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Cancer cell migration in three-dimensional extracellular matrix is a major cause of death
for cancer patients. Although extensive studies have elucidated detailed mechanism of single
cell 3D invasion and cell-ECM interaction, 3D collective cancer invasion is still poorly
understood. 3D collective migration models have unveiled unexpected degrees of diversity and
adoption in migration and have an advantage over the 2D collective models by mimicking in
vivo conditions. To probe 3D collective cancer migration, diverse in vitro methods have been
designed to explore the physical factors that regulate the multicellular processes. The role of
ECM geometry and microstructure has been poorly understood in 3D collective cancer
migration.

To capture collective cancer invasion, we developed a novel 3D invasion assay, Diskoid
In Geometrically Micropatterned ECM (DIGME). DIGME allows us to independently control
the shape of tumor organoids, microstructure, spatial heterogeneity of the extracellular matrix
and fiber alignment of collagen –based ECM all at the same time. Using fluorescence and
confocal microscopy, we probe the invasion front of different geometry and morphology
phenotypes. We conclude that DIGME provides a simple yet powerful tool to probe the 3D
dynamics of tissue orgnoids in physically patterned microenvironments.
To probe the cooperativity of force generation in the collective invasion of breast cancer
cells, we conduct experiments using 3D in vitro tumor models and develop a phenomenological
model. In our model, cell–cell communication is characterized by a single parameter that
quantifies the correlation length of cellular migration cycles. We devise a stochastic
reconstruction method to generate realizations of cell colonies with specific contraction phase
correlation functions and correlation length a. We find that as a increases, the characteristic size
of regions containing cells with similar contraction phases grows. For small a values, the large
fluctuations in individual cell contraction phases smooth out the temporal fluctuations in the
time-dependent deformation field in the ECM. For large a values, the periodicity of an individual
cell contraction cycle is clearly manifested in the temporal variation of the overall deformation
field in the ECM. Through quantitative comparisons of the simulated and experimentally
measured deformation fields, we find that the correlation length for collective force generation in
the breast cancer diskoid in geometrically micropatterned ECM (DIGME) system is 𝑎 ≈ 25𝜇𝑚,
which is roughly twice the linear size of a single cell. One possible mechanism for this
intermediate cell correlation length is the fiber-mediated stress propagation in the 3D ECM
network in the DIGME system.

We conclude that the geometrical properties of the ECM and microstructure play a role in
regulating the 3D collective cancer invasion.
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CHAPTER 1
Introduction

2

1.1 Cancer Cells Migration

1.1.1 Introduction
Cancer is a group of diseases, which considers as the second cause of death
worldwide. Within the two next decades, the number of new cancer patients is
projected to increase by 50% from 14 million to 21 million1 in spite of the
accelerated development in cancer – genes research and medical care. Cancer can
be characterized by abnormal rapid cell growth, uncontrolled cell death and the
ability to migrate and invade the adjacent tissues. The spread to other organs can
interfere with essential body system. This process is known as Metastases, which
is the major cause of death from cancer1. In this chapter I’ll present the
fundamental information about cell motility, collective cell migration and theories
can be use to model and understand this process.

1.1.2 Cell Motility
Cell motility plays crucial roles in a variety of biological processes for all
living creatures such as wound healing, embryogenesis, immune response,
morphogenesis and cancer metastasis2. For example, without cell migration white
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blood cells would not move toward an inflammation site or wound site to kill
bacteria and fibroblast cells would not move to a wound site to remodel the
damaged tissue structure. There are different types of cell movement such as
swimming, rotation and crawling. Motile eukaryotic cells employ two
mechanisms, one is used to move through liquid environment and other to move
on solid surfaces. Cell crawling is the method cells employ to relocate on the
solid surfaces. To move on substrate the cells need ATP (fuel) and proteins that
transform the energy stored in the fuel into motion. The cytoskeleton is the
important component in generating motility driving forces and coordinating the
movement process of the cell. The cytoskeleton is a polymer network, which is
made-up of three different biopolymer types: actin filament, intermediate
filaments and microtubules. The rigidity of these protein filaments varies as well
as their dimensions. The actin filaments or also called microfilaments are the
machinery of the driving force for cell locomotion. These microfilaments are
composed of two actin proteins. They are semi flexible and about 7 nm thick
which make them the thinnest filaments in the cytoskeleton. Beside the cell
locomotion function, actin filaments also support cell division. The cell detects
the physical, chemical and diffusible change in its surrounding environment using
receptor proteins located on the cell membrane. Then the cell starts moving in
response to an external signal or the change in the environment. The movement
process can be divided into three steps (fig 1.1). First step, in response to the
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external signal, the cell begins to move by polymerizing the actin filaments. The
membrane of the cell is pushed via growing and orienting the actin network on the
leading edge. After the extending edge moves forward, the cell adheres to the
extracellular matrix or the substrate by accumulating adhesion molecules in the
leading edge and releases at the rear of the cell. Finally, the actin filaments
generate contractile forces that pull the rest of the cell body forward. All the three
steps are continuously going on as the cell moves on the extracellular matrix 3,4,5,6.

1.	
  Protrusion	
  of	
  the	
  leading	
  edge	
  	
  
Direction	
  of	
  motion	
  	
  
	
  Substrate	
  
	
  
2.	
  Adhesion	
  at	
  the	
  leading	
  edge	
  	
  

3.	
  Movement	
  of	
  the	
  cell	
  body	
  	
  	
  
New	
  adhesion	
  	
  	
  
Contraction	
  	
  

Deadhesion	
  at	
  the	
  trailing	
  edge	
  	
  

	
  	
  	
  Actin	
  network	
  	
  	
  

