with mammary adipose tissue. Note that
Matrigel is much softer than PIC gels and mammary tissue: G′ ~ 0.05 kPa. In a typical cell
culture experiment, isolated cells or tissue fragments were mixed with cold PIC solutions
(or Matrigel), pipetted in 24-well plates and placed in an incubator at 37 °C to allow gel
formation (0.5–1 hr) and culture medium was placed on top (Fig. 2.1b).
2.2.2 PIC gels support organoid formation from mammary gland fragments
First, we assessed MGO formation in 3D PIC hydrogels from mammary gland
fragments. To this end, freshly isolated murine mammary glands were minced into small
fragments and seeded in PIC hydrogels or in Matrigel as a control (Fig. 2.1b). To ensure
homogeneous distribution in the gel matrix, the fragments were dispersed in a cold PIC
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solution (2 mg mL–1), warmed to 37 °C to induce gelation and overlaid with medium. Over
seven days in culture, the mammary gland fragments in the PIC hydrogels changed
shape, underwent self-organization and expansion, and formed into bilayered structures
with a central lumen which we will define here as cystic MGOs (Fig. 2.1c). The fragments
in the Matrigel control developed into bi- or multilayered branching structures with lumens,
which we define here as branching MGOs (Fig. 2.1d). Viability in both the PIC hydrogels
and in Matrigel is high (>98 %, Fig. S2).
The epithelial cell types present in the MGOs were characterized through
immunostaining of the luminal epithelial cell marker keratin 8 (K8) and the basal/
myoepithelial cell marker keratin 14 (K14).[6] Co-staining of K8 and K14 after seven days
in culture revealed that MGOs generated in PIC hydrogels and in Matrigel both displayed
the correct polarization with a K14-positive basal outer cell layer and a K8-positive luminal
inner layer (Fig. 2.1c,d). Previous work showed that the polarized organization of luminal
epithelial cells around a central lumen critically depends on the interaction of its β1integrins with a basement membrane secreted by basal myoepithelial cells in vivo [43]
or provided by Matrigel in vitro.[44] The positioning of luminal and basal cells around a
central lumen of the cystic MGOs in the PIC-RGD hydrogels strongly indicates that this
gel promotes a proper assembly of a native basement membrane by basal/myoepithelial
cells.
The cystic MGOs derived from PIC hydrogels did not form branches as observed in
Matrigel. To assess whether the cystic MGOs retained branching capacity, they were
harvested from the PIC solution (simply by cooling to 10 °C and washing) and then
re-embedded in Matrigel. After another five days in culture, the cystic MGOs showed
extensive branching, similar as to MGOs solely cultured in Matrigel (Fig. 2.1e,f). Immuno
fluorescence staining showed that these branching MGOs also consisted of an outer
K14-positive basal cell layer and an inner K8-positive luminal cell layer. Moreover, both
cystic MGOs generated in PIC hydrogels and branching MGOs derived from Matrigel
could be maintained for at least 14 days without obvious deformation or loss in their
branching capacity.
To demonstrate the versatility of this platform, prostate epithelial cells were seeded in
PIC hydrogels and we observed that the PIC gel similarly supports the formation of cystic
prostate organoids that are composed of luminal and basal cells that closely resemble
the structures observed in Matrigel (Fig. S3).
The (mechanical) properties of PIC hydrogel are readily tuned by varying the polymer
concentration and molecular weight;[34] the latter has the advantage that this approach
is easily synthetically accessible. We studied the effects of both parameters by culturing
mammary gland fragments in different conditions and found MGO formation in all gels
(Fig. S4). Visual inspection suggests little differences between cultures of different
molecular weight. Gels prepared at polymer concentrations c = 0.1% proofed too soft: part
of the organoids sank to the bottom of the well and experience different culture conditions
(Fig. S5). Note that the cells remaining in suspension have the same morphology as
those seeded in higher PIC concentrations. Based on these results, we focused our study
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on PIC gels with concentrations of 2–8 mg mL−1 (0.8 wt-% approaches the solubility limit
of PIC polymers) and with 0–250 μM RGD.

Figure 2.1 PIC gels for mammary gland organoid formation. a) Aqueous PIC polymer solutions reversibly
gel into a fibrous network by heating beyond ~18 °C. b) Schematic description of the isolation and 3D culture of
mammary gland fragments in PIC hydrogels or Matrigel. c,d) Representative bright-field and immunofluorescence
microscopy images of mammary gland fragments cultured in PIC hydrogels (0.2 wt-%, 63 μM RGD, G′ = 0.32 kPa,
panel c) or Matrigel (d) over time. Scale bars: 50 μm. e,f) Representative bright-field and immunofluorescence
microscopy images of PIC hydrogels (e) or Matrigel (f)-derived MGOs after reseeding in Matrigel. Staining:
luminal marker: rabbit anti-cytokeratin 8 (K8, red); basal marker: mouse anti-cytokeratin 14 (K14, green); and
DAPI for nuclei (blue). Scale bars: 50 μm.
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Figure 2.1 (Continued)

2.2.3 PIC hydrogels as a matrix for long-term organoid cultures
Next, we assessed the potential of PIC hydrogels for long-term MGO maintenance
with retention of branching capacity (Fig. 2.2a). Again, freshly isolated mammary gland
fragments were embedded in PIC hydrogels at the same conditions (2 mg mL−1 with 63
μM RGD). After seven days, the gels were cooled below the gelation temperature to
harvest and isolate the MGOs, which were then enzymatically dissociated into single
cells and/or very small cell clusters. Repeated passaging in PIC[45] consistently yielded
cystic MGOs (Fig. 2.2b). When these cystic MGOs were re-embedded in Matrigel, many
branched extensively, but not all (Fig. 2.2c). We observe that the cystic MGOs display
K8-positive cells only, while branching MGOs contain both K14-positive basal and K8positive luminal cells (Fig. 2.2d), which is a result of the dissociation into single cells as
will be discussed below (We summarize that PIC gels are well suited for long-term cell
cultures, where MGOs are formed consistently from single epithelial cells and where the
organoids maintain their branching capacity.
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Figure 2.2 PIC hydrogels support MGOs long-term maintenance. a) Schematic description of MGOs longterm culture in PIC hydrogels (0.2 wt-%, 63 μM RGD, G′ = 0.32 kPa): after freshly isolated mammary gland
fragments were cultured in PIC hydrogels for seven days, cystic MGOs were isolated from gels. A portion of
MGOs was reseeded in Matrigel to study branching ability; another portion was enzymatically dissociated and
reseeded in PIC hydrogels for long-term passaging. Repeated passaging was carried out every week. b) Representative bright-field images of MGOs generated in PIC hydrogels for ten passages. Scale bars: 50 μm. c,d)
Representative bright-field (c) and immunofluorescence (d) images of PIC hydrogels-derived MGOs, reseeded
in Matrigel. Scale bars: left panel 200 μm; right panels 50 μm. Staining: luminal marker: rabbit anti-cytokeratin
8 (K8, red); basal marker: mouse anti-cytokeratin 14 (K14, green); and DAPI for nuclei (blue).
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2.2.4 MGO formation from purified basal and luminal epithelial cells
Freshly isolated mammary gland fragments contain native ECM, stromal cells and
undefined additional components that can influence MGO development. To remove such
confounding factors, we purified single mammary epithelial cells (MECs) and find that
also purified MECs seeded in PIC hydrogels (2 mg mL−1 with 63 μM RGD) develop into
cystic MGOs (Fig. 2.3a). Analogously to what we observed in the long-term cultures,
around half of these MGOs have K14-positive basal cells on the outer layer and K8positive luminal cells on the inner layer, while in the remaining MGOs contained K8positive luminal cells only (Fig. 2.3b).
Basal cells are known to be bi-potent and can generate either basal or luminal cells
in a normal mammary gland.[24] As such, K8 and K14-positive MGOs are expected to
originate from the basal population. In contrast, luminal cells commonly do not differentiate
into basal cells, which gives rise to only K8 positive organoids,[24] which explains our
earlier observation that some organoids generated from single cells are both K14 and K8
positive while others are only K8 positive. To confirm our hypothesis, we separated the
purified MECs into basal or luminal populations by FACS sorting[46] (Fig. 2.3a). Indeed,
the purified basal cell population developed into MGOs, which contained K14-positive
basal cells outside and K8-positive luminal cells when cultured in PIC hydrogels or in
Matrigel (Fig. 2.3b,c). In contrast, the purified luminal cell population cultured in either
gel shows cystic MGOs that are K8-positive and are smaller in size. Interestingly, MGOs
derived from the unsorted cells as well as the purified basal population, but not from the
purified luminal cells, fully retained the capacity to branch when reseeded in Matrigel
(Fig. 2.3c-e). In short, also purified MECs cultured in PIC hydrogels are able to form
into MGOs.
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Figure 2.3 MGO formation in PIC hydrogels (0.2 wt-%, 63 μM RGD, G′ = 0.32 kPa) from mammary epithelial cells (MECs) and purified basal and luminal cells. a) Schematic description: fragments were digested to
single MECs, FACS sorted into basal and luminal epithelial cells and then seeded in PIC hydrogels or Matrigel.
b,c) Representative bright-field and immunofluorescence images of MGOs generated from unsorted MECs (left),
purified basal cells (middle) and luminal cells (right) in PIC hydrogels (b) or Matrigel (c) on day seven. Scale bars:
50 μm. d,e) Representative bright-field images of MGOs generated from unsorted MECs (left), purified basal
cells (middle) and luminal cells (right) in PIC hydrogels (d) or Matrigel (e) after reseeding in Matrigel. Staining:
basal marker K14 (green), luminal marker K8 (red), and DAPI for nuclei (blue). Scale bars: 50 μm.
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2.2.5 PIC hydrogels as tunable organoid culture matrix
The ECM has a crucial instructive role in mammary gland development and differentiation.
Important parameters that determine how the ECM affects cell behavior include its
stiffness and the relative abundance of different ECM proteins.[47-48] Cells sense and
respond to these differences through integrins, which bind peptide motifs such as the
RGD motif found in many ECM proteins.[42] One of the key advantages of using synthetic
polymers as matrix for cell culture application is that such parameters (stiffness, stressrelaxation, critical stress, peptide density, etc.) can be readily modified, sometimes
independently.[30-31] To investigate how the PIC hydrogel stiffness and the RGD ligand
density affect the basal and luminal cell populations during MGO formation, we seeded
mammary gland fragments in four different PIC hydrogels.
The 0.2-wt% PIC hydrogel that we described in the earlier sections (labeled PIC-1)
contains 63 μM RGD and has a stiffness of 0.32 kPa. In PIC-2, PIC-3 and PIC-4, we
varied the RGD density and stiffness independently (Table 1 and Fig. S6).
Table 2.1 PIC hydrogels and physical properties of the gels. Note that P1 was prepared by
post-modification of P1-azide (viscosity average molecular weight Mv = 502 kg mol-1), and that both
have nearly the same polymer characteristics.
Hydrogel Polymer

Concentration c
(mg mL−1)

Concentration RGD
(μm)

G′ T=37°C
(kPa)

PIC-1
PIC-2
PIC-3
PIC-4

2
8
8
8

63
0
63
252

0.32
2.4
2.3
2.3

P1
P1-azide
P1 + P1-azide (1:3)
P1

Embedding fresh mammary gland fragments in these different hydrogels yielded
cystic MGOs in all samples besides PIC-2 that does not contain RGD (Fig. S7a), which
then was left out of further analyses. These data thus show that the presence of RGD in
PIC gels is indispensable for proliferation and polarized organization of MGOs. Viability
of the cells embedded in the RGD-functionalized PIC hydrogels was measured by FACS
and was similar to PIC-1 and to the Matrigel cultures (Fig. S7b). After seven days, the
cystic MGOs were harvested and the basal and luminal cell populations were quantified
by FACS (Fig. 2.4a). We observed no significant differences in the basal to luminal cell
ratio between softer G′ = 0.3 kPa (PIC-1) and stiffer G′ = 2.3 kPa (PIC-3) hydrogels (Fig.
2.4b). Interestingly, a significantly higher fraction of basal cells was detected in PIC gels
containing an increased RGD density (63 μM in PIC-3 to 252 μM in PIC-4) (Fig. 2.4b).
These results suggest that an increased engagement of RGD-interacting integrins leads
to signaling that biases differentiation towards a basal cell lineage and that integrin
activation by RGD-functionalized PIC hydrogels in the concentration range used here is
a limiting factor of basal cell development in cystic MGOs.
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Figure 2.4 PIC hydrogels provide a tunable system to investigate specific MGO characteristics. a) Representative FACS plots of CD49f (basal) and EpCAM (luminal) stained cystic MGOs generated in different PIC
hydrogels. One set of representative FACS plots out of three independent experiments is shown. b) Quantification
of basal to luminal population ratio of cystic MGOs generated in different PIC hydrogels from FACS analysis.
c) Schematic description of the 3D colony formation assay of mammary epithelium of cystic MGOs generated
in different PIC hydrogels. d) Representative bright-field image of 3D colonies generated from PIC hydrogels
or Matrigel-derived basal or luminal population. Two independent experiments were performed and data was
presented for one of the experiments. The results of the other experiment is shown in Fig. S8. Scale bar, 250
μm. e) Quantification of basal/luminal population-derived 3D colony numbers in PIC hydrogels or Matrigel. Only
colonies with a diameter above 20 μm were counted. NS, not significant. ** P<0.01, *** P<0.001, using one-way
ANOVA followed by Tukey’s multiple comparisons test.

The mammary epithelium contains terminally differentiated cells, but is also rich in
progenitors. The latter are of particular interest in the context of breast cancer as they
are likely targets of malignant transformation in the mammary gland. We quantified
the presence of progenitor cells using a traditional 3D colony formation assay where
the number of discrete 3D colonies is a good measure for the original progenitor
concentration.
Mammary gland fragments were embedded in PIC-1, PIC-3, PIC-4 and in Matrigel
as a control. After seven days, the basal and luminal cell population were FACS sorted
and reseeded in Matrigel for the 3D colony formation assay (Fig. 2.4c). After three days

62

Polyisocyanide hydrogels as a tunable platform for mammary gland organoid formation

in culture, the basal cells that were grown in the softer hydrogels (PIC-1, G′ = 0.3 kPa)
formed significantly more colonies than basal cells in the stiffer hydrogels (PIC-3, G′ = 2.3
kPa); an effect that was also seen with luminal cells albeit less pronounced (Fig. 2.4d, e).
In contrast, a change in the RGD density (63 μM for PIC-3 to 252 μM for PIC-4) did not
change the progenitor concentrations in the basal and luminal cell populations (Fig. 2.4d,
e). Strikingly, basal cells seeded in any of the PIC hydrogels showed a higher progenitor
density when compared to those in Matrigel, whilst luminal cells had the highest density
in Matrigel. Altogether, our data shows that in PIC hydrogels, the RGD density affects
the MGO cell composition (basal vs luminal cell density) and not their colony formation
efficiency, whereas the stiffness does not affect the composition, but does change the
colony formation efficiency.

2.3 DISCUSSION
The mouse mammary gland in vivo is surrounded by a basement membrane containing
laminin, collagen IV, nidogen and heparin sulfate proteoglycans. These different matrix
compounds induce different morphologies and functionalities of the resulting organoids.
[49]
For example, MGOs embedded in Matrigel containing collagen IV and laminin-1
express a higher level of genes encoding milk proteins, but a collagen I-rich ECM favors
tubular growth under the right hormonal stimulation.[50] One of the major challenges is to
understand how the ECM environment controls organoid formation and morphogenesis.
We here describe the first well-defined synthetic hydrogel with minimal components that
supports (cystic) MGO formation.
Previously, a poly(ethylene glycol)-glycosaminoglycan (PEG-GAG)-based synthetic
hydrogel was successfully used for acinar growth and apical-basal polarization of breast
epithelial cells.[51] This study used the MCF10A cell line, that shows no signs of terminal
differentiation and displays characteristics of luminal, but not basal cells, and has not
been shown to be capable of branching in either natural or artificial matrices.[52] In our
work, we use primary murine mammary epithelium to establish mammary organoids.
Mammary gland fragments as well as purified single basal cells self-organize into bilayered MGOs that encompass an inner luminal layer and an outer basal cell layer. Our
PIC gels thus allow to closely mimic the in vivo self-organizing process that involves
different cell populations (e.g. basal and luminal cells). MGOs embedded in PIC hydrogels
can be cultured for a prolonged period of time without losing their branching capacity.
We show that variations in the hydrogel induce changes in MGO composition: the RGD
concentration determines the basal/luminal cell ratio and the gel stiffness regulates the
progenitor density, which is always higher than in the Matrigel control.
2.3.1 MGO formation
Regulation of cell polarization and lumen formation has been extensively studied in 3D
cell models and in vivo, and depends on the interaction of mammary epithelial cells with

63

2

Chapter 2

a basement membrane, and downstream β1-integrin dependent cell-ECM signaling.[53]
Indeed, we found that organoid formation is broadly supported by PIC gels as long as
they are decorated with the RGD peptide, which is known to bind several β1-containing
integrins.[42] The requirement of cell-binding interactions for organoid growth is in line with
earlier work on murine intestinal organoids cultured in fibrin-based[54] and in synthetic
PEG hydrogels.[31] Additionally, we experimentally find that the concentration of RGD is an
important factor that determines the basal/luminal cell ratio; a higher RGD concentration
enhances the proliferation of the basal cell population. The data is consistent with earlier
work that found that increased fibronectin –also containing the RGD motif– levels resulted
in higher proliferation of mammary epithelial cells.[7]
2.3.2 Branching morphogenesis.
Branching is a fundamental and complex aspect of mammary gland development. In
vivo, branching is relatively slow (weeks), much slower than in many in vitro cultures
(days).[25] The exact physical and chemical mechanisms that drive branching remain
unclear and, so far, no single factor has been defined for mammary gland branching.
[25,55]
In fact, many different factors contribute, including the ECM, hormones, growth
factors and cells present in the extracellular environment.[25,56] For instance, recent work
showed that organoid branching in Matrigel is stimulated by FGF2[57] but when we added
FGF2 to the PIC MGO cultures, it did not induce branching (not shown). As for the matrix,
local degradation by matrix metalloproteases stimulates outward budding of intestinal
organoids in PEG gels,[31] whereas local densification of ECM can inhibit this process.
[52]
The fibrous network of PIC gels is not biodegradable, although proliferation and
morphogenesis seem unhindered by the presence of the network, which is physically
remodeled.[58] Earlier, Zimoch and co-workers[39] used PIC hydrogels to elegantly show
that endothelial cells can form into their native structures as branching tubes in a system
that involves a single cell type in short-term experiments. MGO formation, however, is
a more complex developmental process involving different primary cell types that all
need to be spatially reorganized in order to be able to form polarized organoids. PIC
hydrogels support this complex process and maintain the branching capacity of MGOs
over a prolonged period of culturing, although we do not observe branching in the PIC
gels themselves. Nowak and co-workers found that in PEG-GAG-based hydrogels,
matrix metalloproteinase-cleavable crosslinkers and heparin could promote invasion
of epithelial cells into the matrix, but did not allow for branching of polarized tubular
structures, as is observed for MGOs in Matrigel.[51] Likely, the addition of MMPs may
act directly on the spherical colonies, described by the authors, and thus introduces
extra variables. In contrast, the PIC hydrogels we describe are physically crosslinked
and form a matrix with RGD as sole cell adhesion ligand. Therefore, the PIC hydrogels
provide a more controllable and predictable model system. Capturing the organoids in an
early developmental state makes the RGD-functionalized synthetic materials particularly
attractive as minimal models to decipher which factors or combination of factors are
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required to induce and control MGO branching, a task that is very difficult to realize in a
signal-rich matrix such as Matrigel.[52]
2.3.3 Physical cues from the matrix
Artificial matrices are well-suited to maintain stem cells in their undifferentiated state.
[59-61]
While the contribution of the mechanical properties of these matrices is widely
recognized, the effects still are ambiguous. For instance, Gilbert and co-workers[62]
reported that muscle stem cells (MuSCs) cultured on soft hydrogels (12 kPa, mimicking
the elasticity of muscle tissue) self-renew in vitro and contribute extensively to muscle
regeneration, in contrast to MuSCs cultured on rigid tissue culture plastic. Oppositely,
Musah and co-workers[63] found that only stiff substrates are able to maintain human
embryonic stem cell proliferation and pluripotency. We find that MGOs cultured in softer
gels contain more progenitors, which contrasts the results of the intestinal stem cells in
PEG gels,[31] which showed low expansion in soft gels (0.3 kPa, 1 mM RGD) compared
to stiffer gels (1.3 kPa, 1 mM RGD). Recent developments, however show that the
mechanical properties are much more than just the elasticity (storage modulus) of the
hydrogels; stress-relaxation,[64-65] stiffening induced by contractile cells[37-38] and matrix
degradation[31] (rates) all affect the cell response. Clearly further studies are necessary
to delineate the effects of the matrix mechanics on the expansion capacity of mammary
progenitor cells, and whether additional factors, including biomolecules such as RGD
or others, play a role. On a more general level, synthetic matrices are well suited for
these studies, because they lack the high and poorly controlled signal density of natural
basement membrane matrices, and because minimal changes in the matrix properties
can be used to drive cell behavior.