Figure 1.1: A schematics of the three steps of cell movement.1. Cell extends in
direction of motion, 2. Cell adheres and de- adheres at the front and the rare of
the cell body respectively, 3. Movement of the cell body by generation
contraction forces
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1.1.3 The Extracellular Matrix
The extra cellular matrix (ECM) is the non-cellular network, which
surrounds the cells in solid tissue and organ. ECM provides the essential
mechanical support for the cells to adhere and migrate. Beside the physical
support, ECM controls the cells proliferation and cellular interaction. For tissue,
ECM maintains the normal tissue architecture and plays a role in normal tissue
development, function and provides a cue of diseases. ECM is varying in structure
and function from one tissue to another. It can be formed as fibrils, which contact
the cells on all sides, or as a sheet where cells sit on such as basement membrane.
ECM is mainly composed of three major matrix macromolecules including
proteoglycans, insoluble protein and soluble multi-adhesive extracellular matrix
protein. Proteoglycans are high viscous components, which provides structural
basis for multitude of biological functions. Soluble proteins such as fibronectin
and laminin bind proteoglycans and insoluble proteins to receptors on the cell
surface. Insoluble fibrous protein is collagen fibers.
Collagen is the most abundant fiber protein within the extracellular matrix.
It is composed of 3 polypeptide α chains that form a triple helical structure. In
vertebrates, there are twenty-eight different collagen types, which are formed by
assembling forty-six distinct collagen chains. The twenty-eight collagen types can
be classified into network-forming collagen (the basement membrane collagen
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type VI), fibril- associated collagen with interruption in their triple helices (type
IX, XII) and fibril–forming collagen (type I, II, III).

Fibrillar collagens are

showing widespread and abundant expression among tissues especially collagen
type I. Collagen type I is the fundamental structural element in tissues

such as

bone, tendon and dermis. The diameter of fibril varies and the length ranges from
12 nm to more than 500 nm, depending on the stage of development. collagen
provides signals to cells affecting various cellular functions including cell
migration, adhesion, angiogenesis, tissue development, and repair. Collagen
structure is highly dynamic that is modified during remodeling of the ECM in
several pathologies including tumorigenesis7,8,9,10,11,12. Study shows that during
metastasis local orientation of the collagen fibers enhance and facilitate metastatic
breast cancer cells invasion through the basal membrane into a blood or lymphatic
vessel13. Another study shows the collagen elasticity can be determined by the
pore size and not fibril diameter. It has found that matrix fibril diameter and not
pore size control cell morphology. Increasing collagen fibril diameter increases
the invasiveness of MDA-MB-231 breast cell line and decreases the clustering of
MCF-7 breast cell line14. It has been found that cell motility depends on matrix
mechanics15 and additionally; migrating cells significantly deform and remodel
the surrounding matrix16. Furthermore, it has been found that collagen alignment
does not increase the speed of invading cells although it increases the stiffness.
Instead, orientation improves the efficiency of invasion by increasing directional
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persistence and limiting protrusions along aligned fibers, resulting in a larger
distance traveled17.

All these studies indicate that physical and mechanical

features of the ECM play a significant role in cancer invasion.

1.1.4 Cell Migration and Cancer

The proliferation of cells is carefully controlled and responsive to specific
needs of the body. Initially, cell growth exceeds cells death so the body increase
in size. Then the body reaches a steady state where the processes of cell
proliferation and cell death are in balance. Some cell types are replaced rapidly
such as white blood cells. In contrast, there are little or no replacement of other
cell types such brain cells. When a cell does not respond to signals that regulate
the cells death and cells birth, the result is a clone of cells able to expand
indefinitely. As a clone of cancerous cells grows, it can develop into a tumor.
Cancer arises from overtime accumulating

gene mutations. Due to these

mutations cancer cells behave totally different from normal healthy cells. Cancer
cells are immortal due to rapid and continuous division. Moreover, they can
induct a new blood vessel and resist cell death 18,19.
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Cancer can invade neighboring tissues or other parts of the body through
the lymphatic system and bloodstream. Initially and during the early stage, a
tumor is confined within the normal boundaries of cells and tissues. As the size of
the tumors gets larger and local cell density increases, cancer cells become more
motile20. Cancer cells gain the ability to break through these tissues and migrate
away from the primary location and grow a secondary tumor in new tissue. This
process is called tumor invasion or metastasis19 (fig 1.2). An invading cell
interacts with surrounding tissue structures by modifying its shape and stiffness
because ECM works as a barrier and substrate

21,22

. It has shown that cancerous

cells penetrate neighboring ECM in diverse patterns. They can spread as a single
cell, known as “individual cell migration” or expand in solid cell sheets, strands
or cluster, referred to as “ collective cell migration “. Both individual and
collective cell invasion are concurrently present in many tumours23 and are
determined by both mechanical and signaling input from the ECM as well as
molecular properties of the cancer cells24,25. Individual cell migration can occur in
different morphological variations that include amoeboid and mesenchyme
migration 26(fig1.3).
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Figure 1.2: A schematic of the metastatic process. 1. Normal tissue, 2&3.
Primary tumor. 4. Cancer cell breaks and travels in blood vessel, 5. Secondary
tumor in new tissue.

1.1.4.1 Collective Cell Migration
Collective cell migration is an essential process in several biology
processes that can be cue to health (wound healing) or diseases (tumor). It occurs
when two or sheets of cells move together in the bloodstream or through 3d
extracellular matrix

27

. The biomechanics of collective movements is a rich area

of exploration. Most studies to date have focused on 2D collective migration
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which is regulated by contractility caused by often rigid, non deformable and non
patterned cell surfaces and threshold for adhesion28.

A	
  

ECM	
  

B	
  

ECM	
  

Figure 1.3 : individual cell migration strategy. A. Ameoboid , B. Mesenchymal.

In contrast, 3D collective migration models have unveiled unexpected degrees of
diversity and adoption in migration and have an advantage over the 2D models
by mimicking in vivo conditions. Furthermore, they allow us to study both cellcell and cell- ECM interactions29, 30. It has shown that human fibsarcoma cells that
are well spread in ECM implement different strategies for migration from 2D on
substrate30. To probe 3D collective cancer migration, diverse in vitro methods
have been designed to study 3D cells-ECM microenvironments. Multicellular
tumor spheroid and cells cluster were used to mimic the complex 3-D tissue
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microenvironment to study cell proliferation, migration and invasion31,32.
However, these methods can neither control morphology including the size of the
cell aggregates, density nor the geometry of cell aggregates33. Other methods are
developed based on micro-fabrication techniques such as 3-D bioprinting34,35,
micriofluidics36,photo-polymerization,photochemistry, and photoreaction37,38,39,40.
All these techniques have made it possible to design and create sophisticated
controllable tissue models in vitro that mimic the 3-D architectures and
physiological conditions present in vivo at the price of expensive equipment, nonnative ECM composition (Table 1).
Technique

Method

Material

Bip Bioink printing 41
3- D bioprinting
Laser-assisted bioprinting
Microfluidics

Soft lithography 37,38

39,42

Hydrogel Biomolecular ink41
Matrigel 43
Collagen 38

FLDW (femtosecond laser direct BSA42
Photochemistry

writing) 42

Fibronectin42

Table 1.1: Techniques and materials used to design 3D- cancer models.
All these in vitro experiments and observations have provided much
insight. It has shown that the invasion of multicellular aggregates through
collagen type I as ECM occurs by applying dynamic pulling forces. These forces
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deform the collagen by aligning the fibers and create micro-tracks for more
invasions. The results of this study show that the biophysical forces are critical for
3 D collective migration59. Furthermore, it is found that invasion of spheroid in
collagen matrix decrease as the tension of the ECM relaxed. To do so, they use
laser to cut the collagen. They show that the deformation of the collagen occurs
after seeding the spheroid by exerting contractile forces immediately44. Another
study shows that the geometrical and mechanical properties of the ECM play a
significant role of the initial step in invasion and proliferation for different cancer
cell lines. It has shown that the position of cancer cell correlates with its
phenotypes. The proliferation and invasion increases at the end of the duct and
suppresses at other locations45. Furthermore, others has shown that the matrix
geometrical features regulate cancer cell morphology and adhesion75. In spheroid
models, it has found that there is spatial – time dependent of migration. Cells
exhibit round morphology near the core of the spheroid and different morphology
at the periphery. Cells morphology switch between round and highly aligned
elongated ones96. Here we introduce an alternative method to study the 3-D
collective cancer invasion by extending mold- based technique. It is mechanical
based, low cost, and compatible with awide range of cells and extracellular matrix
types, Diskoid In Geometrically Micropatterned ECM (DIGME). In chapter 2,
we show how we use DIGME to probe the collective migration and present the
experimental capability of the system. In chapter 3, we present the cooperative
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forces generated by breast cancer diskoid. We show that breast cancer diskoid
exerts contractile forces over the collagen type I similar to the forces generated
from cancer spheroid.

Moreover, we find that there is spatial – temporally

dependent of cell morphology within and at the edge of the diskoid. We show
also that the invasion front of different geometrical shapes maintain the original
shape of the diskoid at short time term and become independent of the
geometrical shape at long term. This work suggests that the mechanical features
of the ECM regulate collective cancer invasion.
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CHAPTER 2

Probing Three –Dimensional Collective Cancer Invasion with DIGME

Amani A.Alobaidi, and Bo Sun

Cancer convergence 2017 1:1
Multicellular pattern formation plays an important role in developmental biology,
cancer metastasis and wound healing. While many physical factors have been
shown to regulate these multicellular processes, the role of ECM micro-to-meso
scale geometry has been poorly understood in 3D collective cancer invasion. We
have developed a mechanical-based strategy, Diskoid In Geometrically
Micropatterned ECM (DIGME). DIGME allows easy engineering of the shape of
3D tissue organoid, the mesoscale ECM heterogeneity, and the fiber alignment of
collagen-based ECM all at the same time. We have employed DIGME to study
the 3D invasion of MDA-MB-231 diskoids in engineered collagen matrix. We
find that the collective cancer invasion is closely regulated by the micro-to-meso
scale geometry of the ECM. We conclude that DIGME provides a simple yet
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powerful tool to probe 3D dynamics of tissue organoids in physically patterned
microenvironments.

2.1

Introduction
Invasion in three-dimensional (3D) extracellular matrix (ECM) is an

important step in the lethal metastasis of tumors46. Although extensive studies
have elucidated detailed mechanisms of single cell 3D motility47,48,49, and cellECM interactions50,51,52, 3D collective cancer invasion is still poorly understood
53,54,55,56

been

. Most studies to date have focused on 2D collective cell migration. It has

shown

that

cell-cell

adhesion57,58,59,

exclusion

volume60,

contact

inhibition61,62, cell-secreted chemical factors63, and substrate-mediated mechanical
forces64 coordinate the multicellular motility and pattern formation of multiple
cells in 2D. These results, however, have limited applicability in 3D tumor
progression. The topological connectivity and porosity of 3D ECM allow cells to
avoid touching one another while migrating, thus mechanical signaling via direct
cell-cell contact is less important for collective motion in 3D than in 2D

64,65

.

Similarly, chemical signaling in 3D suffers from rapid dispersive dilution, thus
the diffusion-mediated 3D intercellular correlations are much weaker compared to
the case in 2D66. To probe the collective cell migration and morphogenesis, 2D
cell patterning and substrate engineering has provided much insight. For instance,
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various types of wound healing assays have been developed to explore the
invasion of cancer cell colonies into extracellular voids of pre-defined
geometries67,68,69. These assays typically use soft-lithography fabricated stamps
when seeding the cells, and lift the stamps after the cells have adhered to the
substrate.