2.4 PERSPECTIVE
In this work, we studied minimal PICs hydrogels decorated with the well-known RGD
peptide. Compared to Matrigel that has a shear modulus of G′ ~ 0.05 kPa, PIC hydrogels
have a tunable shear modulus (G′ ~ 0.1–4 kPa) that better overlaps with the stiffness
of mammary adipose tissue (G′ ~ 1 kPa). The PIC conjugation strategy allows for the
introduction of a large number of peptides or larger biomolecules and its thermosensitivity
makes subsequent analyses relatively facile: by simply cooling the gel and centrifugation,
the MGOs can be harvested. In absence of abundant signaling factors, relatively small
variations in the PIC hydrogels give rise to large changes on the cellular composition
and organization of the MGOs. This minimal nature of the matrix makes PIC hydrogels
ideal platforms to study parameters affecting key processes such as polarization and
branching in organoid systems and tissue development. In addition, the combination of
a biomimetic synthetic matrix and excellent biocompatibility offers an ultimate prospect
of in vivo applications.
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2.5 MATERIALS AND METHODS
2.5.1 Synthesis of PIC-azide and PIC-RGD
The synthetic hydrogels are based on oligo(ethylene glycol)-grafted polyisocyanides. The
preparation of azide-functionalized PICs and RGD-functionalized PICs as summarized
in Fig. S1, follows previous reported procedures.[33,37-38] In short, the co-polymerization
of tri(ethylene glycol)-grafted isocyano-(D)-alanyl-(L)-alanine monomer 1 and the azideappended monomer 2 (molar ratio of 1:2 = 99:1) was catalyzed by nickel perchlorate (total
monomer:catalyst ratio 3,000:1 (3K, P1-azide) (or with different ratios for the preliminary
experiments: 1,000:1 (1K) and 5,000:1 (5K). Viscometry analysis[34] yielded viscosity
averaged molecular weights Mv = 502 kg mol –1 (3K), 322 kg mol –1 (1K), and 530 kg mol –1
(5K). Raw experimental data is given in Fig. S9. The azide groups on the polymers were
reacted with acetylene-equipped cell-binding peptides (RGD) through the highly efficient
strain-promoted azide-alkyne cycloaddition reaction following literature procedures.[37] To
form a gel, the desired amount of sterile HBSS (Sigma Aldrich, Cat. #H4891, prepared by
dissolving Hank’s Balanced Salts, 1 g in 1 L sterile H2O) was added to the solid, sterilized
(UV, 5 min) polymer. After overnight soaking at 4 °C, the mixture was shaken vigorously
for a few seconds and a transparent solution was formed. When the cold transparent
solution is heated above its gelation temperature, it immediately forms a soft, (visco)
elastic gel. During the whole study, a large batch of PIC hydrogels in HBSS was prepared,
aliquoted and frozen at –20 °C until use. Before each experiment, the frozen gels were
firstly placed on ice to thaw.
2.5.2 Rheology measurements
Rheological measurements were performed on a stress-controlled rheometer (Discovery
HR-2, TA Instruments) using a steel parallel plate geometry with a diameter of 40 mm
and a gap of 500 μm. All samples were loaded on the rheometer plate as cold solutions
(5 °C). To determine the storage modulus G′, the sample was subjected to an oscillatory
deformation of amplitude γ = 0.04 at a frequency ω = 1.0 Hz. The gelation temperature
(determined from a heating ramp with rate 1.0 °C min –1) was taken as the onset of the
increase in storage modulus G′. Viscometry was used to measure the viscosity average
molecular weight Mv and to estimate the polymer length (L) as previously described.[36]
2.5.3 Mice
All mice used here were C57BL/6 (8-12 weeks old) and housed at the Animal Research
Facility (ARF) of the Radboud University Medical Center (Charles River). All animal
experiments were documented and approved by the Animal Experimental Committee
of the Radboud University Medical Center and were performed in accordance with
regulatory standards of the Animal Experimental Committee.
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2.5.4 Mammary gland fragments isolation.
Mouse mammary gland fragments were isolated according to previous protocol[23].
After the mammary glands (#3, #4 and #5) were detached from the mouse, they were
chopped into small pieces with scalpels. The minced glands were incubated in 2 μg mL–1
collagenase A (Sigma-Aldrich, Cat. # C5138) in DMEM/F12 medium (DMEM/F12 (Gibco,
Cat. #11330057) with 5 ug mL–1 Insulin (Sigma, Cat. #I1882), 1% Antibiotic-Antimycotic
(Gibco, Cat. #15240062), and 5% fetal bovine serum (Merck, Cat. #F7524)) for 30-40 min
at 37 °C with 150 rpm shaking. After removal of the collagenase A solution, the fragments
were washed with DMEM/F12 medium. The supernatant was discarded and the sediment
was treated with 40 U mL–1 DNase I (Roche, Cat. #11284932001) in DMEM/F12 medium
for 3-5 min at room temperature by gently inverting by hand to break up the clusters
and detach the fragments from adhered single cells. The supernatant was removed
and the pellet was resuspended in DMEM/F12 medium and centrifuged at 1500 rpm to
remove single cells and tissue debris. The final pellet was subsequently dissociated into
single cells or directly embedded in PIC hydrogels or Matrigel (Corning, Cat. #354230).
When required, a single-cell suspension was obtained by sequential dissociation of the
fragments by incubating in TrypLE (Gibco, Cat. #12605-010) for 15-20 min at 37 °C.
2.5.5 Mammary gland organoids culture
Freshly isolated mouse mammary gland fragments (50–100 pieces per 50 μL gel) or
dissociated single mammary epithelial cells (10,000-30,000 cells per 50 μL gel) were
mixed with 50 μL Matrigel or PIC hydrogels and seeded at the bottom of 24-well plates.
After gels had gelated in the incubator at 37 °C (30 min for Matrigel, 1 h for PIC hydrogels),
700 μL culture medium (Table S1) was added per well and organoids were cultured in a
37 °C humidified atmosphere under 5% CO2. In general, culture medium was refreshed
every three days.
2.5.6 Mammary gland organoids branching ability assay
After formation in Matrigel or PIC hydrogels, MGOs were collected by simply cooling to
10 °C for 10 min and washing with cold PBS twice. Then, the MGOs were mixed with
fresh Matrigel and seeded in 24-well plates. After gelation, 3D organoid culture medium
for fragments was added. MGO changes in morphology were recorded on day three by
a Zeiss Vert. A1 microscope.
2.5.7 Mammary gland organoids maintenance in vitro
MGOs were maintained in PIC hydrogels for two months by passaging them every week.
Briefly, every seven days, organoids were removed from the PIC hydrogels by simply
cooling at 10 °C for 10 min and washed with cold PBS twice, and treated with TrypLE for
15-20 min at 37 °C before transferred to fresh PIC hydrogels. After seeding in 24-well
plates, cells were overlaid with 3D organoid culture medium (Table S1).
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2.5.8 Prostate organoid culture
Prostate organoid culture was performed as described previously.[66] Briefly, minced
prostate tissue from 8 to 12 weeks old male mice was digested in 5 mg mL-1 collagenase
type II solution (Life Technologies, cat. no. 17101-015) with 10 μM Y-27632 dihydrochloride
(Abmole Bioscience, cat. no. M1817) on a shaking platform at 37 °C for 1–1.5 hour.
After aspirating collagenase type II solution, single prostate epithelium suspension was
generated by incubating samples in TrypLE with 10 μM Y-27632 dihydrochloride at 37
°C for 15 min. 20,000 prostate epithelial cells were embedded in a 40 μL Matrigel or
PIC hydrogel drop and seeded in the middle of one well of a 24-well tissue culture plate.
After gelation of the Matrigel or PIC hydrogel, 500 μL prewarmed 3D prostate organoid
culture medium (Table S1) was added and organoids were cultured in a CO2 incubator
(5% CO2, 37 °C). Culture medium was refreshed every 2-3 days.
2.5.9 Flow cytometry and fluorescence-activated cell sorting (FACS)
After freshly isolated mouse mammary gland fragments were cultured in PIC hydrogels
or Matrigel for seven days, the generated MGOs were collected as described above.
After washing with cold PBS twice, MGOs were digested in TrypLE for 15-20 min at 37
°C to obtain single-cell suspensions of mammary epithelium. For flow cytometry and
sorting, cells were stained with CD31-PE/cy7 (Antibodychain, Cat. #1112040), CD45.2BV510 (Antibodychain, Cat. #1149185), TER119-PE (eBioscience, Cat. #12-5921-81),
CD45.2-PerCP (BD, Cat. #552950), EpCAM-FITC (eBioscience, Cat. #11-5791-82) and
CD49f-APC (eBioscience, Cat. #17-0495-80). Flow cytometry analysis was conducted
on BD FACS Verse and FACS was performed on FACS ARIA III. Fixable Viability Dyes
(FVD) eFluorTM 450 was added to distinguish dead and live cells. Data were analyzed
using FlowJo V10 software and FACS data are presented in dot plots with equal number
of events. The gating strategy for the mammary epithelium is shown in Fig. S10.
2.5.10 3D colony formation assay
MGOs generated from fresh mammary gland fragments within Matrigel or PIC hydrogels
were collected and digested into single-cell suspension. After the single-cell suspension
was sorted based on the description above, freshly sorted basal or luminal cells were
resuspended at a density of 30,000 cells mL–1 in cold 100% Matrigel (Corning, Cat.
#354230) and overlaid with 3D colony formation medium (Table S1) following 30 min
polymerization at 37 °C. The culture medium was refreshed every 48 h. To quantify the
colony numbers, phase contrast z-stacks spanning the entire thickness of the gel were
collected at two different positions within each gel on day three after seeding. Different
layers were aligned and blended into one layer with Photoshop software to quantify all
the colonies. The results are representative of two independent experiments performed
with three gel samples per experimental group. In each independent experiment, five to
six mice were pooled.
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2.5.11 Immunofluorescence analysis
For immunofluorescence analysis, MGOs generated within Matrigel or PIC-RGD
hydrogels were fixed with 4% paraformaldehyde (PFA) in PBS at room temperature for
1 h. After removal of the supernatant, the pellet was incubated in 1.5% eosin at room
temperature for 5 min. Following further washing with PBS, the pellet was resuspended in
2.25% agar solution of 80-90 °C. The hot agar solution with organoids were centrifuged
(7200 rpm, 2 min). The solidified agar solution with organoids was embedded in paraffin.
Sections of 2 μm thickness were cut using a microtome. Individual sections were mounted
onto superfrost slides and dried overnight at 37 °C. After deparaffination with Histochoice
(VWR, Cat. #H103-4L) twice for 10 min each, samples were rehydrated with 100% (2 ´ 1
min), 96% (2 ´ 1 min), and 70% (1 ´ 1 min) ethanol, followed by washes with tap water (2 ´ 1
min). The slides were then heated for 15 min in citrate buffer (pH 6.0) (Dako, Cat. #S1699)
in a microwave oven for antigen retrieval. After 1 h of cooling down, the samples were
then blocked in 2% BSA/PBS at room temperature for 1 h. Primary antibody incubation
was performed in 1% BSA/PBS at room temperature for 2 h. The following primary
antibodies were used: rabbit anti-cytokeratin 8 (K8, Abcam, Cat. #Ab53280, 1:200) and
mouse anti-cytokeratin 14 (K14, Abcam, Cat. #Ab7800, 1:200). Secondary antibody
incubation was in 1% BSA/PBS at room temperature for 1 h, followed by three PBS
washes. Alexa 488 (Invitrogen, Cat. #A21206, 1:400) or 568 (Invitrogen, Cat. #A11031,
1:400) conjugated secondary antibodies were used. The following primary antibodies
were used for prostate organoids: mouse p63 (Abcam, Cat. #Ab735, 1:200), mouse High
Molecular Weight (HMW, clone 34BE12, Abeomics, Cat. #34BE12) and K8 (Abcam,
Cat. #Ab53280, 1:200). Secondary antibody incubation was in 1% BSA/PBS at room
temperature for 1 h, followed by three PBS washes. Alexa 488 (Invitrogen, Cat. #A21202,
1:400) or 594 (Invitrogen, Cat. #A21207, 1:400) conjugated secondary antibodies were
used. All immunofluorescence experiments were performed with negative controls
where relevant isotype was added (Mouse isotype: Biolegend, Cat. #400102, 1:500;
rabbit isotype: Cell Signaling Technology, Cat. #3900, 1:15000). The samples were then
incubated with DAPI (5 μg mL–1) at room temperature for 10 min, followed by three PBS
washes. The slides were mounted in anti-fade medium (Fluoromount W for microscopy,
Serva), and images were acquired using a Leica DM6000 microscope (Leica). Acquired
images were processed by Fiji.
2.5.12 Statistical analysis
Statistically significant differences were assessed by using one-way ANOVA followed
by Tukey’s multiple comparisons test in the GraphPad Prism 5.0 software. P values of
statistical significance are represented as * P<0.05, ** P<0.01, *** P<0.001, NS, not
significant.
Data availability
All data supporting the results of this study are available in the article and Supplementary
Information Files or from the corresponding author on reasonable request.
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SUPPLEMENTARY DATA
Table S1. Overview composition of culture media used in the study.
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Figure S1. a Synthesis of intermediate DBCO-GRGDS. b Polymerization of PIC-azide and subsequent functionalization through click chemistry to generate PIC-1(0.2 wt-%, 63 μM RGD, G′ = 0.32 kPa,). The distribution
of RGD groups is random with an average of every 14-18 nm along the polymer chain. RT = room temperature.

Figure S2. Bar graph shows the percentage of dead cells within MGOs formed in PIC hydrogel (0.2 wt-%, 63 μM
RGD, G′ = 0.32 kPa,) on day 7 and day 14 respectively during culture. Dead cells were quantified by counting
the amount of cell with defected nuclear.
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Figure S3. Representative bright-field and immunofluorescence images of mouse prostate organoids formed in
PIC hydrogel (0.2 wt-%, 63 μM RGD, G′ = 0.32 kPa) hydrogels and Matrigel on day 7, respectively. Scale bars:
250 μm (bright-field images), 20 μm (immunofluorescence images). Basal cells are labeled with p63 (green) or
HMW (34BE12) (green), Luminal cells are labeled with K8 (red), and nuclei are stained with DAPI (blue).
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Figure S4. Representative images of MGOs formed in PIC hydrogels with different concentrations and molecular
weight on day 7 during culture. Mv = 322 kg mol –1 (1K), Mv = 502 kg mol –1 (3K), Mv = 530 kg mol –1 (5K), Scale
bar: 100 μm.

Figure S5. Representative image of MGOs formed in PIC hydrogel with low stiffness (0.1 wt-%, 63 μM RGD,
G′ = 20.5 Pa) on day 7 during culture. Arrows indicate mammary organoids are attached to the bottom of the
plate. Scale bar: 100 μm.
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Figure S6. Rheology data of PIC-1(0.2 wt-%, 63 μM RGD, G′ = 0.32 kPa), PIC-2 (0.8 wt-%, 0 μM RGD, G′ = 2.4
kPa), PIC-3 (0.8 wt-%, 63 μM RGD, G′ = 2.3 kPa) and PIC-4 (0.8 wt-%, 252 μM RGD, G′ = 2.3 kPa) (HBSS buffer,
37 °C). We define the final point at 37°C as the stiffness of hydrogels.
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Figure S7. PIC hydrogels stiffness and RGD effect on MGOs formation and viability. PIC-1(0.2 wt-%, 63 μM
RGD, G′ = 0.32 kPa), PIC-2 (0.8 wt-%, 0 μM RGD, G′ = 2.4 kPa), PIC-3 (0.8 wt-%, 63 μM RGD, G′ = 2.3 kPa) and
PIC-4 (0.8 wt-%, 252 μM RGD, G′ = 2.3 kPa). a Representative bright-field and fluorescence microscopy images
of MGOs cultured in PIC hydrogels with different stiffnesses and RGD densities or Matrigel on day 7. Scale bar:
50 μM. b Percentage of live cells from MGOs derived from PIC-RGD hydrogels of different stiffnesses and RGD
densities or Matrigel, which was quantified from FACS after mammary gland fragments being encapsulated in
gels for 7 days in five independent experiments. Fixable Viability Dyes (FVD) eFluorTM 450 were utilized to stain
dead cells. NS = not significant, one-way ANOVA followed by Tukey’s multiple comparisons test.