Alternatively,

geometric

patterned

cell

adhesives

and

cell

repellents70,71,72, as well as microfluidics channels73 have been employed to
restrict cell migration. By engineering the confining geometry of the substrate,
emergent multicellular dynamics, such as spontaneous rotation in circular
geometry74 , and directed migration in ratchet geometry 75 have been observed.
To probe 3D collective cancer invasion, multicellular tumor spheroid
models have been widely employed76,77,78. Tumor spheroids are aggregates of
cancer cells that preserve native 3D cell-cell contact, mimicking the configuration
of solid tumors79. Multiple methods have been developed to grow 3D tumor
spheroids, such as the hanging droplets80, non-adhesive microplates

81

, and bi-

phase liquid systems82. However, these techniques can neither control the
geometry of the cell aggregates, nor have the capability of engineering complex
extracellular environment. Other methods, such as 3D tissue printing83 and photosensitive hydrogel84,85,86,87 are capable of 3D cell-ECM patterning at the price of
expensive equipment, non-native ECM composition, or sophisticated sample
preparation88. As an alternative, we extend the mold-based technique developed
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by Nelson et al.89 into a low-cost, flexible strategy, Diskoid In Geometrically
Micropatterned ECM (DIGME). DIGME is mechanical-based, and is compatible
with a wide range of cells and ECM types. As we will demonstrate below,
DIGME combines the powers of 3D tumor organoids and 3D ECM patterning,
allowing us to independently control the shape of tumor organoids, microstructure
and spatial heterogeneity of the ECM simultaneously.

2.2

Methods

2.2.1 Instrumentation
The basic setup of DIGME consists of a x-y-z translational stage to hold
sample dish, and a rotational motor to mount the mold above the sample stage.
We have used parts from Thorlabs Inc. and TA instruments to assemble
prototypes of DIGME. When necessary, we have also placed the DIGME setup on
an inverted microscope (Leica Microsystems) to help with alignment and
positioning the mold. See Appenex .

2.2.2 Preparation of The Collagen Gel
High concentration collagen solution (10 mg/ml, Corning) is diluted and
neutralized to desirable concentrations with cell growth medium (see cell culture),
NaOH and 10X PBS, all purchased from Sigma-Aldrich. The neutralized, ice cold
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solution is first poured into the sample dish mounted on the DIGME setup where
the mold is approximately 200 µm above the glass bottom of the dish. After
curing in the DIGME setup for 30–50 min (with the mold statically immersed or
rotatin in the geling solution), we lift the mold out of the dish via the z-motor of
the translational stage. The collagen solution will continue the gelation process for
another 40 min. The molded gel is then immersed with fresh growth medium and
stored at 4 °C for up to 2 days before adding cells.

2.2.3 Cell Culture and Microscopy
GFP-labeled MDA-MB-231 cells (Cell Biolabs Inc.) are maintained
according to the vendor’s protocol. After embedding the cells, DIGME devices
are kept in tissue culture incubator except when taken out for imaging. For
confocal imaging, we use a Leica SPE microscope. 10X oil immersion objective
is used when confocal reflection imaging of collagen fiber is needed. Otherwise,
4X air objective is used to image the fluorescently labeled cells and fluorescent
particles embedded in the collagen matrix. The z-stacks of confocal imaging are
taken with 2 µm z-steps. Confocal images are further processed in NIH ImageJ
and MATLAB.
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2.3

Results
To demonstrate the working principles and biocompatibility of DIGME,

we first formed a cylindrical MDA-MB-231 tumor diskoid in 3D type-I collagen
gel. Briefly, a stainless steel needle is used to mold the collagen gel (surrounding
ECM) with a cylindrical well. The well is then filled with neutralized cellcollagen solution. After cells quickly sediment down to the well bottom (within 1
min), collagen solution continues to polymerize and eventually forms the host
ECM that covers the cell aggregate – a diskoid – on the bottom of the well
(Fig. 1). Within 24 h of incubation, cells start to invade the surrounding ECM.
Figure 1 B1-B3 demonstrate the top views (x-y plane) and side views (x-z plane)
of a DIGME sample at day 1, 5 and 10. Notice that although the surrounding
ECM and the host ECM are polymerized at the same temperature (21 °C) and
have the same concentration (1.5 mg/ml), the invasion in the radial direction is
much more pronounced compared with the spreading in the z z direction. The
biased migration direction is presumably a collective phenomenon due to the cellcell interactions64, 91.
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Figure 2.1: Preparation and collective migration of a circular DIGME. A
Schematics showing the steps of forming a DIGME device. B1-B3 Top views of a
diskoid in 3D ECM. GFP-labeled MDA-MB-231 cells are cultured in DIGME
device and confocal imaging are performed at day 1, 5 and 10. Bottom insets
show the corresponding side views. C1-C3 Manually identified 3D cell centers
and morphological phenotypes corresponding to B1-B3. Green: rounded cells
with aspect ratio less than 2. Red: elongated cells with aspect ratio greater than 2.
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DIGME allows continuous confocal imaging at the single cell level,
therefore we can track the morphological profiles of the diskoid over time. Cells
in the diskoid generally exhibit two distinct morphologies: elongated cells are
typically fast moving and strongly contracting, while rounded cells migrate with
short persistence and exert only weak traction forces92,90. Empirically, we
distinguish elongated and rounded cells based on the cell aspect ratio with a
threshold value of 2. We have manually located the center of each cell and have
classified each cell into elongated or rounded phenotypes as shown in Fig. 1 C1C3.
In order to quantify the diskoid invasion profile, we have located the
invasion fronts by projecting the confocal images onto the x-y plane. The invasion
front can be described as d f (θ,t), where d f measures the radial distance from the
center of the well, θ is the polar angle, and t is the time of diskoid invasion.
Figure 2A shows the invasion fronts at days 0, 3, 5, and 10. After averaging over
the polar angle θ, Fig. 2 B shows the means and standard deviations of d f . The
invasion front grows sublinearly with time, which is consistent with the
observation on tumor spheroid94.
In order to quantify the morphological evolution of the diskoid, we have
calculated the elongated, rounded and full cell density using k-nearest
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Figure 2.2: The invasion profile of a DIGME device. a The invasion fronts at day
0, 3, 5, and 10 of the same sample described in Fig. 1. b The means and standard
deviations of the invasion distance obtained by averaging d f (θ) over the polar
angle θ of a. c-d Scattered plots: the local cell density by counting only the
elongated cells (red), or only the rounded cells (green), or all cells (black). Lines:
Running average of the scattered data points with a Gaussian kernel. c shows the
results at day 3, d shows the results at day 10

neighbors of each cell. Briefly, for each cell i at location r i =[x i ,y i ,z i ], we find
the minimal sphere centered at r i with radius r m that encloses exactly k cells. The
cell density at r i is approximated to be ρd(ri)=3k4πr3m. For simplicity, we have
chosen k=10. Figure 2 c-d show the cell density at varying invasion depth ρ d (d),
where 𝑑 =