Figure S8. 3D colony formation assay. a Representative bright-field image of 3D colonies generated from PIC
hydrogels or Matrigel-derived basal or luminal population. Two independent experiments were performed and
data was presented for one of the experiments. Every experiment was performed with three gel samples per
experimental group (PIC-1, 0.2 wt-%, 63 μM RGD, G′ = 0.32 kPa; PIC-2,0.8 wt-%, 0 μM RGD, G′ = 2.4 kPa; PIC-3,
0.8 wt-%, 63 μM RGD, G′ = 2.3 kPa; PIC-4, 0.8 wt-%, 252 μM RGD, G′ = 2.3 kPa; and Matrigel). Scale bar, 250
μm. b Quantification of basal/luminal population-derived 3D colony numbers in PIC hydrogels or Matrigel. Only
colony with diameter above 20 μm was counted. Statistics: NS, not significant. ** P<0.01, *** P<0.001, one-way
ANOVA followed by Tukey’s multiple comparisons test.
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Figure S9. Viscometry of PIC polymer solutions: 1k (a), 3k (b) and 5k (c). The related molecular weight Mv = 322
kg mol –1 (1K), 502 kg mol –1 (3K), and 530 kg mol –1 (5K) were calculated based on polymer concentration and its
viscosity data on PIC-azide in acetonitrile solutions.
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Figure S10. Gating strategy of flow cytometry analysis for segregating mammary epithelium (eFluor450/CD31-/
TER119-/CD45-) from erythrocytes, dead cells, endothelial and immune cells.
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Chapter 3

ABSTRACT
Morphogenesis is a tightly-regulated developmental process by which tissues acquire the
morphology that is critical to their function. For example, epithelial cells exhibit different
2D and 3D morphologies, induced by distinct biochemical and biophysical cues from
their environment. In this work, we use novel hybrid matrices, composed of an Matrigel
and synthetic oligo(ethylene glycol)-grafted polyisocyanides (PICs) hydrogels to form a
highly tailorable environment. Through precise control of the stiffness and cell-matrix
interactions, while keeping other properties constant, we observed a broad range of
morphologies induced in Madin-Darby Canine Kidney (MDCK) cells. At relatively low
matrix stiffness, we observed a large morphological shift from round hollow cysts to 2D
monolayers, without concomitant translocation of the mechanotransduction protein YAP.
At higher stiffness levels and enhanced cell-matrix interactions, tuned by controlling the
adhesive peptide density on PIC, the hybrid hydrogels induce a flattened cell morphology
with simultaneous YAP translocation, suggesting activation. In 3D cultures, the latter
matrices lead to the formation of tubular structures. Thus, mixed synthetic and natural
gels, such as the hybrids presented here, are ideal platforms to dissect how external
physical factors can be used to regulate morphogenesis in MDCK model system, and in
the future, in more complex environments.
Keywords:
Epithelial morphogenesis; MDCK cells; YAP; hybrid hydrogels; polyisocyanides; 2D and
3D matrices.
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3.1 INTRODUCTION
Epithelial tissues are widely found in our bodies, for instance as extended monolayer
sheets (2D) that line all surfaces of the body[1] or as spherical or tubular structures
surrounding a central lumen (3D), participating in diverse physiological functions,
including protection, digestion, reproduction, excretion, and hormone secretion. Epithelial
cells are polarized, generating apical and basal surfaces.[2] The basal surface interacts
with the supporting basement membrane of 2D cell sheets and 3D structures.[3] The
broad range of epithelial morphologies found in vivo requires excellent control of the
processes that drive morphogenesis.[4-5] In vitro, however, epithelial morphogenesis is
strongly dependent on experimental conditions: cells typically grow into monolayer sheets
when they are seeded on flat 2D substrates, and into well-organized cysts when cultured
in a 3D matrix.[1] Clearly, 2D and 3D culture conditions are principally different, and at
this stage it remains unclear how external cues contribute to the shift from 2D monolayer
sheets and 3D cysts.
In vivo tissue morphogenesis is driven by forces generated by actin-myosin networks
and transmitted through the cytoskeleton.[6-7] Consequently, the mechanical properties
of the surrounding matrix, amongst other (biochemical) cues, have been found to
impact morphogenesis.[8-10] Matrix mechanical properties are transmitted through cell
matrix adhesions to the cytoskeleton, where actin and myosin play key roles. In the
past decade, Yes-associated protein (YAP) was identified to play an important role
in mechanotransduction:[11] upon activation, YAP shuttles from the cytoplasm to the
nucleus, where it regulates transcription, ultimately driving proliferation, apoptosis and
morphogenesis.[12-13] Numerous researchers have demonstrated that experimental
manipulation of the matrix architecture and/or mechanical properties affect YAP.[1415]
Recent work,[16] however shows that YAP activity may also depend on the culture
dimensionality (2D vs 3D), independent of matrix stiffness. In fact, the role of YAP on
morphogenesis and, by extension, many other processes such as tumorigenesis and
cancer progression, remain poorly understood.
A challenge in the field is to find well-defined matrices and substrates with tunable
properties that are able to provide an environment that supports the formation of different
cell morphologies. Currently used artificial extracellular matrices (ECMs) can be crudely
categorized into animal-derived and synthetic materials. Both provide advantages,
but certainly also disadvantages that complicate a systematic investigation of the
effects of biochemical and biophysical cues on cell behavior. Animal-derived matrices
provide many signals and it is difficult to tune a desired parameter (such as stiffness)
without affecting all other signals. Such properties can be engineered precisely (and
independently) in synthetic matrices, but they typically lack spatiotemporal variations in
chemical and physical properties while interacting with cells. Hybrid hydrogels based
on synthetic polymers and natural polymers form an excellent approach to overcome
the disadvantages, and allow unique insights in cell behavior by precise control over the
physiological properties of the microenvironment.[16-18]
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A relatively new class of synthetic materials in the field comprises tri(ethylene
glycol)-grafted polyisocyanide (PIC) hydrogels. PIC gel formation is thermally induced
by heating beyond the gelation temperature (Tgel ~ 15 °C), resulting in a transparent
elastic gel. The thermoresponsive nature is completely reversible. As a synthetic material,
gel properties, such as mechanical properties and architecture are readily tailored, for
instance by changing the concentration, polymer molecular weight (length), by controlling
external factors, such as temperature and ionic strength, and by the addition of other
components to make hybrid structures.[19-23] Like collagen and fibrin, PIC gels form a
fibrous and porous network, already at low concentrations.[19] The architecture is highly
heterogeneous and pore sizes at the micron length scale are (weakly) dependent on
the polymer concentration.[24] The fibrous network architecture gives rise to interesting
mechanical properties, including a strong strain stiffening response, where the stiffness of
the gel can increase hundred fold after a stress is applied to the gel.[25] This instantaneous
and reversible response is also found in biogels based on fibrin and collagen,[26] but is
rarely observed in synthetic gels. Recent work indicates the importance of strain-stiffening
for cell behavior[27-30] and the suitability of PIC gels as a synthetic matrix material.[31-32]
Early experiments in vivo demonstrate the biocompatibility of PIC gels and the lack of
an immunogenic response.[33-34] For biological applications, PIC polymers are routinely
functionalized for cell adhesion through the well-known adhesive peptide Gly-Arg-GlyAsp-Ser (abbreviated to RGD), a motif found in many ECM proteins, including collagen,
fibronectin, tenascin and vitronectin and binds several integrins.[35-36]
Here, we take advantage of the biomimetic and tailorable properties of PIC gels to form
novel hybrid gels with animal-derived Matrigel to study morphogenesis in the epithelial
MDCK cell line. MDCK cells have retained many features of polarized kidney tubules,
making them an excellent model to study epithelial morphogenesis.[37-38] Depending on
the ECM conditions, these cells grow as contact-inhibited monolayers, cysts, or form
branching tubules, which turned MDCK cells into a well-established model for delineating
the mechanisms involved in ECM-dependent epithelial polarization and tubulogenesis.
[3]
In the hybrid hydrogels-based ECMs, we are able to precisely control the mechanical
properties and the density of the ligands for mechanotransduction via the PIC gel, while
Matrigel likely provides interaction with ECM components, such as laminin, which are
crucial to control morphogenesis.[39-41] Our main research question is: can we control
MDCK morphogenesis simply by tuning matrix characteristics and, if this is the case, are
non-muscle myosin II, actin and YAP involved in the mechanotransduction process?

3.2 RESULTS
3.2.1 Material preparation and characterization
We prepared matrices based on hybrid hydrogels of Matrigel and the synthetic PIC gel
in different ratios and specifications (we use notation PIC/M to denote the hybrid gels).
Matrigel is a commercially available animal-derived matrix that is widely used for in vitro
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cell culture studies and was used as received. For the PIC/M hydrogels in this work, the
Matrigel concentration is always constant with a protein concentration 4.4 mg/ml. PIC
gels are synthetic materials that are prepared in our laboratories. The synthesis of the PIC
and its conjugation is summarized in Figure S1 following previously reported procedures.
[29-30]
In short, the polymer was prepared from a mixture of monomer containing 1%
azide-appended monomer for conjugation, and a nickel catalyst in a monomer:catalyst
ratio of 2,000:1, which is the default setup in our lab. The molecular weight of PIC was
measured with viscometry[42] and yielded Mv = 419 kDa, which corresponds to an average
degree of polymerization n = 1325 and polymer contour length L = 166 nm.[20] The cellbinding RGD-based peptide was conjugated to the azide groups using the highly efficient
strain-promoted azide-alkyne cycloaddition reaction (Figures 1a and S1).[28,43] Gels with
reduced RGD concentrations were prepared by mixing RGD-conjugated PIC with the PIC
azide precursor in the appropriate ratios. PIC bundle formation ensures a homogeneous
presentation of cell binding sites in the gel.
To form a gel, a cold PIC stock solution (16 mg/ml) was prepared by dissolving the
sterilized (UV treatment, 5 min) solid polymer in the desired amount of chilled sterile
HBSS. The PIC solution(s) was mixed with pre-cooled Matrigel and additional cold HBSS
was added when necessary. Heating the solution beyond the PIC gelation temperature
Tgel ~15 °C resulted in instantaneous (and reversible) gel formation. In this manuscript,
we vary PIC concentrations and RGD densities in both PIC/M hydrogels and PIC gels.
For clarity, we will use the notation PIC-c-[RGD] and PIC/M-c-[RGD] where c is the PIC
concentration (in mg/ml) and [RGD] is the concentration adhesive peptide (in μM).
3.2.2 PIC-Matrigel hybrid hydrogel analysis
When preparing the PIC/M hydrogels, we first confirmed that gel formation of both
components was not mutually influenced by assessing the gel morphology (microscopic)
and the mechanical properties (macroscopic). For the former, we used confocal
fluorescence microscopy, for which we immunostained laminin-111, a major component
of Matrigel (Figure 3.1b) and conjugated Cy3 to the PIC chains (Figure 3.1c). The PIC/M
gels were prepared by mixing both components at low temperatures and warming them
to 37 °C. Fluorescence microscopy of the PIC/M hydrogels (Figure 3.1d) shows that
laminin-111 is evenly distributed in all samples (independent of the PIC concentration),
indicative of a homogeneous mixing of the Matrigel components; confocal stacks indicate
that both components are tightly mixed (Figure S2, Movies 1 and 2). The PIC component
becomes increasingly dense as its concentration increases as is observed from the
fluorescence images (Figure 3.1b-d). Recent work shows that the micron-scale pore size
in PIC gels reduces slightly with increasing polymer concentration.[24] As for the mechanical
properties of the PIC/M hydrogels, we observed relatively soft gels with (shear) storage
moduli G′ between 10–1500 Pa for PIC gel concentrations c = 0.5–8 mg/ml (Figures 1e
and S3a). In the PIC/M hybrids, the stiffness contribution of 4.4 mg/ml Matrigel, which
forms a very soft hydrogel on its own (G′ ≈ 1 Pa), is very small (Figure S3a), which means
that the stiffness is dominated by the concentration of PIC (Figure 3.1e, f and S3b), and
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Figure 3.1 Materials used in this work. (a) RGD conjugation of PIC through the efficient strain-promoted azidealkyne cycloaddition reaction. The full structure is given in Figure S1. (b) Representative immunofluorescence
image of 4.4 mg/ml Matrigel, stained with laminin-111. (c) Representative confocal images of PIC hydrogels with
Cy3 conjugated (different concentrations). (d) Representative immunofluorescence images of PIC/M hydrogels:
laminin-111 signal from Matrigel (top); Cy3 signal of PIC (middle) and merge (bottom). All images are representative of n = 3 independent experiments. Scale bar in panels b-d: 20 μm. (e) Storage modulus G′ of PIC/M
hydrogels with different PIC concentrations. (f) Storage modulus G′ of PIC gels (with RGD) showing the impact
of the gel concentration. NS = not significant, ** P<0.01, *** P<0.001, one-way ANOVA followed by Tukey’s
multiple comparisons test. The given values of G′ are the averages of at least three independent measurements.
Bars represent mean SEM.

that observed mechanical effects primarily originate from the PIC network.[44] We note that
the gels are mostly elastic (with G′ ≫ G″) and that the strain stiffening behavior, although
not a focus of this work, is largely maintained in the hybrids (Figures S4 and S5). With
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a constant Matrigel concentration and a largely unperturbed Matrigel architecture, the
biochemical cues are comparable between samples, while mechanical cues through
matrix stiffness and cell adhesion to the load-carrying PIC network can be tuned with
the PIC concentration and the RGD concentration. This tunability provides a unique
opportunity to study the role of external mechanical responses and RGD-mediated cellECM interactions in directing epithelial morphogenesis.
3.2.3 MDCK behavior on Matrigel or PIC hydrogels.
The epithelial cell line MDCK is a well-established model for epithelial morphogenesis
and apical-basal cell polarization. On stiff adhesive 2D surfaces they form polarized
monolayers with apical domains facing the medium, whereas in biological 3D matrices
they form polarized hollow cysts with apical surfaces facing the cyst lumen. Before
studying morphogenesis on and in the PIC-Matrigel hybrid gels, we studied the effects
of the Matrigel and PIC gels separately in 2D cultures.
MDCK cells (20,000/ml) were seeded on top of solidified Matrigel (4.4, 6.2 and 8.8 mg/
ml). After four days in culture, the cells developed into round hollow cysts, regardless of
the Matrigel concentration (Figure S6a), fully in line with earlier work.[45] For componentrich matrices, such as Matrigel, changing the concentration does not only change the
stiffness, but also the concentration of all bioactive factors in the matrix, which makes it
challenging to draw unambiguous conclusions.
At the opposite side of the spectrum are the minimal synthetic matrices such as PIC,
that only provide a mechanically controlled environment – with or without cell-matrix
adhesion – but lack any other biochemical cues or factors. After culturing for four days,
MDCK cells seeded on top of different concentration solidified PIC gels all showed the
formation of big cell clusters and clumps, independent of the PIC concentration (Figure
S6b). The cell clusters and clumps showed low adhesion to the substrate, i.e. they were
washed off easily. The apical surface membrane marker gp135 is localized in the outer
surface of the clumps (Figure S6c), instead of its normal luminal localization, similar
to other (3D) experiments in which cell-matrix adhesion was inhibited.[46] Thus, without
RGD conjugated to the polymer, the MDCK cells are unable to interact with the matrix
and cannot sense its physical properties. After the introduction of low concentrations
of cell-adhesive peptides (PIC-0.5-16, PIC-1-16, PIC-2-16 and PIC-8-16), we observe
different cell behavior: in these cases, 2D monolayer sheets are formed with apical
domain facing the medium on the gel substrate for all PIC concentrations (Figure S6d,e).
Note that an overview of MDCK cell behavior on PIC gels, PIC/M hydrogels and controls
is given in Table S1.
3.2.4 MDCK cell morphogenesis in PIC-Matrigel hybrid matrices.
In the PIC/M hydrogels, cells can potentially interact with RGD conjugated to the PIC
and with various matrix components in Matrigel. To study if the introduction of RGD on
the PIC network is necessary at all, we first prepared hybrids of Matrigel and PIC without
RGD. In these samples, all cell-matrix adhesion is through Matrigel components.
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We seeded MDCK cells on PIC/M hydrogels with the same Matrigel concentration (4.4
mg/ml) and varying PIC concentrations (0.5, 1, 2, 8 mg/ml), first without RGD attached
to the PIC (preventing direct mechanical cell-PIC interaction), and analyzed the cell
morphologies after 4 days in culture (Figure 3.2). Cells on soft and intermediate matrices
PIC/M-0.5-0 (i.e. 0.5 mg/ml PIC and no RGD), PIC/M-1-0 and PIC/M-2-0 generated round
(but not hollow) clusters or formed small monolayer clusters (Figure 3.2a,b). Polarization
analysis by gp135 immunostaining (Figure 3.2c) shows that the cell structures display an
apical layer facing the medium. On the stiffest PIC/M-8-0, hollow clusters were formed,
also with the apical side facing the medium and not the lumen, which means with an
inverted polarization compared to the in vivo-like situation.
The polarity of epithelial cells is strongly influenced by neighboring cells and their
extracellular environment.[47] Despite the presence of Matrigel, we still find disorderly
polarization in PIC/M hybrid matrices of RGD-deficient PIC. To improve cell-matrix
interactions in the PIC/M hydrogels, we introduced minimal amounts of cell-adhesive
peptide to the PIC polymer: a final concentration of 16 μM RGD in all hybrids. Note that
other work studying the effect of RGD typically applies much higher concentrations (1002000 μM).[48] MDCK cells cultured on these matrices showed well-defined morphologies
(Figure 3.2d-f): at the lowest PIC density (PIC/M-0.5-16), we observed cyst formation
with the correct polarization, i.e. the apical side facing the lumen. Subsequent staining for
laminin-111, a major Matrigel component, showed the formation of a basement membrane
(Figure S7), which suggests active remodeling of the Matrigel matrix by the cell.[49] All
stiffer gels gave rise to the formation of extended 2D cell sheets (monolayers) with their
apical side facing the medium. Interestingly, introducing very small amounts of adhesion
sites on the synthetic component of the hybrid matrix allowed the successful construction
of different epithelial morphologies with in vivo-type polarities. The data also showed that
relatively small changes in the physical cues of the matrix, not only the stiffness but also
the presentation of adhesive peptides had major impact on morphogenesis. We note
that proliferation assays confirm that the PIC/M substrates support MDCK cells growth
(Figure S8) in line with earlier work using PIC-based cell culture matrices.[29-31]
The shift from 3D cysts to monolayers we show here is the result of changes in
substrate properties, most likely sensed by cells through RGD-integrin-based cellECM interactions that result in downstream effects for the actin cytoskeleton. To better
understand how the substrate properties influence processes like actomyosin contraction
and focal adhesion (FA) formation, we studied the cells at early stages, i.e. 5 hours after
plating. F-actin was stained to observe cell morphologies, and paxillin to visualize FAs
(Figure 3.3). Cells on the soft PIC/M hydrogels with RGD (PIC/M-0.5-16) proliferated,
but did not show signs of stress fiber formation or spreading, nor focal accumulation of
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Figure 3.2 2D culture of MDCK cells on substrate of different stiffness. (a-c) Representative bright field
images (a), actin staining (b) and gp135 immunofluorescence staining (c) of MDCK cells on PIC/M hydrogels
without RGD conjugated to the polymers. (d-f) Representative bright field images (d), actin staining (e) and
gp135 immunofluorescence images (f) of MDCK cells on PIC/M hydrogels with 16 μM RGD conjugated to PIC.
Bottom panel: confocal z-stack. Phalloidin: green; gp135: red; nuclei: blue. All images are representative of n = 3
independent biological experiments. Bright field scale bar: 50 μm. Fluorescence scale bar: 20 μm.
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Figure 3.3 MDCK cell-ECM interaction analysis. (a-d) Representative actin and paxillin staining images of
MDCK cells on PIC/M-0.5 (a), PIC/M-1 (b), PIC/M-2 (c) and PIC/M-8 (d) recorded 5 h after cell seeding. Arrows
indicate accumulated paxillin. All images are representative of n = 3 independent biological experiments. Scale
bar: 10 μm.

paxillin around the edges; all indicative of the absence of FAs (Figure 3.3a). On the stiffer
substrates that induce 2D cell sheet formation, the cells clearly spread after five hours
and paxillin is found in the cell periphery (Figure 3.3b-d). On these stiffer substrates we
also see that after cell adherence the cytoskeleton remodels, which involves actin and
non-muscle myosin II activity and the formation of stress fibers and focal adhesions. The
latter improves the interaction with the substrate, which leads to an effective mechanical
feedback that promotes cell spreading. In short, even in this soft matrix regime, we clearly
observe differential responses to the matrix stiffness. On the softest material, lack of a
mechanical response of the substrate prevents FA formation, permitting cells to freely
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grow and remodel their environment, ultimately promoting cyst formation. On slightly
stiffer matrices, cells spread and form FAs that bind to the substrate, which promotes
the formation of 2D monolayer sheets.
The fact that matrix stiffness controls morphogenesis is widely accepted,[8,50] but
in this case, the switch from cyst to monolayer sheets was already seen at a very low
stiffness G′ < 40 Pa. Also, as YAP has been identified as one of the key players in
mechanotransduction, we immunostained for YAP protein and analyzed its localization. To
our surprise, we found that in all samples, YAP resides in the cytoplasm with no obvious
translocation to the nucleus (Figures 4a and S9). In other words, the morphological shift
of MDCK cells from 3D cysts to 2D monolayers, which is triggered by substrate stiffness,
is not accompanied by a nuclear translocation of YAP.
Actin contraction by the non-muscle molecular motor myosin II generates the forces
that drive morphogenesis into 3D cysts or monolayer sheets.[51-52] To further explore the
role of the PIC/M hydrogel-dependent F-actin organization in MDCK morphogenesis,
we studied the effects of inhibitors of non-muscle myosin II (blebbistatin)[53] and actin
polymerization (cytochalasin D).[54] In one experiment, we studied the formation of
cellular structures by addition of the inhibitors during cell seeding, followed by fixation
and analysis after 5 h (Figure 3.4b-d). In a second experiment, we focused on the
maintenance of cellular structures by adding the inhibitors after morphogenesis has
commenced (48 h after seeding) and analyzed after another 48 h (Figure 3.4e-g).
Early non-muscle myosin II or actin polymerization inhibition of MDCK cells cultured on
a soft substrate (PIC/M-0.5-16) prevented cyst formation altogether. Actin polymerization
inhibition using cytochalasin D gave only cell clusters, and non-muscle myosin II inhibition
in blebbistatin-treated cells led to clusters of cells exhibiting protrusions. Interestingly,
the cells treated early with inhibitors on the stiffer substrates showed nearly identical
behavior as those seeded on the soft substrates (Figure 3.4c,d), which implies that nonmuscle myosin II and actin may be involved in the mechanotransduction mechanism that
is responsible for the morphological shift. From our results, we conclude that non-muscle
myosin II and actin jointly generate contractile forces necessary for 3D cyst formation.
Treatment of already formed cysts (on PIC/M-0.5-16) with cytochalasin-D yielded
deformed and poorly organized cysts compared to the non-treated control (Figure
3.4f). After treatment with blebbistatin, cysts were no longer observed in the sample,
and rather monolayers were found (Figure 3.4g). Similarly, on the stiffer substrates,
MDCK cells treated with cytochalasin-D or blebbistatin displayed uncontrolled and
limited spreading, and interrupted actin localization (Figure 3.4f,g). The 2D monolayer
morphology was maintained, but cells at the boundaries of the monolayer sheets showed
many small protrusions (inserts in Figure 3.4g), rather than the characteristic actinmyosin cables (inserts in Figure 3.4e). Taken together, the forces generated by actin and
non-muscle myosin II are important for cyst maintenance, creating smooth boundaries
and producing coordinated movements in epithelial monolayers, which are important in
tissue morphogenesis.[6,51]
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Figure 3.4 MDCK mechanical sensing analysis. (a) Representative immunofluorescence staining images of
YAP and nuclei in MDCK cells on PIC/M hydrogels. Note that in all conditions YAP is cytoplasmic. As a positive
control, we observe nuclear YAP at higher RGD concentration (Figure S10). (b) Representative actin staining
images of MDCK cells on PIC/M hydrogels after cell seeding for 5 h. (c-d) Representative actin staining images
of MDCK cells on PIC/M hydrogels treated with Cytochalasin D (c) and Blebbistatin (d) after cell seeding for 5h.
Inhibitors were added on 0 h. (e) Representative actin staining images of MDCK cells on PIC/M hydrogels after
cell seeding for 96 h. (f-g) Representative actin staining images of MDCK cells on PIC/M hydrogels treated with
Cytochalasin D (f) and Blebbistatin (g) after cell seeding for 96 h. Inhibitors were added on 48 h respectively. All
images are representative of n = 3 independent biological experiments. Scale bar: 20 μm.
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Figure 3.4 (Continued)

It is striking that all mechanical effects observed so far, were not accompanied by
nuclear translocation of YAP, even on a substrate with a storage modulus G′ as high as 1.5
kPa (PIC/M-8-16). We hypothesized that the low concentration of adhesive peptide only
allows for minimal cell-matrix interactions, which attenuates mechanical transduction.
We then took full advantage of the synthetic matrix, where we can readily manipulate
molecular parameters and we prepared hybrid matrices of PIC polymers with increased
RGD concentrations: PIC/M-8-16, PIC/M-8-63 and PIC/M-8-252.[55] The matrices with
these RGD densities displayed a similar stiffness (Figure 3.5a), but the cells on the gel
with the highest RGD density (252 μM) displayed distinctly different behavior. For these
cells, the majority of YAP translocated to the nucleus (Figure 3.5b,c).[56] In addition,
the average area of the cell and the nucleus increased significantly (Figure 3.5d,e and
Figure S13), most likely due to flattening of the cells as a response to the increased RGD
mediated cell-substrate interactions.[18,57]
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Figure 3.5 YAP translocation from cytoplasm to nuclei. (a) Bulk stiffness characterization of PIC/M-8 gels of
different RGD density. The given values of G′ are the averages of at least three independent measurements. (b)
Representative immunofluorescence staining images of YAP of MDCK cells on PIC/M-8 substrates of different
RGD density. All images are representative of n = 3 independent biological experiments. Scale bar: 20 μm. (c)
Fraction of cells on PIC/M hydrogels displaying preferential nuclear YAP localization (N, black), even distribution
of YAP in nucleus and cytoplasm (N/C, gray), or cytoplasmic YAP (C, white). The YAP translocation results are
based on scoring ≥2,000 cells for each sample. (d-e) The average quantitation of cell (d) and nuclei (e) area of
MDCK cells on PIC/M-8 substrate of different RGD density. The area quantification results are based on scoring
≥200 cells for each sample. NS = no significant, *** P<0.001, one-way ANOVA followed by Tukey’s multiple
comparisons test. Bars represent mean ± SEM.
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3.2.5 MDCK morphogenesis in 3D hybrid cultures.
Considering the reported differences in YAP activation in 2D and 3D matrices, we
next studied MDCK morphogenesis and YAP localization in 3D hydrogels. MDCK cells
(400,000/ml) were mixed with the cold matrix solution and subsequently gelled at 37
°C (PIC gels form within seconds after heating). Analogous to the 2D experiments, we
independently varied the PIC concentration (Figure 3.6a) and RGD density (Figure 3.6b).
In the corresponding PIC only gels, we observe for all PIC and RGD concentrations the
formation of well-organized rounded cysts (Figure S14).[58] An overview of cell behavior
in the 3D cultures is given in Table S2.
After 4 days in the 3D culture, cells in PIC/M-0.5-16, PIC/M-2-16 and PIC/M-8-16,
all formed round cell clusters (Figure 3.6a). Actin staining showed that in the softest
matrix (PIC/M-0.5-16), these clusters were hollow, and were very similar to the cysts
formed on the same matrix in the 2D experiment. The clusters in PIC/M-2-16 were solid
and disorganized; those in the stiffest PIC/M-8-16 hollow again, at first sight similar to
those in PIC/M-0.5-16. Note that in the corresponding 2D experiments on the stiffer
PIC/M substrates, monolayers were formed. YAP staining results of the cells in the 3D
cultures with low cell-adhesive peptide density showed that the transcription factor is
principally located in the cytoplasm (Figure 3.6a), analogous to the 2D experiments on
the same gels.
We then kept the stiffness of the 3D matrix constant (G′ ~ 1500 Pa) and varied the
RGD density between 0 and 252 µM, controlling the mechanical interactions between
the cells and the (relatively stiff) matrix. For the cultures in PIC-8-16 and PIC-8-252, we
observed the formation of round hollow cysts with the difference that for the cells in PIC8-16 YAP resided in the cytoplasm and for those in PIC-8-252, YAP had translocated
to the nucleus (Figure S15). In the corresponding PIC/M hybrids, PIC/M-8-0 and PIC/
M-8-16, also round cysts formed with YAP residing in the cytoplasm (Figure 3.6b).
In PIC/M-8-252, at the highest RGD concentration (252 μM), tubular structures were
formed (Figure 3.6b), which commonly requires the addition of specific biochemical
cues, such as growth factors.[46] The morphological change from spherical to tubular
structures in the 3D cultures required Matrigel components, a stiff matrix and sufficient
anchor sites to the matrix for mechanotransduction. Tubule formation coincided with
YAP translocation and, likely, activation (Figure 3.6b). The results of our 2D and 3D
experiments are fully consistent: YAP remains in the cytoplasm at low RGD levels, but
translocates to the nucleus in PIC/M-8-252 (Figure 3.6c), indicative of activation of a
YAP-controlled mechanotransduction mechanism at these conditions.
Recently, other groups who studied epithelial cell behavior in and on hybrid hydrogels
of Matrigel with either collagen[18] or alginate[16] presented seemingly contradictory
results. In the collagen hybrids, an increase in the collagen concentration, aiming at
increasing the mechanical properties but at the same time increasing cell the adhesion
site density, resulted in YAP translocation to the nucleus.[18] In contrast, increasing the
alginate concentration in the hybrids, even to a storage modulus of 20 kPa, only resulted
in cytoplasmic YAP.[16] We argue that both results perfectly agree with our observations
in the PIC-Matrigel hybrid matrices: nuclear YAP in relatively stiff gels with sufficient cell
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adhesion sites and YAP that resides primarily in the cytoplasm for (stiff or soft) matrices
with insufficient cell-binding capacity. Despite the abundance of binding sites in the soft
Matrigel component, it seems that a minimal RGD-binding site density on the stiffer
PIC/M component is crucial to initiate YAP activity.

Figure 3.6 MDCK cell morphologies in 3D PIC/M hybrid matrices. (a) Representative bright field (panel
on the top), actin staining (panel in the middle) and YAP immunofluorescence staining (panel on the bottom)
images of MDCK cells in PIC/M-0.5-16, PIC/M-2-16 and PIC/M-8-16. (b) Representative bright field (panel on
the top), actin staining (panel in the middle) and YAP immunofluorescence staining (panel on the bottom) images
of MDCK cells in PIC/M-8 of different RGD density. (c) Proportion of cells on PIC/M-8 of different RGD density
displaying preferential nuclear YAP localization (N, black), even distribution of YAP in nucleus and cytoplasm
(N/C, gray), or cytoplasmic YAP (C, white). The results are based on scoring ≥2,000 cells for each sample. All
images are representative of n = 3 independent biological experiments. Bright field scale bar: 50 μm. Staining
scale bar: 20 μm.
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Figure 3.6 (Continued)

3.3 DISCUSSION
Our PIC/M matrices are a combination of a synthetic hydrogel with animal-derived
Matrigel. By tailoring the composition of the hybrids, we are able to conveniently and
independently tune key parameters, such as stiffness and ligand densities. As Matrigel
contains numerous binding sites for cell attachment, we were surprised to find that a
limited RGD density (as low as 16 μM) on the PIC has a large effect on cell behavior.
Apparently, the RGD on the PIC backbone is dominant in transferring the physical
(mechanical) characteristics of the matrix.
Together, the results of our study show that both components in our PIC/M hydrogels
play a crucial role to control cell behavior and morphogenesis. Integrins on the cell
membrane are expected to interact simultaneously with the PIC scaffold and with
Matrigel components, including laminin. The αvβ6 integrin, expressed by MDCK cells is
the main RGD-binding integrin and is directly involved in mechanotransduction and cell
spreading.[59] For polarized cyst formation, however, the αvβ6 integrin is dispensable and,
rather, the α3β1 integrin – one of the main laminin-binding integrins – plays a key role.
[39-40]
We propose that in the hybrid gels, the PIC-RGD network provides the necessary
(tunable) mechanical cues, while Matrigel provides basement membrane components,
in particular laminin, that after cellular remodeling drives lumen formation and apicalbasal polarization.[39-41] Interestingly, αvβ6 integrin and the laminin-binding β1 integrins are
known to functionally cooperate in MDCK cells, as the αvβ6 integrin stabilizes β1 integrincontaining FAs and recruit supporting mechanosensitive proteins.[59] As such, initial
binding of MDCK cells to the PIC-RGD may potentiate the ability of the cells to interact
with Matrigel components using the non RGD-binding integrins. Those interactions likely
also promote the assembly of laminin into a basement membrane, and consequently,
contribute to polarized cyst morphogenesis. We note that we cannot exclude secondary
effects from the formation of a hybrid hydrogel, such as the masking or capturing of
bioactive factors of one of the components. These effects are intrinsic to hybrid matrices
and are further aggravated by the rich and complex composition of Matrigel.
Previous research has suggested that for modeling tissue morphogenesis in vitro,
cells should be cultured in an environment that permits free growth and remodeling of

99

3

Chapter 3

their environment.[60] Gehler et al. showed that breast epithelial cells undergo ductal
morphogenesis when cultured in a soft low-density matrix but not when the same matrix
is crosslinked and under higher tension.[61] The authors proposed that a stiffer ECM
clusters the integrins more effectively, which activates proliferation and cell contractility
to disrupt normal morphogenesis of breast epithelia. Our results indicate that MDCK
cells seeded on soft gels (PIC/M-0.5-16, Figure 3.7a) experience limited (mechanical)
interaction with the substrate, but display sufficient contractile forces for the formation and
maintenance of 3D cysts, analogous to what is commonly observed in Matrigel.45 One
can draw a parallel with the early stages of embryonic morphogenesis where intercellular
interactions dominate over matrix effects.[62] Inhibiting force generation or transmission
straightforwardly prevents desirable morphogenesis. With a stronger mechanical
response from the substrate (Figure 3.7b-c), a morphological shift is observed. Stiffer
substrate provides the initial trigger for a cascade of RGD based mechanotransduction
processes that influences cell spreading, FAs formation and cell-fate decisions. The
actomyosin contractile forces are (also) directed towards the substrate, resulting in welldefined monolayers. For these substrates, the response to cytoskeletal contraction
depends on the balance between the contractile forces and the substrate stiffness, or
more properly, the efficiency of force transduction determined by the substrate stiffness
and the concentration cell-adhesive peptides. When the substrate stiffness is increased
and the mechanical sensing is efficient through a sufficiently high density of cell-matrix
interactions (Figure 3.7d), a change in cell morphology can be observed when in the
monolayers, the cells and nuclei flatten.
Our results also provide information on mechanotransduction pathways involved
in MDCK morphogenesis at physiological stiffness levels. Only at ‘high’ stiffness (1.5
kPa) and ‘high’ RGD concentrations, the YAP pathway is activated as primarily nuclear
YAP is then observed. At lower stiffness or RGD availability, YAP is cytoplasmic and the
differences in morphology induced by differences in the substrate properties originate
from a YAP-independent mechanotransduction pathway. Although our studies show that
actin and non-muscle myosin II are involved, the details of this parallel signaling pathway
remain unclear.
The mechanotransduction analysis in 3D cultures give results that are analogous
to what is seen in 2D (Figure 3.7e,f): at low PIC and RGD concentrations, YAP is
localized in the cytoplasm and only at the highest concentrations of both, nuclear YAP
is observed. In 3D, this shift is concurrent with a morphological shift; the formation of
tubular structures. Cells in pure PIC-8-252 hydrogels and PIC/M-8-252 both display
YAP translocation from cytoplasm to nuclei (Figure S15), but only the latter forms
tubular structures, once again indicated that the presence of Matrigel facilitates matrix
remodeling and morphogenesis.
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Figure 3.7 Schematic overview of morphogenesis drivers: forces generated inside MDCK cells and the
substrate response to these cellular forces. 2D cell cultures: (a) Soft matrices provide little interaction and
intrinsic cellular forces give rise to cyst formation. (b-c) On stiffer matrices, substrate interaction induces the formation of monolayers, but mechanotransduction is limited by the interaction density through integrin binding. (d)
On stiffer matrices with sufficient cell-adhesive peptides, MDCK cells strongly adhere, form flattened monolayers
and only then, the YAP mechanotransduction pathway is activated. 3D cell cultures: (e) In softer matrices, limited
cell-ECM interactions and dominating intrinsic cellular forces result in cyst formation. (f) In stiffer matrices with
sufficient cell-adhesive peptides, MDCK cells form tubular structures and with simultaneous YAP translocation.