	
  

𝑥 ! + 𝑦 ! . At day 3, only a small number of cells have migrated far

23

from the seeding radius (original diskoid-ECM interface) at a= 370 µm, and these
cells are mostly elongated. Close to the center, cell density is approximately
constant for d≤ 300 µm. As invasion proceeds, the region of constant cell density
expands. At the same time, cell density in this region decreases because the cell
proliferation is slow compared to the migration-induced dilution. After invading
the surrounding ECM for 10 days, both elongated and rounded cells are uniformly
distributed for d≤ 1 mm, and the cell density has dropped by more than four folds.
To further quantify the morphological distribution, we have normalized the
invasion depth d with respect to the seeding radius a of the diskoid and have
calculated the fraction of elongated cells f e l o n g a t e in different regions of d/a. As
shown in Fig. 3 a, at day 3 f e l o n g a t e increases rapidly at greater radial distance,
consistent with the fact that elongated cells are scout cells during collective
invasion. The positive correlation between f

e l o n g a t e

and d/a gradually

diminishes over time (Fig. 3 b). At day 10, a half-half mixture of elongated and
rounded cells are found in all regions of the sample. To quantitatively account for
these observations, we have developed a simple model based on persistent
random walks. We assume the cells stochastically transform between elongated
and rounded phenotypes at a rate of τ t r a n s , and the two phenotypes have distinct
migration persistent time τ

el

and τ

rd

. As elaborated in the Additional file 1, the

model agrees well with the results of Figs. 2 and 3.
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Figure 2.3: The spatial-temporal profiles of cell morphology. a-c Fraction of
elongated cells f e l o n g a t e at varying distances from the center. Here the distance
is normalized by the seeding radius a= 370 µm of the same diskoid described in
Fig. 1. Top insets: a section of the top view invading diskoid taken at days 3, 5
and 10. Scale bars of the insets: 200 µm

Solid tumors may develop various shapes in vivo, resulting in a diverse
range of interfacial geometry between the cells and the ECM. DIGME allows us
to easily control the geometry of diskoid. To demonstrate the capability, we
employed laser-micromachining to fabricate stainless steel needles with hexagon
and triangle cross-sections. Using these needles as the mold, we have generated
hexagonal and triangular MDA-MB-231 diskoids in 3D collagen ECM (Fig. 4 A1
and B1). We find that the original shapes of the diskoid (Fig. 4 A2 and B2)
largely determine the invasion pattern after 5 days of incubation (Fig. 4 A3 and
B3). Previously it was reported that the interfacial geometry regulates the
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tumorigenicity by promoting cancer-stem cells

95

. Using DIGME, we show that

the geometric control can be realized in truly 3D setups.

Figure 2.4: The hexagonal and triangular diskoid in DIGME devices. A1 and
(B1): 3D view of the diskoids. Blue: The surrounding ECM embedded with
fluorescent particles. Green: GFP-labeled MDA-MB-231 cells. The seeding
geometry of the diskoids are outlined in white. A2-A3 Top and side views of the
hexagonal diskoid at day 0 and day 5. B2-B3, Top and side views of the triangular
diskoid at day 0 and day 5. Scale bars: 200 µ.
The extracellular space along the invasion path of a tumor is spatially
heterogeneous97. Employing DIGME, we can program the ECM heterogeneity
and study its effect on the collective cancer invasion. As a proof of concept, we
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have formed a MDA-MB-231 diskoid confined within a two-layer ECM. This is
done by sequentially applying two circular molds of different diameters, and
filling the coaxial wells with different concentrations of collagen gels (Fig. 5 A1A3). The inner layer, with collagen concentration 1.5 mg/ml is more porous
compared to the outer layer, which has collagen at concentration of 3 mg/ml
(Fig. 5 A3). We have observed the invasion of the diskoid for over 15 days, and
the top views of the sample at days 0, 5, 10 and 15 are shown in Fig. 5 B-E.
Within 5 days after initial seeding, the invasion front quickly reaches the interface
of the inner and outer layer of the ECM (Fig. 5 C). At day 5, most front cells
polarize tangentially at the interface, with a few leading cells polarizing radially
and starting to invade the outer ECM layer. By quantifying the invasion front
profiles, we find that that invasion speed is significantly reduced at day 5. Due to
the change of cell orientation as well as the ECM microstructure, the invasion
speed reduces rather abruptly at the interface between the two ECM layers. Ductal
carcinoma is the most common type of breast cancer. At the early stage of ductal
carcinoma, tumor cells are surrounded by a collagen matrix that are
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Figure 2.5 A two-layer DIGME device. A1: Schematics of the two-layer device.
A circular MDA-MB-231 diskoid is confined by 1.5 mg/ml collagen matrix
(ECM 1). ECM 1 is inside of 3 mg/ml collagen matrix (ECM 2). A2: 3D, top, and
side views of the device. Green: MDA-MB-231 cells. Red: ECM 1 labeled with
red fluorescent particles. Blue: ECM 2 labeled with far-red fluorescent particles.
A3: confocal reflection image showing the collagen fibers at the interface of ECM
1 and ECM 2. B-E Top views of the invading diskoid at day 0, 5, 10 and 15. F:
Invasion distance d f as a function of time.
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polarized long the tumor-stromal interface (Fig. 6 A)93. The orientation of
collagen fibers becomes disorganized even perpendicularly aligned during tumor
progression, correlating with the clinical outcome of cancer patients99. Employing
DIGME, we can control the orientation of collagen fibers in the surrounding
matrix, mimicking different stages of ductal carcinoma. As an example, we mount
a 150 µm diameter needle approximately 300 µm off the rotational axis of
DIGME. While the 1.5 mg/ml collagen gel is forming, we continuously rotate the
needle at 1 Hz for 5 min. The microscopic flow driven by the needle aligns the
collagen fibers, and the fiber orientation is subsequently locked by the gelation
process100. At the same time, the rotating needle carves a ring in the collagen gel,
which we fill with MDA-MB-231 cells mixed in the host ECM (Fig. 6 B). The
host ECM consists of 1.5 mg/ml collagen matrix that is randomly oriented. We
have imaged the invasion process of the diskoid for 10 days, and find that the
circularly polarized collagen fibers strongly impact the motility and morphology .
The microscopic flow driven by the needle aligns the collagen fibers, and the fiber
orientation is subsequently locked by the gelation process100..We have imaged the
invasion process of the diskoid for 10 days, and find that the circularly polarized
collagen fibers strongly impact the motility and morphology of MDA-MB-231
cells. The front invasion speed (Fig. 6 D) is noticeably slower compared with the
diskoid in randomly oriented matrix (Fig. 2 B), and that a large fraction of cells
are oriented tangentially along the collagen fibers (Fig. 6 E). These results are
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consistent with the contact guidance observed for single cells in both 2D and 3D
cultures101.