3.4 CONCLUSION
Morphogenesis is crucial in tissue formation and controlling the underlying force-driven
processes through well-defined substrates and 3D matrices is of great value. Here we
present a novel cell culture system based on PIC-Matrigel hybrid matrices composed
of a natural matrix and synthetic hydrogels that is able to direct MDCK morphogenesis
and can be used to explore the elements that are involved in mechanical transduction.
In our hybrids, MDCK cells develop into a broad range of morphologies, ranging from
distinct round hollow cysts to extended 2D monolayers with the correct polarization, and
even - in 3D - into tubular structures. By manipulating the PIC characteristics, the matrix
stiffness and density of RGD based cell-binding ligands can be tailored independently,
while keeping the concentrations of other (soluble) factors from Matrigel constant. Our
results confirm that matrix stiffness is a key factor, but they also highlight the important
role of appropriately placed cell-binding sites in or on the network. We find that at
least two mechanotransduction mechanisms are active. In one, which determines the
morphological shift from 3D cyst to monolayer, YAP is not translocated to the nucleus.
In the second mechanism, YAP clearly is involved, which results in strong anchoring
to the substrate that leads to a flattened morphology. We find analogous results in
2D cultures and in 3D experiments, where the gels more closely mimic the in-vivo 3D
microenvironment. Interestingly, we find the formation of tubular morphologies after YAP
activation in our 3D culture, which commonly requires additional factors. In short, our
work illustrates how external physical factors can be used to regulate morphogenesis
and how beneficial it is to study these effects in well-defined matrices.
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3.5 METHODS
3.5.1 Synthesis of and preparation of PIC-azide, PIC-RGD and Cy3-functionalized PIC.
The synthetic hydrogels are based on tri(ethylene glycol)-grafted polyisocyanides.[19] The
syntheses of azide-functionalized PICs and RGD-functionalized PICs, summarized in
Figure S1 follow previously reported procedures.[28] The co-polymerization of tri(ethylene
glycol)-grafted isocyano-(D)-alanyl-(L)-alanine monomer 1 and the azide-appended
monomer 2 (molar ratio of 1:2 = 99:1) was catalyzed by nickel perchlorate (total monomer:
catalyst ratio for all polymers was 2,000:1) and continued until FT-IR spectroscopy
indicated that all free isocyanide monomers were all consumed (24 h, Figure S16a).
After purification, the polymer was obtained as a light yellow solid, which was then
sterilized (UV, 5 min treatment) and dissolved in the desired concentration in sterile
HBSS (Sigma Aldrich, Cat. #H4891, prepared by dissolving Hank’s Balanced Salts (1 g
in 1 l sterile H2O). After soaking at 4 °C overnight, the mixture was shaken vigorously for
a few seconds. If air bubbles were present, these were removed by centrifuging at 4 °C,
1500 rpm 30 s, after which a transparent solution was formed. When the temperature is
raised above the gelation point, the cold transparent solution immediately forms a soft,
elastic gel. For the entire study, one large batch of PIC solution in HBSS was prepared,
which was then aliquoted and frozen at -20 °C until use. Before each experiment, the
frozen gels were first placed on ice to thaw.
RGD-functionalized PIC gels
The azide groups on the polymers were reacted with acetylene-equipped cell-binding
peptides (RGD) through the highly efficient[63] strain-promoted azide-alkyne cycloaddition
reaction following literature procedures.[28,43] Note that the concentration of the RGD
peptide is controlled by mixing the RGD-functionalized polymer with its precursor, the
azide-appended polymer. Bundle formation in the gel phase ensures a good distribution
of RGD peptides over the network.
Cy3-functionalized PIC gels
DBCO-Cy3 (0.84 μl, 20 mM in DMSO, Sigma Aldrich, # 777366) was mixed thoroughly
with a cold azide-functionalized PIC solution (1 ml, 16 mg/ml in HBSS) and left for 30
minutes on ice to allow full conjugation.
3.5.2 PIC/M hybrid hydrogel formation and characterization.
Matrigel (cat. #354234; Corning) was purchased to construct the hybrid hydrogels and
used at a final concentration of 4.4 mg/ml for all experiments. For the PIC/M hydrogels,
the desired amounts of cold stock solutions (16 mg/ml) of PIC with and without RGD
mixed with cooled Matrigel and additional HBSS was added when necessary. After
stirring well, at low temperatures, the PIC/M solutions are ready for use.
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3.5.3 Rheology and viscometry measurements
Rheological measurements were performed on a stress-controlled rheometer (Discovery
HR-2, TA Instruments) using a steel parallel plate geometry with a diameter of 40 mm
and a gap of 500 μm. Cold gel solutions were loaded on the rheometer plate, which was
set to 5 °C. The shear or storage modulus G′ was measured in oscillatory deformation
(amplitude γ = 0.04, a frequency ω = 1.0 Hz) in a temperature ramp (5 °C to 37 °C with 1
°C/min). The given values G′ were recorded at 37 °C and are the averages (and Standard
error of the Mean, SEM) of at least three independent measurements. Representative
rheology heating curves of the PIC/M hybrid hydrogels are shown in Figure S17; a full
overview of storage moduli is given Figure S3. Note that RGD conjugation does not
considerably change the mechanical properties of the PIC gels or the hybrids. The
nonlinear regime was studied by applying a constant pre-stress (σ 0 = 0.2–500 Pa) to the
samples and measure the mechanical properties using a small superposed oscillatory
stress (ω = 10–0.1 Hz) according to the pre-stress protocol described before.[20] Data is
given in Figures S4 and S5. The viscosity average molecular weight Mv of the azideappended polymer was measured by viscometry (Figure S16b) in acetonitrile, yielding
Mv = 419 kDa, from which the polymer length (L) was calculated.[10]
3.5.4 Immunofluorescence staining of Matrigel
To prepare the PIC/M hydrogels, Cy3-functionalized PIC and Matrigel were
homogeneously mixed in the desired ratio. A drop of PIC/M solution (50 μl) was cast on
the bottom of a chamber slide and left at 37 °C in the incubator for 1 h to allow for full
gelation. They were then blocked with 2% bovine serum albumin (BSA) in PBS for 1 h at
room temperature. After that, the samples were incubated in primary antibodies against
laminin (Sigma Aldrich, #L9393, 1:10) in 1% BSA solution for 2 h at room temperature.
They were washed with PBS, and subsequently incubated with Alexa 488-conjugated
secondary antibodies (Invitrogen, Cat. #A21206, 1:400) for 1 h at room temperature.
Then, the samples were mounted in PBS, and images were acquired using an Olympus
FV1000 confocal microscope. The acquired images were processed by Fiji.
3.5.5 Cell culture
Madin-Darby Canine Kidney (MDCK) cells were cultured in MEM (GIBCO, Life
Technologies) with 10% FBS, 1% L-glutamine and antibiotics.
2D cell culture
According to previous descriptions, PIC/M hydrogels were obtained by mixing the
appropriate PIC gels, Matrigel and HBSS in the desired ratio. After mixing, the gels (100
μl) were placed in an 8-well chamber slide, and left in the incubator for 1 h to allow gel
formation. In the meantime, the cells were trypsinized, counted and resuspended in fresh
growth medium. Then, 700 μl of cell suspension with a density of 20,000 cells/well were
seeded on top of the gelled PIC/M.
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3D Cell Culture
PIC/M hydrogels of different parameters were prepared according to previous description.
Then, cells were trypsinized, counted, resuspended in limited HBSS, and 1 volume of
cell HBSS suspension was mixed with 50 volumes of the ECM mix to obtain 20,000
cells in 50 μl. After thorough mixing, the gels with the cells were seeded in drops in a 24
well plate. After 1 h gelation in the incubator, the wells were supplemented with normal
growth medium.
3.5.6 Inhibitor treatment
The pharmacological agents used were 50 μM blebbistatin (Merck, # 203390-5MG) and
1 μM cytochalasin D (Sigma Aldrich, #C2618). The MDCK cells were exposed to each
pharmacological agent at 0 h (for 5 hrs until analysis) or 48 h (for 48 h until analysis) after
seeding the cells on top of PIC/M hydrogels.
3.5.7 Immunofluorescence analysis
For 3D cultured cell clusters immunofluorescence analysis, MDCK cell clusters generated
within the PIC/M hydrogels were fixed with 4% paraformaldehyde (PFA) in PBS at room
temperature for 1 h. The resulting pellet was incubated in 1.5% eosin at room temperature
for 5 min. After a quick wash with PBS, the pellet was resuspended in a 2.25% agar
solution at 80-90 °C. The hot agar solution with the cells was centrifuged (7200 rpm,
2 min) to allow the pellets to settle at the bottom. The solidified agar solution with cells
was embedded in paraffin. Then, 2 μm thick sections were cut using a microtome,
mounted onto superfrost slides and dried overnight at 37 °C. After deparaffinization with
Histochoice (VWR, Cat. #H103-4L, twice for 10 min each), the samples were rehydrated
with 100% (2 × 1 min), 96% (2 × 1 min), and 70% (1 × 1 min) ethanol, followed by washes
with tap water (2 × 1 min). Samples were then heated for 15 min in citrate buffer (pH
6.0, Dako, Cat. #S1699) in a microwave oven for antigen retrieval. After cooling to room
temperature for 1 h, the samples were blocked in 2% BSA in PBS at room temperature
for 1 h. Primary antibody incubation against rabbit YAP (CST, Cat. #14074, 1:200)
was performed in 1% BSA in PBS at room temperature for 2 h. Alexa 488-conjugated
secondary antibodies (Invitrogen, Cat. #A21206, 1:400) in 1% BSA/PBS were incubated
at room temperature for 1 h, followed by three PBS washes. Immunofluorescence
experiments were performed with negative controls where the relevant isotype was added
(rabbit isotype: Cell Signaling Technology, Cat. #3900, 1:15000). The samples were then
incubated with DAPI (5 μg/ml) at room temperature for 10 min, followed by three PBS
washes. The slides were mounted in anti-fade medium (Fluoromount W for microscopy,
Serva), and images were acquired using a Leica DM6000 microscope (Leica). Alexa
488-conjugated phalloidin (Life Technologies) was used at a dilution of 1:100 in 1% BSA
to visualize F-actin microfilaments and images were acquired using an Olympus FV1000
confocal microscope. Acquired images were processed by Fiji.
For 2D cultured MDCK cells immunofluorescence analysis, cysts generated on
PIC/M-0.5 were fixed with 2% PFA with 0.2% glutaraldehyde (to minimize or prevent

104

Tunable hybrid matrices drive epithelial morphogenesis and YAP translocation

depolymerization of Matrigel) for 10 min, following by further washes with PBS. The cells
were permeabilized with 0.2% triton X-100 in PBS for 1 h, followed with another 1 h of
blocking with 2% BSA in PBS. The primary antibody incubation was performed in 1%
BSA in PBS at room temperature for 2 h. The following primary antibodies were used:
rabbit YAP (CST, Cat. #14074, 1:200), mouse gp 135 (a gift from Dr. Mirjam Zegers,
1:500), rabbit E-cadherin (CST, Cat. #3195, 1:200) and mouse paxillin (a gift from Dr.
Mirjam Zegers, 1:200). The secondary antibody incubation was in 1% BSA in PBS at room
temperature for 1 h, followed by three PBS washes. Alexa 488- (Invitrogen, Cat. #A21206,
1:400) or 568- (Invitrogen, Cat. #A11031, 1:400) conjugated secondary antibodies were
used. All immunofluorescence experiments were performed with negative controls
where the relevant isotype was added (Mouse isotype: Biolegend, Cat. #400102, 1:500;
rabbit isotype: Cell Signaling Technology, Cat. #3900, 1:15000). The samples were then
incubated with DAPI (5 μg/ml) at room temperature for 10 min, followed by three PBS
washes. The samples were mounted in PBS. Alexa-488 conjugated phalloidin (Life
Technologies) was used 1:100 in 1% BSA to visualize F-actin microfilaments. Images
were acquired using an Olympus FV1000 confocal microscope. Acquired images were
processed by Fiji.
3.5.8 YAP localization quantification.
2D culture
YAP localization of PIC/M-0.5/1/2/8-16 was easy to quantify as YAP in almost all of cells
is in the cytoplasm. Cells on the edge of monolayer sheets were difficult to distinguish
and were scored as evenly distributed in nucleus and cytoplasm (N/C, gray). For cells
that had YAP in the nuclei (in PIC/M-8-252), immunofluorescence images of YAP
at 40× magnification from at least 5 randomly selected fields were taken. Then the
YAP localization of each cell was scored manually. At least 3 independent gels are
analyzed.
3D culture
For each independent gel, immunofluorescence images at 40× from at least 5 randomly
selected fields were taken. The distribution was quantified by scoring cells that display
preferential nuclear (N, black), evenly distributed in nucleus and cytoplasm (N/C, gray),
or cytoplasmic (C, white) YAP localization in each image. The given values are averages
of at least 3 independent gels for each condition.
3.5.9 Nuclei area quantification
Immunofluorescence images of YAP (40× magnification) from at least 5 randomly
selected fields were taken. Then, using Fiji, images were thresholded and filtered and
the number of nuclei and their area were automatically quantified. The results are based
on scoring ≥200 cells for each sample.
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3.5.10 Cell area quantification
At least 5 randomly selected fields of YAP staining with confluent cells were acquired.
Cell numbers were quantified based on the number of nuclei. Then the average cell area
was calculated based on the area of the selected field and the number of nuclei. The
results are based on scoring ≥200 cells for each sample.
3.5.11 Proliferation assay
Culture medium was gently removed and new medium supplemented with cell proliferation
reagent WST-1 (Roche) at a final concentration 1:10 (WST-1 stock solution: total working
solution) was added and the culture plates were incubated at 37 °C, 5 % CO2 for 2 hours.
The absorbance was measured at λ = 450 nm with a plate reader (Perkin Elmer 1420
Multilabel Counter). All samples were measured in triplicate.
3.5.12 Statistics
GraphPad Prism 8 and Cellprofiler were used for the statistical analysis of the data
presented in this work. Presentation and pre-processing: Data in images are reported
as mean ± SEM. The statistical significance in Figure 3.1e,f, Figure 3.5a,d,e, Figure S8,
Figure S11a and Figure S12 was determined using one-way ANOVA followed by Tukey’s
multiple comparisons test, NS = not significant, * 0.01<P<0.05, ** P<0.01, *** P<0.001.
The statistical significance in Figure S3 was determined using unpaired two-sided t test,
NS = not significant. The data in Figure S8 was normalized to absorbance of WST-1
without cells. Sample sizes are given in the captions of the figures.
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Figure S1. (a) Synthesis of intermediate DBCO-RGD; (b) Polymerization of PIC-azide. The distribution of N3
groups is random with an average of every 14-18 nm along the polymer chain. RT = room temperature.

Figure S2. Representative confocal images displayed Matrigel in different positions indicating a tightly mixed
morphology. Some of the Matrigel (green) is on top of PIC gels (red) or underneath of PIC gels. Scale bar: 50
µm. A clearer image is painted by confocal stack Movies 1 and 2.
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Figure S3. (a) Shear or storage moduli G′ of Matrigel, PIC gels and PIC/M hydrogels at different concentrations
and ratios, indicating the influence of RGD conjugation. (b) Storage modulus G′ of PIC gels and PIC/M hydrogels
at different PIC concentrations, comparing the contribution of Matrigel. Values and error bars are the average of
three independent measurements ± standard deviation. Statistics: unpaired two-sided t test, NS = not significant.
Bars represent mean ± SEM.
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Figure S4. Representative nonlinear mechanical properties of PIC/M-0.5-16, PIC/M-1-16, PIC/M-2-16 and
PIC/M-8-16, represented as the differential modulus K′ as a function of applied pre-stress σ.
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Figure S5. Storage modulus and critical stress (defined as the onset stress of stiffening) of PIC/M hydrogels.
The biomimetic strain stiffening behavior of PIC gels is maintained in the PIC/M hydrogels.
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Figure S6. (a) Representative bright field images of MDCK cells on Matrigel (seeded with 2% of Matrigel in
the medium). (b-c) Representative bright field images (b) and gp135 (red) immunofluorescence images (c) of
MDCK cells on PICs without RGD conjugated. (d-e) Representative bright field (d) and gp135 (red) immunofluorescence images (e) of MDCK cells on PIC gels with 16 μM RGD conjugated. All images are representative of
n = 3 independent biological experiments. Bright field scale bar: 100 μm. Fluorescence images scale bar: 20 μm.
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Figure S7. MDCK morphogenesis on PIC/M-0.5-16 showing laminin-111. Scale bar: 10 µm.

Figure S8. Proliferation assay of MDCK cells on different PIC/M hydrogels on day four after seeding, normalized
to absorbance of WST-1 without cells.[1] Data obtained from n = 3 experiments. Statistics: one-way ANOVA followed by Tukey’s multiple comparisons test. NS = not significant, * 0.01<P<0.05. Bars represent mean ± SEM.

Figure S9. Proportion of cells on PIC/M hydrogels displaying preferential nuclear YAP localization (N, black),
even distribution of YAP in nucleus and cytoplasm (N/C, gray), or cytoplasmic YAP (C, white). The results are
based on scoring ≥2,000 cells for each sample.
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Figure S10. YAP translocation from cytoplasm to nuclei. Representative immunofluorescence images of YAP
(green) and nuclei (magenta) of MDCK cells on PIC/M-8-252. All images are representative of at least n = 3
independent biological experiments. Scale bar: 20 μm.

3

Figure S11. YAP remains in cytoplasm in PIC/M-2. (a) Bulk stiffness characterization of PIC/M-2 gels of different
RGD density. The given values of G′ are the averages three independent measurements; the bars represent
SEM. Statistics: one-way ANOVA (followed by Tukey’s multiple comparisons test). NS = not significant. (b)
Representative immunofluorescence staining images of YAP of MDCK cells on PIC/M-2 substrates of different
RGD density. All images are representative of n = 3 independent biological experiments. Scale bar: 20 μm. Scale
bar: 20 μm. (c) Proportion of cells on PIC/M hydrogels displaying preferential nuclear YAP localization (N, black),
even distribution of YAP in nucleus and cytoplasm (N/C, gray), or cytoplasmic YAP (C, white). The results are
based on scoring ≥2,000 cells for each sample. Bars represent mean ± SEM.
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Figure S12. YAP quantification from 2D and 3D cultures. Cell Profiler was used to quantify the intensity ratio of
nuclear and acytoplasmic YAP from immunofluorescence images. NS = not significant, ***p < 0.001, one-way
ANOVA followed by Tukey’s multiple comparisons test, symbols represent each cell, n =7–20 cells per hydrogel.
Bars represent mean ± SEM.

Figure S13. Representative E-cadherin staining images of MDCK cells on PIC/M-8 substrate of different RGD
density. All images are representative of n = 3 independent biological experiments. Scale bar: 20 μm.
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Figure S14. Representative bright field images of MDCK cells in PICs (3D) of different formulations. Scale bar:
100 μm.

Figure S15. Representative immunofluorescence images of YAP (green) and nuclei (purple) of MDCK cells in
PICs of highest stiffness. Scale bar: 20 μm.
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Figure S16. Polymer characterization. (a) IR spectra of PIC polymers. (b) Viscometry analysis of the PIC polymer
in acetonitrile solution. The related molecular weight M v = 419 kg mol –1 was calculated based on polymer concentration and its viscosity data on PIC-azide in acetonitrile solutions. Blue triangles: the reduced viscosity, Red
triangles: the intrinsic viscosity.
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Figure S17. Representative rheology data a heating ramp from 5 °C to 37 °C in HBSS buffer at of PIC/M-0.516, PIC/M-1-16 of PIC/M-2-16, PIC/M-8-16, PIC/M-8-63 and PIC/M-8-252. Averages of G′ at T = 37 °C over 3
independent measurements are given in Figure S3a.
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Table S1. Morphology, polarity and YAP localization in 2D PIC hydrogels and PIC/M composites.
Pink background means: control experiments without Matrigel; n.d. = not determined. #Cysts as
defined are monolayer round hollow 3D structures.
RGD
density
on PIC
(µM)

Gel

Stiffness

Morphology

polarization
apical side
faces:

YAP
location

0

PIC/M-0.5-0

Soft

Round (but not hollow) clusters
or small monolayer clusters

Medium

n.d.

Soft

Big cell clusters and clumps

PIC-0.5-0
PIC/M-1-0
PIC-1-0

63
252

120

n.d.

Medium

n.d.

Mediate soft

Medium

n.d.

Mediate soft Round (but not hollow) clusters
or small monolayer clusters

Medium

n.d.

PIC-2-0

Mediate soft

Big cell clusters and clumps

Medium

n.d.

PIC/M-8-0

Stiff

Big cell clusters and clumps

Medium

n.d.

PIC/M-2-0

16

Medium

Mediate soft Round (but not hollow) clusters
or small monolayer clusters
Big cell clusters and clumps

PIC-8-0

Stiff

Big cell clusters and clumps

Medium

n.d.

PIC/M-0.5-16

Soft

Hollow cysts #

Lumen

Cytoplasm

PIC-0.5-16

Soft

Monolayers

Medium

Cytoplasm

PIC/M-1-16

Mediate soft

Monolayers

Medium

Cytoplasm

PIC-1-16

Mediate soft

Monolayers

Medium

Cytoplasm

PIC/M-2-16

Mediate soft

Monolayers

Medium

Cytoplasm
Cytoplasm

PIC-2-16

Mediate soft

Monolayers

Medium

PIC/M-8-16

Stiff

Monolayers

Medium

Cytoplasm

PIC-8-16

Stiff

Monolayers

Medium

Cytoplasm

PIC/M-8-63

Stiff

Monolayers

n.d.

Cytoplasm

PIC-8-63

Stiff

Monolayers

n.d.

Cytoplasm

PIC/M-8-252

Stiff

Monolayers

n.d.

Nuclei

PIC-8-252

Stiff

Monolayers

n.d.

Cytoplasm
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Table S2: Morphology, polarity and YAP localization in 3D PIC hydrogels and PIC/M composites.
*We defined a multilayer of round cell clusters with little lumen as incomplete cysts.
RGD
density
on PIC
(µM)
0

16

252

1

Gel

Stiffness

Morphology

polarization
apical side
faces:

YAP
location

PIC/M-8-0
PIC-8-0

Stiff
Stiff

n.d.
n.d.

Cytoplasm
n.d.

PIC/M-0.5-16
PIC-0.5-16
PIC/M-2-16

Soft
Soft
Mediate soft

n.d.
n.d.
n.d.

Cytoplasm
n.d.
Cytoplasm

PIC-2-16
PIC/M-8-16
PIC-8-16
PIC/M-8-252
PIC-8-252

Mediate soft
Stiff
Stiff
Stiff
Stiff

Incomplete hollow cysts
Solid round cell clusters
not hollow
Incomplete hollow cysts*
Hollow cyst
Solid and disorganized
cell clusters
Hollow cyst
Incomplete hollow cysts
Hollow cyst
Tubular structures
Hollow cyst

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
Cytoplasm
Cytoplasm
Nuclei
Nuclei

J. S. Liu, J. T. Farlow, A. K. Paulson, M. A. Labarge, Z. J. Gartner, Cell Rep. 2012, 2, 1461.
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ABSTRACT
Stress-stiffening is a common feature of fibrous natural matrices and is a mechanical
cue that mediates stem cell differentiation. Here, we show how the morphogenesis of
mammary epithelial cells (MECs) is affected by the stress stiffening properties of their
surrounding matrix. We use interpenetrating networks (IPNs) based on the synthetic
polyisocyanides, which closely mimic the properties of fibrous natural matrices. As
synthetic materials, (mechanical) properties of PIC-based matrices can be independently
modified, while keeping other factors constant. MECs cultured in the IPNs alter from
lumen-containing round acini to branching structures that invade the matrices by
changing the onset of stress stiffening only. Surprisingly, the stress-stiffening induced
invasive-like behavior was proven to be independent of the epithelium mesenchymal
transition (EMT) and breast milk related differentiation. To investigate specific genes
and pathways affected by this specific stress-stiffening cue, we sequenced the RNA
of different phenotype cultures and found a correlation between the onset of stiffening
and the expression of breast cancer associated genes EpCAM, CD24, and CXCL8. Our
data links matrix stress-stiffening to mammary gland epithelial cell morphogenesis, with
possible implications for breast cancer.
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4.1 INTRODUCTION
The extracellular matrix (ECM) plays an essential role in regulating cellular functions such
as survival, proliferation, migration and differentiation, and supports organ development,
function, and repair.[1] The ECM has a highly complex composition that supports a
multitude of parallel interactions between cells and their environment. The mammary
gland provides an ideal model for understanding the relationship between tissue function
and its supporting ECM.[2] Unlike in traditional two-dimensional cultures, mammary
epithelial cells cultured in reconstituted natural three-dimensional matrices can generate
3D miniatures that recapitulate features of the breast organ in vivo; apical-basal polarized
cells forming acini-like spheroids with a hollow lumen and with the basal cells facing the
basement membrane of the ECM.[3] Previous research has extensively demonstrated that
the ECM is crucial for the development and maintenance of a polarized luminal structure.
[4,5]
Thus, developing 3D culture systems that give the desired physiological morphology,
but are highly tunable to study the effects of the ECM on the behavior of the mammary
gland epithelium in vitro, are of great value for tissue engineering applications, and for
research into development, disease generation, cancer morphogenesis, etc.[6] In addition,
such knowledge can, for instance, be utilized to remodel organ-like miniatures in vitro.
[7]
Currently, the most extensively used matrix is Matrigel, an exogenous mouse-derived
biomatrix that contains many essential components of the ECM, including collagen,
laminin, and important growth factors.[8] However, its poorly defined composition and
lot-to-lot variation make it impossible to systematically investigate the role of this matrix
in tissue development. Lastly, as Matrigel and analogous basement membrane matrices
are derived from a mouse sarcoma cell line, they can never be used for in-human use.
Therefore, synthetic matrices engineered with essential factors to support cell behavior
have therefore been designed as alternatives to natural matrices.[9-11] These synthetic
matrices have been proven to be powerful platforms to identify and dissect biochemical
and biophysical effects on tissue morphogenesis and disease generation.
Recent advances have unveiled that cell behavior depends on various aspects
of the mechanical properties of the surrounding matrix, including stiffness,[12] stressrelaxation[13] and stress-stiffening.[14] Commonly, synthetic matrices are predominantly
elastic, meaning that applying a force on the material causes a proportional deformation,
and after removing the force, the material returns to its original shape and size. Most
natural tissues, however, are viscoelastic (with the characteristics of elastic solids and
viscous liquids) and exhibit stress-stiffening (with a stiffness dependent on stress). Stressstiffening is a unique feature that protects tissues against damage and assists in longdistance cell-cell communication. Stress-stiffening in synthetic hydrogels is generally
found at stresses that are much higher than the rupture stress of biological materials.
Kouwer et al.[15] reported a fully synthetic gel that not only mimics fibrous architecture, but
also exhibits a stiffening response in a biologically relevant stress range. The gel is based
on an ethylene glycol-functionalized polyisocyanide (PIC); a cold aqueous PIC solution
forms a network of semi-flexible bundles of polymer chains after warming to physiological
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temperatures. The mechanics of PIC hydrogel is readily tuned by changing polymer
concentration, temperature, and polymer length.[16-18] Das et al.[19] demonstrated that the
differentiation of human mesenchymal stem cells readily switched from adipogenesis to
osteogenesis by only changing the onset of stress-stiffening of PIC hydrogels. Moreover,
PIC hydrogels also displayed their potential application as novel 3D culture system in
wound dressing[20] and in pre-vascularization.[21]
Here we introduce the use of interpenetrating networks (IPNs) of PIC hydrogels
and Matrigel to selectively investigate how the stress-stiffening property of ECM affects
mammary epithelium morphogenesis and malignancy in 3D cultures. The IPNs form into
fibrous hydrogels that closely resemble both the fibrous structure and stress-stiffening
response of an in vivo matrix. We characterize the mechanical properties of the IPNs
and study how the mammary epithelium responds to the stress-stiffening characteristics
of the matrix. We show that this synthetic hydrogel aids in modulating mammary gland
epithelium morphogenesis at a much closer level to in vivo physiology than has been
possible so far using synthetic matrices.

4.2 RESULTS
4.2.1 PIC hydrogels
The use of synthetic PIC polymers allowed us to independently tune three key parameters:
(i) the gel’s stress-stiffening response through changing the polymer length; (ii) the gel
stiffness G’ through changing the total PIC concentration; and (iii) the cell-ECM interaction
through changing the density of Arg-Gly-Asp (RGD, a well-known cell adhesive peptide)
that is conjugated to the polymer.[22,23] To prepare gels of different stress-stiffening
characteristics, polymers of different molecular weight/length were prepared by varying
the catalyst to monomer molar ratio between 1:1,000 (1k) and 1:8,000 (8k) (Table 1).
Warming cold solutions of these polymers in HBSS (2 mg mL-1, 63 μM RGD) above 15 °C
induces the formation of transparent gels. Through rheology experiments, we determined
the gel stiffness in the linear viscoelastic regime (G’) and the critical stress σC, as the
stress where stiffening regime is entered (Table 1). All gels were soft and exhibited
similar stiffnesses (Gel1, Gel2, Gel3, Gel4). The value of σ C was found to increase
as a function of the polymer length (data not shown), which is consistent with previous
work.[16] To prepare gels of increasing bulk stiffness (Gel8, Gel2, Gel9), polymers were
dissolved at increasing concentrations, varying from 1 mg mL-1 to 4 mg mL-1. To prepare
gels of different cell adhesion density (Gel5, Gel6, Gel2, Gel7), RGD-functionalized PIC
polymers (3k) were mixed with PIC polymers without RGD conjugated in the desired
ratio. In summary, the biochemical and biomechanical cues of PICs can be readily and
independently tuned, providing a unique platform to investigate MCF10A behavior in the
in vivo-like physiology.
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Table 4.1 Characterization of the polymers and hydrogels in HBSS.
Gel

Catalyst:
monomer

Mv
(kg mol -1)

n

L
Stiffness
(nm) G’ (Pa)

Critical
stress
σc (Pa)

RGD
density
(μM)

PIC
concentration
(mg mL-1)

Gel1

1:1000

322

1018

127

138

14

63

2

Gel2

1:3000

502

1588

198

105

27

63

2

Gel3

1:5000

530

1676

210

164

27

63

2

Gel4

1:8000

557

1762

220

164

29

63

2

Gel5

1:3000

502

1588

198

270

27

0

2

Gel6

1:3000

502

1588

198

138

27

32

2

Gel7

1:3000

502

1588

198

279

27

126

2

Gel8

1:3000

484

1531

191

21

9

63

1

Gel9

1:3000

502

1588

198

217

27

63

4

Mv: Viscosity average molecular weight as determined by viscometry; Mv was determined from the
azide intermediate since PIC-RGD does not dissolve in acetonitrile and structurally differs from nonfunctionalized PIC; n: degree of polymerization as calculated from Mv; L: contour length calculated
from Mv. The calculated polymer contour length is based on the dimensions of the polymer assuming
an identical helical pitch of 0.47 nm.15

4.2.2 PIC-Matrigel IPNs
The IPN gels were prepared according to a previous study[22] (Chapter 3). In that work, we
confirmed that network formation of PIC-Matrigel composites occurs independently of the
characteristics of either component, both on the microscopic scale (through assessing the
network morphology), and on the macroscopic scale (through measuring the mechanical
properties of the composites). The mechanical properties of the IPNs described in this
work were measured independently by rheology experiments.
4.2.3 MCF10A viability in PIC hydrogels
RGD is a widely applicable adhesion peptide that promotes the attachment of numerous
cell types to diverse materials.[24] After RGD sequences were coupled to PIC hydrogels
for cell adhesion, we first explored whether this was sufficient to support the survival
and proliferation of mammary epithelial cells in 2D and 3D cultures. The 2 mg mL-1 PIC
hydrogels for 2D cultures were designed to present a constant 63 μM RGD adhesive
peptides as this concentration has been shown to support epithelial cell proliferation
in MDCK cells[22] (Chapter 3). MCF10A cells were seeded on top of pre-formed RGDfunctionalized PIC hydrogels (Gel2) and, after seven days in culture, formed round
structures that were easily washed away from the surface while changing the medium
(Fig. 4.1a), indicating a low attachment to the substrate. As a control, MCF10A cells were
seeded on top of a PIC gel without RGD (Gel5) and on Matrigel. Cells on Gel5 displayed
similar structures to Gel2, while cells on Matrigel generated randomly structured cell
clusters (Fig. 4.1a). In the corresponding 3D cultures, both cells in unfunctionalized or
RGD conjugated PIC did not show proliferation, while cells in Matrigel grew into clusters
(Fig. 4.1b).
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To assess how ECM cues influence epithelial cell behavior in 3D cultures, MCF10A
cells were encapsulated in hydrogels of variable stress-stiffening properties (Gel1, Gel2,
Gel3, Gel4, Fig. 4.1c), RGD-densities (Gel5, Gel6, Gel2, Gel7, Fig. 4.1d) and bulk
stiffness (Gel8, Gel2, Gel9, Fig. 4.1e). After seven days in pure PIC hydrogels, however,
MCF10A cells were not able to survive regardless of the critical stress (14-29 Pa), RGD
density (0-126 μM), or bulk stiffness (30-500 Pa), indicating that, in contrast to what we
found in MDCK cells, additional factors are needed to promote MCF10A cell growth.[25]

Figure 4.1 PIC hydrogels for mammary epithelium viability in PIC hydrogels cell culture. (a, b) Representative bright-field images of MCF10A cells cultured with PIC hydrogels or Matrigel; 2D culture (a) and
3D culture (b). Matrigel concentration: 8 mg mL-1; Gel2: 2 mg mL-1 from 3k with 63 μM RGD conjugated; Gel5:
2 mg mL-1 PICs from 3k, no RGD conjugated. (c, d, e) Representative bright-field images of MCF10A cells were
encapsulated in PIC hydrogels of, (c) Gel1, Gel2, Gel3 and Gel4 (2 mg mL-1, 63 μM RGD) with σc = 14, 27, 27
and 29 Pa, respectively; (d) Gel5, Gel6, Gel2, Gel7 (2 mg mL-1) with RGD densities of 0, 32, 63 and 126 μM,
respectively; (e) Gel8, Gel2, Gel9 (63 μM RGD) with bulk stiffness G’ = 21, 105, 217 Pa, respectively and Matrigel
as control for 3D culture on day 7. Scale bars: 100 μm.
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4.2.4 MCF10A Viability in PIC-Matrigel IPNs
Previous research has demonstrated that the presence of basement membrane, and in
particular its main component laminin, is crucial for forming a normal acinar structure
of MCF10A grown in 3D hydrogels.[25,26] However, mixing laminin solution (ranging from
0.25 mg mL-1 to 1 mg mL-1) alone with PIC hydrogels had no effect on cell behavior (data
not shown). As a next step, RGD-functionalized PIC hydrogels were mixed with Matrigel
to obtain interpenetrating networks (IPNs) for further experiments. In our first step of
preparing these IPNs, the total volume of each IPN was kept constant; only the ratio of
Matrigel to PIC hydrogels was varied. PIC hydrogels (2 mg mL-1 as stock solution) were
mixed with Matrigel (8.0 mg mL-1 as stock solution) to give IPNs (Chapter 3), labeled
as IPN-[c]-[polymer], where [c] is the final Matrigel concentration in IPNs; [polymer] is
the catalyst to monomer ratio of PIC to distinguish different PICs. As the cells in pure
PIC hydrogels of different parameters (variable critical stress, RGD densities, stiffness)
displaying similar behavior (poor survival), we initially used polymers of 5k at 2 mg mL-1
with 63 μM RGD only to prepare IPNs. It is noted that both Matrigel and PIC gels provide
peptides for cell adhesion, and that by changing the Matrigel concentration, also the cell
adhesion density in these IPNs varies. Both the bulk stiffness and critical stress of this
series of IPNs are shown in Table 4.2.
Table 4.2 Characterization of the Gels in HBSS.
Critical stress σc (Pa)

Ratio ( Matrigel:PIC[a])

Stiffness G’ (Pa)

Gel3

0:100

164

17

IPN-0.8-5k

10:90

198

15

Gels

IPN-1.6-5k

20:80

121

13

IPN-2.4-5k

40:60

87

12

IPN-4.0-5k

50:50

36

3

IPN-5.6-5k

70:30

59

3

82

9

Matrigel

100:0
-1

-1

[a] Used for gels: 2 mg mL 5k PIC and 8 mg mL Matrigel as stock solution.

After seven days encapsulation, MCF10A cells in different IPNs exhibited quite
different morphologies. Cells in IPNs-0.8-5k (Fig. 4.2a) and IPN-1.6-5k (Fig. 4.2b) grew
as almost rounded cell clusters rather than single cells, indicating that the survival and
proliferation of MCF10A cells are greatly enhanced in the presence of limited amounts
of Matrigel. It also demonstrates that RGD-functionalized PIC hydrogels do not suppress
MCF10A cell viability. In contrast to the rounded morphology observed in IPNs containing
low Matrigel concentrations (0.8 and 1.6 mg mL-1), cells in IPNs containing intermediate
Matrigel levels IPN-2.4-5k (Fig. 4.2c) and IPN-3.2-5k (Fig. 4.2d) exhibited an invasive-like
phenotype. The MCF10A cell clusters in IPNs with the highest Matrigel concentrations,
IPN-4.0-5k (Fig. 4.2e) and IPN-5.6-5k (Fig. 4.2f) again exhibited rounded morphologies,
similar to what was seen in pure 8 mg mL-1 Matrigel (Fig. 4.1e).
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Figure 4.2 PIC/Matrigel IPNs for mammary epithelium cell culture. Representative bright-field images of
MCF10A cells cultured in IPNs of different Matrigel concentrations (varying from 0.8 mg mL-1 to 5.6 mg mL-1) on
day 7. Scale bars: 100 μm.

In this series, two parameters were varied simultaneously; the Matrigel concentration
and the mechanical properties of the IPNs. To decouple both parameters and further
zoom in the mechanical effects of the matrix, with an emphasis on the stress-stiffening
effects on MCF10A morphogenesis, we studied IPNs of RGD-functionalized PICs of
different critical stress (1k, 3k and 8k) mixed with same amount of Matrigel.
To figure out the optimal Matrigel concentration to explore stress-stiffening effects,
IPN-0.8-1k, 3k and 8k, IPN-1.6-1k, 3k and 8k, IPN-2.4-1k, 3k and 8k, IPN-3.2-1k, 3k and
8k, and IPN-4-1k, 3k and 8k were prepared. Interestingly, we observed that alterations
in the polymer length of the PICs, changed the invasive properties of MCF10A cells.
Similar to the IPNs containing 5k PIC (Fig. 4.2), a very low Matrigel concentration of
0.8 mg mL-1 does not induce an invasive-like phenotype for either IPN in the 1k to 8k
range (Fig. 4.3a). However, in the presence of 1.6 mg mL-1 Matrigel, 3D cell structures
appeared increasingly invasive with increasing of polymer length, 1k to 8k, of the IPN (Fig.
4.3b). MCF10A cells in IPN-1.6-1k formed round clusters, while in IPN-1.6-3k (thus only
changing polymer length), the cells became somewhat invasive-like and the cell clusters
displayed rough edges (Fig. 4.3b). With a further increase of the polymer length (to 8k),
the cells invaded the IPNs more intensively (Fig. 4.3b). When the Matrigel concentration
was increased to 2.4 mg mL-1, the MCF10A cell clusters exhibited round structures in IPNs
with 1k PICs, but displayed invasive-like structures in IPNs with PICs of 3k and 8k (Fig.
4.3c). Upon further increase of the Matrigel concentration (3.2 and 4 mg mL-1), however,
the 3D structures generated from the MCF10A cells appeared less invasive-like with
more rounded morphologies in IPNs of all PICs (Fig. 4.3d, e). In summary, only in the
presence of 1.6 mg mL-1 Matrigel, MCF10A cell morphogenesis seems sensitive to the
critical stress of the surrounding matrix (Fig. 4.3b). Such PIC polymer length or critical

130

Modulating mammary epithelium morphogenesis

stress-dependent changes in MCF10A morphology were not observed in other (0.8, 2.4,
3.2, 4.0 mg mL-1) Matrigel conditions (Fig. 4.3a, c, d, e).

4

Figure 4.3 PIC/Matrigel IPNs of different critical stress for mammary epithelium cell culture. Representative bright-field images of MCF10A cells cultured in IPNs of different Matrigel concentrations (varying from 0.8
mg mL-1 to 4 mg mL-1) and different PICs (varying from 1k to 8k) on day 7. Scale bars: 100 μm.

To further understand the mechanism underlying the dramatic phenotypic changes
observed in the MCF10A morphology in the different IPNs, we focused on the IPNs with
1.6 mg mL-1 Matrigel where the clearest alterations are observed. We firstly determined
the mechanical properties (bulk stiffness and critical stress) of IPN-1.6-1k, 3k, and 8k

131

Chapter 4

(Table 3). The IPNs of different polymer length and constant Matrigel concentration
displayed a similar bulk stiffness but a variable critical stress. These data indicate that
the stress-stiffening property of IPNs trigger the changes in MCF10A morphology.
Table 4.3 Characterization of the IPNs in HBSS.
IPNs

Stiffness G’ (Pa)

Critical stress σc (Pa)

IPN-1.6-1k

89.2

12

IPN-1.6-3k

76.5

14

IPN-1.6-8k

69.6

15

The morphological differences of the cell clusters in the different IPNs were confirmed
by cell staining and fluorescence microscopy analysis. F-actin staining with phalloidin
indicated that the round clusters in IPN-1.6-1k were well organized with a hollow lumen,
displaying characteristics of acinar structures, similar to the acinar structures derived
from Matrigel (Fig. 4.4). However, when critical stress was increased by replacing 1k PIC
with 3k PIC (IPN-1.6-3k), the 3D structures displayed a more invasive-like phenotype.
MCF10A cells invaded the IPNs more pronouncedly when seeded in IPN-1.6-8k. Both the
bright-field and F-actin fluorescence images showed that the morphologies of MCF10A
were tuned by changing the onset of the stress-stiffening property of PIC gels, indicating
the contribution of stress-stiffening on mediating cell behavior.