Figure 2.6: A ring diskoid in circularly aligned collagen matrix simulating a
ductal carcinoma. a schematics showing the invasion of a typical ductal
carcinoma. b A confocal slice showing the MDA-MB-231 ring diskoid (red)
surrounded by circularly polarized collagen fibers (green). c Top views of the
sample at day 0, 5, and 10. d Invasion distance d f as a function of time. e
Histogram of cell orientation θ at 10 days. θ is the angle between the cell long
axis and the local radial direction measured from the seeding center of the diskoid
Cv
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2.4

Discussion and Conclusion
We have described DIGME as a low-cost, easy-to-implement strategy to

engineer the geometric microenvironment of tumor organoids. The shapeprogrammable organoid - diskoid, preserves the native cell-cell contacts in 3D
ECM, and allow us to study the single cell dissemination and cohesive
progression during collective cancer invasion.
For a thin circular diskoid in isotropic homogeneous ECM, we have
shown that the collective invasion and morphological evolution of MDA-MB-231
cells (Figs. 1, 2 and 3) follow the similar patterns observed in the middle plane of
tumor spheroids

95

. Tumor spheroids are often too dense to image through

directly, and requires destructive pre-imaging preparations such as cryo-section.
DIGME, on the other hand, provides an alternative model allowing continuous,
long-term imaging at the single cell level.
We find that the invasion profile correlates with the seeding geometry, as
shown in the hexagonal and triangular diskoids (Fig. 4). It has been proposed that
physical forces generated by the cellular traction propagate over the ECM, and
coordinate the 3D collective cancer invasion101,95,65. By controlling the shape of
diskoids as well as the ECM microstructure, we can tune the stress distribution in
the ECM. Therefore DIGME provides an ideal experimental system to understand
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the mechanical mechanisms coordinating the self-organized collective cancer
invasion 102.
We find that 3D collective cancer invasion is regulated by the spatial
heterogeneity, as well as the microscopic anisotropy of the ECM. A progressing
tumor encounters dramatically varying microenvironments, or microniches101 . By
employing DIGME, we can further extend the examples demonstrated in Figs. 5
and 6 to generate complex microniches in the ECM. For instance, epithelial cells
and fibroblast cells can be embedded in different layers of ECM. Also the level of
ECM fiber alignment can be controlled by varying the rotational protocol that
drives the DIGME mold. Such protocols, including changing the rotational speed,
or implementing bidirectional rotation, can be easily realized with programmable
rotary motors.
In the above, we have used breast cancer cell line MDA-MB-231 cells to
demonstrate the capabilities of DIGME. It is expected that DIGME methods
equally apply to any cells compatible with 3D culture, such as fibroblast cells,
endothelial cells, stem cells and neural cells. Similarly, type I collagen ECM can
be replaced by other forms of ECM in DIGME, including tissue-derived ECM
like matrigel, and synthetic ECM like peptide gel. With these extensions, DIGME
is not only useful to probe the collective invasion of tumors, but also allows one
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to study 3D multicellular dynamics in wound healing, angiogenesis, development,
and tissue remodeling.
We notice that the current form of DIGME has several limitations. First of
all, DIGME only control the cross-sectional shape of the diskoid, rather than the
full 3D geometry of the tumor organoid. Although variants of DIGME are
possible, for instance by using a cone-shaped mold, fully 3D patterning may
require incorporating other techniques such as directed self-assembly102. Second,
metal mold fabrication has a typical tolerance of tens of micrometers, or the size
of a cell. In order to control the diskoid shape down to subcellular accuracy, one
may incorporate other micro-fabrication techniques, such as polymer laser
micromachining or deep reactive-ion etching61. These alternative fabrication
methods have micrometer µm resolution, but may require surface treatment to
ensure low-binding affinity to collagen. Third, the mechanical-based DIGME
method requires one to two hours to prepare each sample. To improve the
throughput, one may take advantage of the low-cost and simple operation of
DIGME and implement automated parallel processing. Finally, DIGME patterns
densely populated cells in 3D, which is different from the pathological case where
the tumor is grown from a few transformed cells. Future in vivo studies will be
required to validate the biological insights obtained from DIGME devices, such as
the invasion dynamics and drug responses.
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CHAPTER 3
Probing Cooperative Force Generations In Collective Cancer Invasion

Amani A.Alobaidi,Yaopeongxiao Xu, Shaohua Chen, Yang Jiao, and Bo sun
Physical Biology, Volume 14 4 (2017 ): 045005

Collective cellular dynamics in the three-dimensional extracellular matrix (ECM)
plays a crucial role in many physiological processes such as cancer invasion. Both
chemical and mechanical signaling support cell–cell communications on a variety
of length scales, leading to collective migratory behaviors. Here we conduct
experiments using 3D in vitro tumor models and develop a phenomenological
model in order to probe the cooperativity of force generation in the collective
invasion of breast cancer cells. In our model, cell–cell communication is
characterized by a single parameter that quantifies the correlation length of
cellular migration cycles. We devise a stochastic reconstruction method to
generate realizations of cell colonies with specific contraction phase correlation
functions and correlation length a. We find that as a increases, the characteristic
size of regions containing cells with similar contraction phases grows. For small a
values, the large fluctuations in individual cell contraction phases smooth out the
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temporal fluctuations in the time-dependent deformation field in the ECM. For
large a values, the periodicity of an individual cell contraction cycle is clearly
manifested in the temporal variation of the overall deformation field in the ECM.
Through quantitative comparisons of the simulated and experimentally measured
deformation fields, we find that the correlation length for collective force
generation in the breast cancer diskoid in geometrically micropatterned ECM
(DIGME) system is 𝑎 ≈ 25𝜇𝑚, which is roughly twice the linear size of a single
cell. One possible mechanism for this intermediate cell correlation length is the
fiber-mediated stress propagation in the 3D ECM network in the DIGME system.

3.1 Introduction
Collective cellular dynamics in three-dimensional extracellular matrix
(ECM) play central roles in many physiological processes including
morphogenesis, wound healing, and particularly the metastasis of tumors103,104,105.
These processes, such as the tubular structure formation during the development
of branched organs106, the repair of epithelial wounds107,108, and the growth of
vessels during tumor angiogenesis109, involve highly orchestrated multicellular
dynamics over large spatial and temporal scales. Quantitative measurement of
these length and time scales provides a key information that allows us to
distinguish individual from emergent multicellular cellular behaviors.
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The coordination between cells requires efficient cell-cell communications
in the forms of chemical110, electrical111, or mechanical signals112,113. The
necessary to overcome physical barriers during 3D migration114, and the excellent
force transmission within the ECM115,116 strongly suggest the role of mechanical
cues in orchestrating the collective cancer invasion.
The mechanical interaction between cells involves force generation,
propagation and sensation. The three steps do not occur in sequence but rather are
coupled dynamically to maintain the tissue homeostasis117. In particular, traction
force from one cell will remodel the local ECM geometry and elasticity118
therefore modulates the force generation of nearby cells119. The presence of direct
or ECM-mediated intercellular feedback mechanisms have suggested the notion
of collective force generation, especially in the context of tumor metastasis120.
Indeed, it has been observed that tumor organoids exert highly organized traction
forces121, while isolated individual cells generate fluctuating forces that vary
significantly from one cell to another 122.
To further investigate the collective force generation during cancer cell
migration, here we present a phenomenological model based on the recently
developed tumor diskoid in micropatterned ECM (DIGME) system123. In our
model, the cell-cell communication is characterized by a single parameter that
quantifies the correlation length of cellular migration cycles. Specifically, we
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consider each tumor cell undergoes a series of periodic contraction cycles from
their migration machineries. For simplicity, the contraction cycles of all of the
cells are considered to possess the same periodicity. Each cell is also
characterized by a unique contraction phase, which is spatially correlated with one
another via an inverse exponential function with the correlation length a
(𝑖. 𝑒. , ∼   𝑒𝑥𝑝(−𝑟/𝑎)). We devise a stochastic reconstruction method to generate
realizations of contracting cell colonies with specific phase correlation functions
and correlation length a. The deformation field resulted from the collective cell
contraction with different a values are then computed and quantitatively compared
with the experimentally measured deformation field in the breast cancer DIGME
system, in order to identify the correlation length a for the system.
Our study shows that as the correlation length increases from 0 (i.e., the
case where the cell contractions are completely random), the size of the region of
cells with similar contraction phases also increase. In the limit 𝑎   →   ∞, the entire
cell colony is completely synchronized and all cells contract simultaneously. For
small a values, the large fluctuations in individual cell contraction phases smooth
out the temporal fluctuations in the time-dependent deformation field in the ECM.
On the other hand, for large a values, the periodicity of individual cell contraction
cycle is clearly manifested in the temporal variation of the overall deformation
field in the ECM. This generic dependency of temporal variation of the
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deformation field on 𝑎 is utilized to identify the correlation length in DIGME.
Through quantitative comparisons of the simulation results and experimental data,
we find that the correlation length for collective force generation in the breast
cancer DIGME system is  𝑎   ≈   25µm, which is roughly twice the linear size of a
single cell. One possible mechanism for this intermediate cell correlation length is
the fiber-mediated stress propagation in the 3D ECM network in DIGME116.

3.2

Methods

3.2.1 Cell Culture and 3D Patterning
High concentration type I rat tail collagen (9.95 mg/ml,Corning) is diluted
with DMEM growth medium, phosphate buffered saline (PBS,10X)and sodium
hydroxiode (NaOH,0.1M) to concentration of 2 mg/ml with pH 7.4. All solutions
are held and mixed at 4◦ C, prior to gelation process at 37 ◦ C. To create 3D
patterned cell disks, we employ Diskoid In Geometrically Micropatterned ECM
(DIGME) method described previously [21]. Briefly, a stainless steel cylinder is
used to mold a well in the collagen gel. Then high-density human breast
carcinoma cells (MDA-MB-231/GFP, Cell Biolabs) are mixed with neutralized
collagen solution and fill the molded well. After keeping the sample in a tissue
culture incubator at 37◦C with 5 % CO2 level for three (ibidi) hours, we move the
sample to an on-stage incubator and start imaging.
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3.2.2 Micromechanical