Figure 4.4 Representative actin microscopy images of MCF10A cells in IPNs of different critical stress
after seven days encapsulation. Staining: F-actin (Phalloidin): green; nuclei (DAPI): blue. Scale bar: 20 μm.

4.2.5 MCF10A proliferation in selected PIC-Matrigel IPNs
Matrix invasion is often induced by increased cell proliferation.[13] We analyzed cell
proliferation rates with a WST-1 assay to investigate the stress-stiffening-dependent
effect on MCF10A invasion. Seven days after encapsulation, we observed no significant
differences (Fig. 4.5), indicating that the phenotypic changes were not associated with
cell proliferation.
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4
Figure 4.5 Proliferation assay of MCF10A cells in IPNs of different critical stress after seven days encapsulation, normalized to absorbance of WST-1 without cells. N.S., not significant, unpaired Student’s t-test.

4.2.6 Epithelial to mesenchymal transition (EMT) and differentiation
EMT is a cellular program that is involved in embryonic development, wound healing, but
also in tumorigenesis and invasion.[27] During this process, cells undergo a phenotype
shift from an apical-basal polarized epithelial cell to non-polarized mesenchymal cell
morphology, including associated changes in cell functions, such as detachment from
the ECM, migration, invasion and ultimately colonization at a second site.[27] One of
the hallmarks of EMT is the loss of expression of E-cadherin, which is a membrane
protein central in cell-cell interactions. Because of the invasive-like phenotype of MCF10A
cells in matrices of higher critical stress, we investigated E-cadherin expression by
immunofluorescence staining. We found that cells clusters in any condition displayed
E-cadherin expression, even in the invasive-like clusters (Fig. 4.6a), indicating that
although cells appear invasive, they did not lose the cell-cell junctions. We then analyzed
EMT-related protein expression; E-cadherin, Vimentin, Slug and ZO-1 (Fig. 4.6b). To
this end, after seven days culture in IPNs, proteins were harvested and analyzed using
western blotting. As shown in Fig. 4.6b, there were no clear differences in these EMT
related proteins. Of note, the levels of proteins related to differentiation, β-casein and
phospho-stat5 [28] were also not significantly different (Fig. 4.6b), indicating that the
different phenotypes induced by the IPNs was not related to differentiation into milk
duct-like tubular structures.
Next, real-time polymerase chain reaction (qPCR) was carried out to analyze
expression of EMT associated genes; i.e. E-cadherin, Slug and Twist. The results were
consistent with protein analysis, and no significant differences in target genes were
observed (Fig. 4.6c). Thus, the invasive-like phenotype of MCF10A cells in IPNs of higher
critical stress is not related to EMT or differentiation.
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Figure 4.6 Protein and RNA analysis of mammary epithelium cell in IPNs. (a) Immunofluorescence microscopy images of MCF10A cells in IPNs of different critical stress after seven days seeding. Staining: E-cadherin:
green; nuclei: blue. Scale bar: 20 μm. (b) EMT and differentiation related protein expression analysis of MCF10A
cells in IPNs of different critical stress after seven days seeding. The house keeping gene of Vimentin, Slug,
ZO-1 and β-casein is β-actin. (c) EMT related genes expression analysis of mammary epithelium cell in IPNs of
different critical stress. N.S., not significant, unpaired Student’s t-test.

4.2.7 Mechanical transduction analysis
Cells mechanically sense their environment through cell-cell and cell-ECM adhesion,
mechanosensitive ion channels and their primary cilium.[29,30] It is important to note
that mechanotransduction can function differently depending on context and cell type.
[31,32]
Integrin receptors bind to ECM ligands to generate adhesion complexes,[33] which
together with intracellular cytoskeletal components jointly activate downstream effectors
of mechanotransduction pathways. The effectors include megakaryocytic acute leukemia
(MAL; also known as MRTF-A and MKL1), which acts as a G‑actin-binding co-activator
of serum response factor (SRF), Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ).[34,35] As the observed differences in MCF10A
morphology appeared to result from mechanical properties of the matrix, we quantified
mechanotransduction-related gene expression. After seven days in IPN culture, RNA
was harvested from the cells and analyzed via qPCR. As shown in Fig. 4.a, there were
no significant differences in expression levels of the mechanotransduction genes MKL1,
TAZ and SRF.
In vivo, the extracellular matrix is not constant, but changes as a result of deposition
and degradation. The secretion of matrix contents by cells during development[36] may
increase integrin densities and, subsequently, increase cell-ECM interactions, which
affects the force transmission between cells and the matrix and the downstream cellular
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behavior. Moreover, the ability to degrade extracellular proteins is essential for cells to
interact with their surroundings to develop and function normally.[37,38] Thus, to assess
whether MCF10A cells remodel the IPNs around them during invasion, ECM remodeling
related genes, fibronectin and MT1-MMP were also analyzed by qPCR but, again,
showed no significant differences between the round acini and invasive-like structures
(Fig. 4.7b).

4

Figure 4.7 RNA expression analysis of mammary epithelium cell in IPNs of different critical stress.
(a) Cell-ECM mechanotransduction related genes; (b) ECM remodeling related genes. N.S., not significant,
unpaired Student’s t-test.

4.2.8 RNA sequencing
As -surprisingly- proliferation and levels of candidate genes that mark EMT, differentiation
and mechanotransduction were not changed between the different IPN-induced
phenotypes, alternative mechanisms were thought to be involved in stiffening-dependent
morphogenesis. Therefore, RNA sequencing was performed as an unbiased approach
to gain insight into possible mechanisms. To this end, three independent replicates of
round cysts (IPN-1.6-1k) and of invasive-like morphologies (IPN-1.6-8k) were analyzed
by RNA sequencing. Indeed, distinct gene expression profiles were found. Plotting fold
change in IPN-1.6-8k against fold change in IPN-1.6-1k revealed the most highly differing
genes (Table 4). Surprisingly, considering the strong phenotypical changes, no obvious
pathways were found by Reactome analysis. However, we found several mammary gland
epithelial cells malignancy genes, i.e. CXCL8, CD24, and EpCAM were regulated in
MCF10A cells by increasing stress-stiffening IPNs.
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Table 4.4 Distinct gene expression profile. Plotting fold change in IPN-1.6-8k against fold
change in IPN-1.6-1k.
Base Mean
54.49459
1729.9
2977.903
108.8464
519.4793
91.00495
122.062
213.5537
110.1574
855.9071
303.5922
160.8578
18.48447
103.8877
1523.399
103.0638
9869.163
131.2251
106.1872
716.135
1466.825
60.90172
277.5814
1306.86
129.045
333.5476
49.82292
291.0061
319.419

log2FoldChange
-1.91614
-1.0956
-1.58953
-1.56733
-1.19352
-1.37741
0.973205
1.045809
0.968637
0.666705
0.747642
-1.17632
-4.77E-06
1.053659
0.656426
-1.2755
-0.96289
0.902239
1.027739
-1.06226
0.767085
-1.09049
0.70399
0.763131
0.823953
-9.90E-06
-9.76E-06
-0.99008
0.848509

IfcSE
0.364564
0.210329
0.374694
0.373852
0.291229
0.363333
0.269046
0.300159
0.280195
0.201237
0.249223
0.384372
0.001443
0.34502
0.212664
0.425379
0.30852
0.295412
0.324316
0.352933
0.253578
0.368199
0.244007
0.26786
0.290337
0.001443
0.001443
0.362397
0.309479

P value
6.76E-09
7.87E-09
8.30E-07
1.07E-06
1.58E-06
5.63E-06
1.10E-05
1.76E-05
2.00E-05
3.23E-05
8.87E-05
7.20E-05
7.79E-05
7.57E-05
6.85E-05
8.75E-05
5.83E-05
7.54E-05
5.25E-05
8.32E-05
8.18E-05
0.0001
0.000125
0.000139
0.000146
0.000186
0.00019
0.000188
0.000187

P adj
4.33E-05
4.33E-05
0.002949
0.002949
0.003467
0.010317
0.017324
0.024182
0.024423
0.035482
0.046462
0.046462
0.046462
0.046462
0.046462
0.046462
0.046462
0.046462
0.046462
0.046462
0.046462
0.050211
0.059883
0.063848
0.064208
0.067255
0.067255
0.067255
0.067255

Gene Name
LYPD5
SBSN
KRT6C
KRTDAP
LCE3D
BNIPL
FAM72D
CXCL8
FAM72C
HMGB2
NCAPG
SIPA1L2
SLURP1
NUF2
CKS1B
VSIG10L
KRT16
FAM72A
MICB
CD24
HIST1H3G
LCE3E
CDKN3
HIST1H3C
FOXM1
GDPD3
AQP9
CNFN
EPCAM

Note: The first column, baseMean, is a just the average of the normalized count values, dividing by
size factors, taken over all samples. Fold change is defined as the ratio of the difference between
final value and the initial value divided by the initial value. Log2FoldChange is the effect size
estimate. It tells us how much the gene’s expression seems to have changed due to treatment with
dexamethasone in comparison to untreated samples. This estimate has an uncertainty associated
with it, which is available in the column lfcSE, the standard error estimate for the log2 fold change
estimate. We can also express the uncertainty of a particular effect size estimate as the result of a
statistical test. The purpose of a test for differential expression is to test whether the data provides
sufficient evidence to conclude that this value is really different from zero. As usual in statistics,
the result of this test is reported as a P value, and it is found in the column P value. It indicates
the probability that a fold change as strong as the observed one, or even stronger, would be seen
under the situation described by the null hypothesis. The adjusted p values satisfy the property
that thresholding at a specific value defines a set of tests (one for each gene) with a bounded
false discovery rate (FDR), typically a useful metric for assessing which genes to target for further
analysis. [39]
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4.2.9 Validation of RNA sequencing variations using RT-PCR
To validate the expression differences found by RNA sequencing, qPCR was performed,
which confirmed EpCAM, CXCL8 and CD24 changes in cells harvested from IPN-1.6-1k
and IPN-1.6-8k (Fig. 4.8). MCF10A cell expression of EpCAM was upregulated while
CD24 was downregulated compared with IPN-1.6-1k. Previous study confirmed that that
EpCAM+, CD44+, CD24–, lineage-fraction of cancer stem cells (CSCs) had a >10-fold
higher frequency of tumor-initiating cells than the EpCAM–, CD44+, CD24–, lineage-CSC
fraction.[40] However, CD44 did not show much obvious difference between IPN-1.6-1k
and IPN-1.6-8k. Moreover, MCF10A cells from IPN-1.6-8k displayed higher expression of
the cytokine CXCL8 when compared with that from IPN-1.6-1k. Together, both the RNA
sequencing and qPCR data indicated that 3D culture of mammary gland epithelium in
IPNs of higher critical stress promoted an invasive-like phenotype, which is highly relevant
to MCF10A malignancy.

4

Figure 4.8 Mammary epithelium cells malignancy related genes analysis. N.S., not significant. * P<0.1,
unpaired Student’s t-test.
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4.3 DISCUSSION
Here, we presented that the stress-stiffening properties of the ECM modulate MCF10A
morphogenesis and possibly malignancy by utilizing a novel interpenetrating networks
composed of synthetic hydrogels and animal-derived Matrigel. Uniquely, MCF10A
morphogenesis can be altered simply by modifying the PIC polymer chain length, and
thus the critical stress, keeping the matrix stiﬀness and ligand density unaltered in the
process.
The actual mechanism of cell behavior is likely to be considerably more complex
than solely being the result of a specific mechanical stimulus, rather involving of a variety
of mechanical properties, such as stiffness, dynamic matrix degradation, mechanical
constraints, stress-relaxation, stress-stiffening, etc.[13,25,37,41] Our results indicate stressstiﬀening as a new key regulator of MCF10A morphogenesis, and suggest that mechanical
response (stiﬀening) of a matrix towards cellular traction may be as important as bulk
matrix stiﬀness in cellular morphologies. In our stress-stiﬀening hydrogels, cell contractile
forces transmit directly to the ECM through adhesion complexes formed at the cell-ECM
interface. Unlike other rigid synthetic hydrogels, cells in stress-stiffening hydrogels can
strain the gels and in turn modulate cell behavior to respond to stress-stiffening. Stressstiffening hydrogels combining the advantages of natural matrices (fibrous structure,
soft, stress-stiffening, etc.) and synthetic hydrogels (controllable parameters), can be
considered as a new class of culture system for mechanical sensing studies. However,
the exact sequence of events and molecular mechanisms leading to stress-stiﬀeningmediated cell response still remain to be unraveled.
In earlier work, researchers found that external oncogene activation was necessary
for invasion in rBM/collagen matrices.[42] As we know, rBM-based hydrogels are complex
mixtures and may contain undefined growth factors, which differentially affect cell
behavior, which hampers the identification of specific ECM cues required by different
tissue types. It is established that there are multiple mechanisms by which the mammary
epithelium senses and responds to ECM cues. Our finding that RGD ligands in pure PIC
hydrogels cannot stimulate the proliferation of MCF10A cells indicates that specific types
of integrin receptors are important for signal sensing. Indeed, consistent with this notion is
previous work that suggested that the α6β4 integrin, which is not considered as an RGDbinding integrin, plays a key role in mechanotransduction for the MCF10A cell line.[25,43]
When PIC hydrogels were mixed with Matrigel, which provides binding sites for
α6β4 integrins, MCF10A cells behaved differently in different matrices. Via step by step
identification, MCF10A cells were induced to be more invasive-like by increasing the
critical stress of the matrix, while keeping other biomechanical or biochemical cues the
same. The exact nature of the more invasive-like phenotype was, however, unclear as
markers for EMT and differentiation did not change.
RNAseq indicated that MCF10A cells from IPN-1.6-8k displayed a higher expression
of the cytokine CXCL8 compared to cells from IPN-1.6-1k. Cytokines, produced by
tumor and endothelial cells, could play an important role in cancer, such as increasing
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angiogenesis, stimulating tumor progression, enhancing tumor cell migration, and
facilitating evasion of immune surveillance, acting either by autocrine or paracrine
mechanisms.[44] Alterations in chemokine ligand and receptor expression profiles may
have different contributions during cancer. Among chemokines, interleukin-8 (CXCL8)
has been reported to have significant potential as prognostic and/or predictive cancer
biomarker.[45] Thus, MCF10A cells in IPN-1.6-8k displayed potential to become malignant
-like.
As shown by RNA sequencing and qPCR data, EpCAM was upregulated while CD24
was downregulated when cells were seeded in IPN-1.6-8k when compared with IPN-1.61k. Epithelial cell adhesion molecule (EpCAM) was initially discovered as a cell-surface
antigen highly expressed in a variety of carcinomas.[46] It is currently considered to be
an important carcinoma marker and a promising target for immunotherapy of several
malignancies.[47] High EpCAM levels have been long suspected to play an important
role in cancer development and invasion, and it has been indeed found to increase
proliferation and migration of tumor cell lines.[48] On the other hand, CD24 is a small,
heavily glycosylated mucin-like glycosylphosphatidylinositol-linked cell surface protein
that is expressed in a wide variety of human malignancies.[49] Functionally, CD24
expression might enhance the metastatic potential of tumor cells. Moreover, researchers
found that CD24 was strongly expressed on the majority of human breast cell lines
and on all fresh breast carcinomas.[50] In MCF-7 breast cancer cells, treatment with
CD24 antibody could induce apoptosis and inhibits migration.[51] Although CD44 did
not show much obvious difference between IPN-1.6-1k and IPN-1.6-8k, the decreased
expression of CD24 and increased expression of EpCAM in MCF10A cells in IPN-1.68k may indicate a role for these stem cell markers in the IPN-induced invasion-like
phenotype of mammary epithelial cells.
Altogether, our results indicate a stress-stiﬀening-mediated control of MCF10A
morphogenesis in 3D matrices. The extent of stress stiﬀening of the matrix activates or
deactivates diﬀerent signal molecules localized at cell-ECM deformation sites. Those
molecules then mediate signal transduction via diﬀerent signaling pathways to control
the expression of various genes-for example, diﬀerent transcription factors for inducing
MCF10A malignancy. Further experiments are required with highly tailorable 3D culture
systems such as the PIC-based composites presented in this study to precisely elucidate
the role of the stress-stiﬀening characteristics in conjunction with other mechanical
parameters of the cellular microenvironment.

4.4 METHODS
4.4.1 Synthesis of azide-functionalized PIC polymers
The PIC polymer used in this study was synthesized according to the procedure described
in chapter 2 of this thesis. A catalyst to monomer molar ratio of 1:1000 (1k), 1:3000
(3k), 1:5000 (5k) and 1:8000 (8k) was used to prepare polymers of different lengths.
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Molecular weights, as determined by viscometry were converted to (contour) lengths,
which varied between 125–350 nm. The linear and nonlinear mechanical properties of
the polymer gels were characterized by rheology. The RGD peptide was conjugated to
azide functionalized PIC polymers (monomer azide to monomer=1:100) according to
chapter 2.
To prepare hydrogels, the polymers were firstly sterilized (UV, 5 min treatment) and
the desired amount of sterile HBSS (Sigma Aldrich, Cat. #H4891, prepared by dissolving
Hank’s Balanced Salts (1 g in 1 L sterile H2O) was added. After soaking at 4 °C overnight,
the mixture was shaken vigorously for a few seconds. If air bubbles are present, they can
be removed by a quick centrifuging, preferably in a cooled centrifuge at 4 °C, 1500 rpm
30 s. Then a transparent solution was formed. When the temperature is raised above
the gelation point, the cold transparent solution immediately forms a soft, elastic gel. For
the entire study, a large batch of PIC hydrogels in HBSS was prepared, which was then
aliquoted and frozen at –20 °C until use. Before each experiment, the frozen gels were
firstly placed on ice to thaw.
4.4.2 Rheology and Viscometry measurements
Rheological measurements were performed on a stress-controlled rheometer (Discovery
HR-2, TA Instruments) using a steel parallel plate geometry with a diameter of 40 mm
and a gap of 500 μm. Cold IPNs solutions were loaded on the rheometer plate, which
was set to 5 °C. To obtain the storage modulus G′, the cold solutions were exposed to
an oscillatory deformation of amplitude γ = 0.04 at a frequency ω = 1.0 Hz. The gelation
temperature, which was determined from a heating ramp with rate 1.0 °C_min -1 was
regarded as the onset of the increase in storage modulus G′. Given values are the
averages (and standard deviations) of at least three independent measurements. The
viscosity average molecular weight Mv was measured by viscometry in acetonitrile and
the polymer length (L) was calculated based on previous descriptions.[52]
4.4.3 IPN formation
Matrigel (cat. #354234; Corning) was purchased to construct the interpenetrating
networks. The desired amount of Matrigel and PIC cold solutions were mixed to prepare
different IPNs. Additional HBSS was also added when necessary. After thoroughly mixing
of Matrigel and PIC solutions, a drop of IPN solution (50 μl) was cast on the bottom of
chamberslide and left at 37 °C in the incubator for 1 h to allow for full gelation.
4.4.4 2D and 3D culture system
The mammary epithelial human Michigan Cancer Foundation-10A (MCF10A) cells
were obtained from Dr. Mirjam Zegers (Radboudumc, the Netherlands) and cultured
according to her recommendations. Briefly, MCF10A cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM)/F12 medium (DMEM/F12 (Gibco, Cat. #11330057)
supplemented with 5% horse serum (Invitrogen, Cat. #16050-122), insulin (10 mg_mL-1;
Sigma-Aldrich, Cat. #I1882), epidermal growth factor (20 ng_mL-1; Sigma-Aldrich, Cat.
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#01-107), hydrocortisone (0.5 mg_mL-1; Sigma-Aldrich, Cat. #H0888). 2D culture: To
obtain a PIC hydrogels coated surface, cold PIC solutions were cast on the bottom of
plate and incubated at 37 ℃ 1h to solidify. Cells were then seeded on top for culture. The
3D culture system has been described previously.[53] Here, cells are homogeneously
distributed in the matrix, as they were dispersed in cold IPNs solution and subsequently
warmed to 37 °C to solidify. Then medium was added on top.
4.4.5 Actin staining
Alexa-488 conjugated phalloidin (Life Technologies) was used 1:100 in 1% BSA to
visualize F-actin microfilaments. Images were acquired using an Olympus FV1000
confocal microscope. Acquired images were processed by Fiji.
4.4.6 Immunofluorescence analysis
Cell culture medium was aspirated before 1 mL of ice-cold 1× PBS was added to triturate
the gels with cell samples. The pelleted cell clusters were fixed in 1 mL of 4% PFA for 20
min at room temperature. Washing with 1 mL of DI water was followed. Cell clusters were
then resuspended in 20 µl of autoclaved Milli-Q water and spread on glass coverslips
at room temperature to dry. Immediately after drying, cell clusters were rehydrated by
adding PBS and then permeabilized with 2 mL of 0.2% (vol/vol) Triton X-100 in PBS at
room temperature for 1 h with shaking. To block the samples, 2 mL of 10% (vol/vol) goat
serum in PBS + 0.01% (vol/vol) Triton X-100 were added and incubated for 3 h at 4 °C
with shaking. Then a primary antibody solution (rabbit E-cadherin (CST, Cat. #3195,
1:200)) in blocking buffer was added and cell clusters were exposed to the antibody
solution overnight at 4 °C. Following 3 times of washing with 2 mL of 1× PBS each, cell
clusters were incubated in 2 mL of secondary antibody (Alexa 488- (Invitrogen, Cat.
#A21206, 1:400)) in blocking buffer overnight at 4 °C with shaking. After 3 times of
washing with 2 mL of 1× PBS, the samples were then incubated with DAPI (5 μg_mL-1) at
room temperature for 10 min, followed by three PBS washes. The slides were mounted
in anti-fade medium (Fluoromount W for microscopy, Serva), and images were acquired
using a Leica DM6000 microscope (Leica). Acquired images were processed by Fiji.
4.4.7 Western blotting
Whole cell extracts from MCF10A cells were prepared in 1X RIPA buffer (Cell Signaling
Technology, Cat. #9806) supplemented with 1× protease inhibitor cocktail (Roche) and
phosphatase inhibitor cocktails I and II (Sigma-Aldrich). Cell lysis were sonicated at 60%
amplitude for 20s and clarified by centrifugation at 2000 rpm. Proteins from supernatants
were quantified by the BCA method. 10 µg of proteins were mixed with an equal volume
of 4× sample buffer (Bio-rad) and separated by CriterionTM XT Bis-Tris Precast Gels
(Bio-rad). After electrophoresis, proteins were electrotransferred to a PVDF membrane.
For protein detection, membranes were blocked for 1 h at room temperature with 5%
nonfat dry milk (wt/vol) for tyrosine phosphorylation blots in TBS-T buffer (20 mM Tris,
pH 7.6, 137 mM NaCl, and 0.1% Tween-20 [vol/vol]) and incubated overnight at 4°C with
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the indicated antibodies. After primary antibody incubation, blots were washed three
times with TBS-T (10 min each) and incubated with appropriate fluorescent-labeled
secondary antibodies (1:5,000 respectively) for 1 h. Blots were washed three times with
TBS-T. Protein bands were visualized using a gel imaging system (Odyssey; LI-COR
Biosciences). The intensity of the bands was analyzed using Fiji software.
4.4.8 RNA-sequencing
Next-generation sequencing libraries were constructed using a targeted transcriptome
sequencing assay (the Ion AmpliSeq Transcriptome Human Gene Expression kit),
followed by sample sequencing on the Proton Sequencer. The Ampliseq RNA assay
provides gene expression levels for the entire human protein-coding transcriptome
and targets >20,000 RefSeq transcripts. Samples provided to AIBN were received in
two lots. Samples were shipped using RNAStable. Samples were cleaned up using a
modified Qiagen RNeasy protocol and an on-column digest performed, and sample
concentration assessed using Qubit RNA HS. From this, approximately 200ng was used
to perform reverse-transcription using Superscript VILO, according to the manufacturer’s
instructions. 50ng was then used for library preparation. However, due to limitations
in sample input post-cleanup, there was more variance in cDNA input for the library
preparation. Templating and sequencing were performed with the Ion PI HiQ OT200 kit,
and Ion PI HiQ sequencing kit; the sequencing was carried out with using Ion PI V3 chips
and a Proton Sequencer (Life Technologies/Thermofisher). Unless otherwise specified,
all methods were carried out as per the manufacturer’s protocols. Statistical analysis
was performed for genes in the R software package. To control for false discovery
and multiple testing, we computed an adjusted P value, using the Benjamini–Hochberg
method. Gene set expression analysis was performed with the freely available Reactome
version 67, using differential expression values and pre-defined gene signatures as
inputs.
4.4.9 qPCR analysis
MCF10A cell clusters grown in IPNs were dissociated as described above. Total RNA
was isolated using a spin-column based kit (RNeasy, Qiagen) with DNase I digestion.
RNA (500 ng) was reverse transcribed to cDNA (RT2 First Strand Kit, Qiagen), combined
with RT2 SYBR Green qPCR Mastermix (Qiagen). qPCR was carried out on a CFX96
real-time PCR detection system (Bio-Rad) with SYBR Green (Applied Biosystems Model
7500). Results were analyzed using the comparative CT(CT) method and are presented
as relative RNA levels, as compared with control cell samples as specified in the figure
legends after normalization to the GAPDH RNA content of each sample.
4.4.10 Cell proliferation assay
WST-1: Culture medium was gently removed and new medium supplemented with cell
proliferation reagent WST-1 (Roche) at a final concentration 1:10 (WST-1 stock solution:
total working solution) was added and the culture plates were incubated at 37 °C, 5 %
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CO2 for 2 hours. The absorbance was measured at λ = 450 nm with a plate reader (Perkin
Elmer 1420 Multilabel Counter). All samples were measured in triplicates.
4.4.11 Statistical analysis and sample information
Statistically significant differences between the means of two groups were assessed by
using a Student’s t-test, whereas data containing more than two experimental groups
were analyzed by using one-way ANOVA followed by Tukey’s multiple comparisons test
in the GraphPad Prism 5.0 software. P values of statistical significance are represented
as * P<0.05, N.S., not significant.
Data availability
All additional relevant data are available upon request from the corresponding author.
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5.1 Summary
Oligo(ethylene glycol)-grafted polyisocyanide (PIC) hydrogels are a relatively new class
of synthetic hydrogels that can partly mimic the extracellular matrix (ECM) that surrounds
cells in vivo. In contrast to chemically crosslinked polyethylene glycol (PEG) hydrogels,
PIC-based hydrogels are physically crosslinked through a thermally induced gel formation
process, which originates from hydrophobic effects induced by the ethylene glycol tails
grafted onto the semi-flexible polyisocyanide backbone. As a fully synthetic material, the
network structure and mechanical properties are readily manipulated by changing the
polymer concentration (stiffness), the polymer molecular weight (stress-stiffening) and
by changing external factors such as temperature, ionic strength (through the Hofmeister
effect), the addition of crosslinkers or through hybrid network formation.[1-3] Recent work
further showed that PIC gels are biocompatible and display no signs of toxicity during
in vivo experiments.[4-6]
In this thesis, the application of PIC gels to study and influence morphogenesis and
tissue development is presented.
Morphogenesis is a tightly-regulated developmental process by which tissues acquire
the morphology that is critical to their function. For example, epithelial cells exhibit
different 2D and 3D morphologies, induced by distinct biochemical and biophysical cues
from their environment, e.g. the ECM.
In Chapter 2, we study morphogenesis in the context of the mammary gland through
the formation of mouse mammary gland organoids (MGOs). These organoids capture
important aspects of the morphology and function of the original organ. Typically,
basement membrane extracts such as Matrigel are used to grow MGOs, but such natural
matrices carry many disadvantages, i.e. its tumorigenic origin, diverse composition, and
batch-to-batch variability in terms of mechanical and biochemical properties. Moreover,
the stiffness of PIC gels, formed at low polymer concentrations (0.1-1 wt-%), overlaps
much better with the stiffness of mammary adipose tissue than Matrigel. After decoration
with cell-adhesive Arg-Gly-Asp (RGD) peptides, we find that PIC gels can support the
in vitro generation of cystic MGOs from dissected mouse mammary gland fragments
or from purified mouse mammary epithelial cells. The cystic organoids maintain their
capacity to branch, which is a fundamental and complex feature during mammary gland
development, for over two months. We find that small variations in the 3D matrix give
rise to large changes in the MGO: the ratio of the main cell types (i.e. basal cells to
luminal cells) in the MGO is controlled by the cell-matrix interactions via the cell binding
peptides density, whereas gel stiffness controls colony formation efficiency, which is
indicative of the progenitor density. Simple modifications on these hydrogels allow for
future introduction and customization of new biophysical and biochemical parameters,
which makes the PIC platform an ideal matrix for in depth studies into organ development
and for application in disease models.
In other settings, the cues from a single source ECM -either natural or syntheticare often insufficient to obtain the desired cell behavior. In such cases, the use of
interpenetrating networks (IPNs) that combine properties of the different components
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may be an excellent approach to more precisely control the physiological properties of the
microenvironment. In Chapter 3, we prepared novel IPNs based on a synthetic polymer
(PIC) and a natural matrix (Matrigel) to form a highly tailorable tissue culture matrix.
Through the precise control of the stiffness and cell-matrix interactions, we observe
a broad range of cell morphologies induced in Madin-Darby Canine Kidney (MDCK)
cells. At relatively low physiological matrix stiffness, we observe a large morphological
shift from round hollow cysts to 2D monolayers, without concomitant translocation
of the mechanotransduction protein YAP. At higher stiffness levels and enhanced
cell-matrix interactions, tuned by increasing the density of adhesive peptides on the
synthetic component, the IPNs induce a flattened cell morphology with simultaneous
YAP translocation, suggesting activation of this important mechanotransduction signaling
pathway. In 3D cultures, higher stiffness levels and enhanced cell-matrix interactions
lead to the formation of tubular structures. Thus, mixed synthetic and natural gels such
as the IPNs presented here are ideal platforms to dissect how external physical factors
can be used to regulate morphogenesis in MDCK model systems, and, in the future, in
more complex environments.
In the context of normal mammary epithelial cells, researchers have demonstrated
that increasing ECM stiffness alone induces malignant phenotypes. However, how
biologically relevant stress-stiffening influences mammary epithelial cells is still unknown.
In Chapter 4, we continued the use of IPNs of PIC hydrogels and Matrigel to investigate
the role of a stress-stiffening ECM on mammary gland epithelium morphogenesis and
malignancy in a 3D culture using the human normal like breast cell line MCF10A. Altering
the polymer length changes the onset of stress-stiffening while the bulk stiffness and
biochemical cues remain unchanged. Surprisingly, small changes to the IPNs induce
remarkable changes in cellular phenotypes, changing from round cells to more invasive
like cellular shapes. These changes, however were not associated with overt changes
in specific genes and pathways involved in epithelial-mesenchymal transition (EMT) and
differentiation. Therefore, we conducted RNA sequencing to more globally identify gene
expression changes in mammary gland epithelial cells grown in matrices of increasing
onset of stress-stiffening. Interestingly, the resulting analysis revealed a correlation
between the onset of stiffening and -amongst others- the expression of breast cancer
associated proteins such as EpCAM, CD24, and CXCL8. However, which mechanism is
responsible for the remarkable stress-stiffening-induced changes in MCF10A phenotype
remains to be determined.
Their biomimetic architecture and adaptable mechanical properties make PIC
hydrogels excellent bases for experimental matrices in 3D cell and organoid culture,
as well as for regenerative medicine. PIC gels, however, are not perfect by any means
and would benefit from further optimization to target specific applications or to widen
the scope. In the next sections, we conclude with suggestions and thoughts developed
during this PhD work to further develop PIC hydrogels as a fully functional artificial ECM.
The first section (Chapter 5.2) is directed at further improving the hydrogel, while the
second part (Chapter 5.3) focusses on application development.
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5.2 Perspective for PIC hydrogels
5.2.1 Approaches to measure mechanosensing
The intra- and extracellular mechanics of such systems are governed by a series of
proteins, such as microtubules, actin, intermediate filaments and collagen.[7] PIC
hydrogels display particular mechanical responses (stress-stiffening) that until now have
been absent in synthetic polymeric and low-molar-mass gels. However, approaches
to quantitatively measure mechanical interactions between the PIC matrix and cells
or tissues are completely lacking. Future work on developing techniques to measure
how cells exert forces on PIC bundles via RGD based focal adhesions, how forces are
transmitted to bundles of the PIC polymers and to which extent the exerted forces stiffen
the PIC gels, is required. Currently, experimental approaches such as optical tweezers,
magnetic twisting cytometry and microdroplets are available to measure intercellular
forces.8 The answers to these questions will permit major advances in our understanding
of how cells process mechanical forces at the molecular, cellular, and tissue levels in
vivo.
5.2.2 A library of cell-adhesion peptides
Integrin-mediated adhesions act as mechanical linkers between the surrounding matrix
and the cellular cytoskeleton. Binding of cell membrane embedded integrin dimers to
ligands in the ECM is specific, and the expression pattern of integrins is also tissue
specific. Specificity of integrin binding to different proteins in the ECM is attributed to
the extracellular domains of α and β subunits. The well-known RGD motif is the peptide
sequence conjugated in PIC hydrogels,[4,5] which binds to β1 integrins. Many cell types
express β1 integrins, providing anchors on PIC hydrogels.[9] However, the current RGDfunctionalized PIC generation does not bind other β integrin subunits (β3, β4, β5, β6,
and β8 proteins), which hinders the applications in other cell types that require to for
instance laminin through the α6β4 integrin. Thus, to enhance the biochemical diversity
of PIC hydrogels, active segments from various proteins should be conjugated to the
PIC hydrogels to increase (specific) cell-matrix interaction. Building such library allows
for screening and optimization for many different cell types.
5.2.3 Hydrogel dynamics
The natural ECM is complex in its biochemical composition as well as in its biophysical
properties. The complexity is further enhanced by its constant reshaping due to
cellular activity, making the cell environment extremely dynamic in both space and
time.[10,11] For instance, matrix degradation leads to substantial changes in the cellular
microenvironment, which changes the matrix architecture (pore size), mechanical
properties, and presentation of cell-adhesive ligands. While PIC gels capture the elastic
and stiffening properties of the ECM surprisingly well, they cannot be degraded by
cells. Enzymatic degradability is an important feature that should be incorporated to
better mimic the dynamic in vivo ECM. Hybrid PIC hydrogels with other biodegradable
matrices, such as the IPNs described in Chapters 3 and 4 may be a route towards PIC
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hydrogels with this feature. One should realize, however, that expanding the complexity
of synthetic matrices makes it increasingly difficult to distinguish between effects of
substrate degradability and the resulting changes in biochemical or biophysical cues.
The observed biological responses may be due to the given mechanical properties of the
matrix or to the ongoing loss of material during degradation. Consequently, it would be
beneficial to develop novel matrices with controllable degradative properties to further
distinguish these differences.
5.3 Future application opportunities and challenges for organoid culture
Because of its complexity and our consequent lack of understanding of the biological
environment in vivo, major steps are necessary to bridge the gap between artificial
organoids and native organs. In the following paragraphs, we focus on key challenges
for this, i.e. vascularization and maturation of organoids.
5.3.1 Vascularization
The integration of vascular structures is important for the development of tissues
and organoids to better resemble organs in vivo. One strategy for achieving this is to
incorporate endothelial cells into the system to initiate the formation of new blood vessels,
a process known as angiogenesis. To recapitulate early organogenesis, hepatic endoderm
cells from human induced pluripotent stem cells (iPSC-HEs) have been cultivated with
stromal cell populations; i.e. human umbilical vein endothelial cells (HUVECs) and human
mesenchymal stem cells (MSCs). Takebe et al.[12] showed the generation of a vascularized
and functional human liver from human iPSCs after transplantation of liver buds created
in vitro (iPSC-LBs) into nude mice.
Laser-etched microchannels,[13] bio-printing[14,15] and scaffolds functionalized with
angiogenic biomolecules[16] have been developed to promote the formation of vascular
structures in vitro. On the basis of these achievements, Kimberly et al.[17] found that
vascularized kidney organoids cultured under flow had more mature podocyte and tubular
compartments, with enhanced cellular polarity and adult gene expression, compared
with those cultured in static controls. Vascularization in PIC gels was first achieved coculturing human bladder smooth muscle cells and human umbilical vein endothelial cells.
[18]
We anticipate that incorporating endothelial cells in a PIC-based organoid culture will
lead a vascularized organ-mimicking structure.
5.3.2 Maturation
Mature organoids have been cultured for prolonged periods wherein they developed
different fully differentiated cell types, including endothelial cells and express a significant
level of specific organ function.[19] Many hPSC-derived organoid models remain immature
and fail to mature regardless of extending their culture time. This incomplete development
was also observed in the cystic mammary gland organoids formed in PIC hydrogels we
describe in this thesis. However, subsequent transplantation of organoids into various
sites in mammalian hosts have resulted in organoid maturation.[20-22] These studies
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have demonstrated that organoid models are capable of maturing after additional cues
from the in vivo environment are provided, which increases their potential application
in studying human organogenesis and as pre-clinical models or in regenerative
medicine.
A possible solution to promote maturation could be the use of bioreactors that improve
nutrient supply through constant culture spinning.[23] Homan et al.[17] reported an in vitro
method for culturing kidney organoids under flow on microfluidic chips, which expands
their endogenous pool of endothelial progenitor cells and generates vascular networks
with perfusable lumens surrounded by vascular smooth muscle cells and pericytes. They
found that vascularized kidney organoids cultured under flow had more mature podocytes
and tubular compartments with enhanced cellular polarity and adult gene expression
compared with that in static controls. The full development of such adult tissues may
require innovative strategies that support maturation processes of tissues.
As Matrigel provides a variety of growth factors and bioactive components, the exact
physical and chemical mechanisms that drive branching (maturation) in the mammary
gland organoid context remains unclear. PIC hydrogels can be considered as a ‘blank
slate’ material to exactly figure out which active components from Matrigel or other
sources promote branching and maturation. In turn, once known, these factors can be
included in PIC hydrogels to advance maturation in a highly controlled environment.
5.4 Conclusion
PIC hydrogels show independent control of biochemical and biophysical properties,
which are used in this thesis for modulating epithelial cell morphogenesis in vitro. The
work in this thesis clearly shows their potential to mimick in vivo ECM for mammary gland
organoid culture, remodeling MDCK morphologies from 3D organized structures to 2D
monolayer barrier in vitro, and likely inducing a malignant phenotype in MCF10A cells.
Developing synthetic matrices for tissue engineering is an attractive alternative to using
natural matrix for modelling tissue development and disease generation in vitro. However,
there still is a long way to go to fine-tune cell-ECM communication at the microscale and
to culture organ models that are closer to true organs in scale and maturity. Advanced
materials platforms and devices that are able to overcome these barriers will shape the
future of generative medicine.
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