Model

for

Tumor

Diskoid

in

Micropatterned ECM
Here we develop a 2D micromechanical model for the tumor diskoid in
micropatterned ECM (DIGME). Specifically, the ECM is modeled as a nonlinear
elastic continuum with strain hardening behavior and elastic moduli K = 150Pa
(bulk modulus) and µ = 100Pa (shear modulus)124, which has been shown to
correctly capture the mechanical behavior of ECM. A detailed description of
micromechanical model for the collagen network is provided in the Supporting
Information text. As we will show below, the exact values of the elastic moduli
does not affect the determination of the cell correlation length in the system. In
addition, we note although a collagen network generally exhibit viscous
behaviors, we believe it is legitimate to model it as nonlinear elastic medium in
the current work. This is because that the characteristic periodicity for cellular
contraction (∼ 220 minutes) in our DIGME system is generally much larger than
the relaxation time scale for the viscous behavior of collagen gels (∼ 30 seconds).
The cells, which are embedded in the ECM, are modeled as equal-sized
2D circular disks. Initially, a fixed number of non-overlapping disks are randomly
placed in a square simulation domain with periodic boundary conditions. The disk
packing is subsequently densified by repeatedly shrinking the size of the
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simulation domain while randomly displacing the disks via Monte Carlo
method125. Once the desirable cell packing density is achieved, a circular region
representing the tumor diskoid is “cut out” from the resulting packing
configuration, and embedded in the middle region of the ECM. In our
simulations, the diskoid contains ∼ 1000 cells with a covering fraction of ∼ 0.55,
consistent with the experimentally measured cell density.
Once the geometrical model for DIGME is established, we employ the
volume- compensated lattice-particle method (VCLP)126 to study the mechanical
behavior of DIGME due to cell contraction. In VCLP, the continuum is treated as
an ordered network of interacting material points, which obeys a cohesive law
directly obtained from basic constitutive relationships with analytical solutions.
The interactions among the material points include both local pair-wise potential
between two particles Upair and multi-body potential among non-local particles
𝑈𝑉 , 𝑖. 𝑒. , 𝑈   =   𝑈𝑝𝑎𝑖𝑟 +   𝑈𝑉 . Accordingly, the force field between two
  
  
neighboring particles only depends on their relative displacements (i.e., pair-wise
potential), but also includes a contribution from all the neighboring particles
surrounding them (i.e., non-local multi-body potential). The VCLP has been
successfully applied to study nonlinear failure properties of heterogeneous
materials such as particle-reinforced composites127, which possesses a similar
microstructure to the DIGME.
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In our DIGME model, we consider each cell is perfectly bonded with the
ECM and when a cell contracts periodically, it pull the ECM bonded to its
perimeter inwardly. This is to mimic the effect of the pulling forces generated via
actin filament contraction and transmitted to ECM fibers through focal adhesion
during cell migration. During the initial phase of the invasion (the focus of this
paper), most cells possess a rounded morphology and the slightly elongated cells
do not appear to show any patterns of alignment. Therefore we believe the
isotropic contraction is a good approximation for studying collective force
generation in our DIGME system. In addition, the contraction process occurs
much faster than the focal motion of the cells, so that the cell positions are
considered stationary for a few contraction cycles. We consider the cell
contraction is characterized by sinusoidal function, i.e.,
𝛿 𝑡 =   𝛿0   𝑠𝑖𝑛 2𝜋𝜔𝑡   +   𝜑 ,          

(1)

where 𝛿(𝑡) is shrinkage of cell diameter due to contraction with module 𝛿! chosen
to be 15% of cell diameter, 𝜔   =   1/𝑇 is the individual cell contraction frequency
(T is the corresponding period) and 𝜑 is the phase for the cell contraction with
respect to a global reference time. It is important to note that in our current model,
the possible fluctuations of individual cell contraction frequency ω are not
explicitly considered, i.e., we assume all cells possess identical 𝜔. In general,
there are two possible sources for the fluctuations, i.e., variation of 𝜔 among
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different cells and variation of 𝜔 in a single cell over time. To quantify the effects
of these possible dephasing mechanisms, we carry out a systematic sensitivity
analysis by considering a random variation in single cell contraction frequency
across different cell or in a single cell over time and report the results in the
Supporting Information text. The implications of the analysis are provided in Sec.
4.
As we will discuss in the following section, the correlation of 𝜑  between
different cells quantifies the degree of collectiveness of cell contraction
(migration) in the system. For the subsequent micromechanical analysis, the
contraction of each cell is applied as a time-dependent displacement boundary
condition for the ECM; and the fixed zero displacement boundary conditions are
applied to the external boundaries of square simulation domain for the ECM. Due
to the symmetry of the tumor diskoid, the overall effect of cell migration lead to
isotropic growth of the diskoid, which can be mimicked in the model by
isotropically expanding the circular cell packing region (i.e.,re-scaling the
intercellular distances).

3.2.3 Stochastic Phase Construction for Modeling Collective Cell
Contraction
In our system, the tumor cells in the diskoid can migration and invade into
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the surrounding ECM. During the migration, a cell pulls the collagen fibers via
actin filaments contraction to generate locomotion. In our model, we consider the
collectiveness of the cell migration is manifested as the coordinated contraction of
cells. As described in Sec. I, we consider each tumor cell undergoes a series of
periodic contraction cycles with the same periodicity. In particular, each cell 𝑖 at
position 𝑟𝑖 possesses an intrinsic contraction phase 𝜑𝑖 (𝑟𝑖 ) [c.f. Eq. (1)]. The
degree of collectiveness is then quantified via the following contraction phase
correlation function,
𝑆 𝑟 =<   𝜑𝑖 𝑟𝑖 ·   𝜑𝑗 𝑟𝑗 > ,                                   (2)    
where 𝑟   =    |𝑟𝑖 −   𝑟𝑗 | and <  ·  > denotes ensemble average. Without loss of
  
  
generality, we use an exponential correlation function, i.e.,
𝑟
𝑆 𝑟 =    𝜑1 −   𝜑2 𝑒𝑥𝑝 − +   𝜑2 (3)    
  
,          
𝑎
!
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! !
𝜑
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  𝑑𝜑   =   𝜋2/3 and 𝜑2 =    (!
  

  
!
𝜑 𝑑𝜑)2
!

=    𝜋 ! /4. The

parameter 𝑎 is the correlation length that characterizes the degree of
collectiveness in the system. For example, for 𝑎   =   0, 𝑆(𝑟)    =    𝜋 ! /4, which
indicates that the contraction (migration) of the cells in the system are completely
uncorrelated (asynchronized). On the other hand, for 𝑎   →   ∞, 𝑆(𝑟)    = 𝜋 ! /3,
which indicates that the cell contraction (migration) is fully synchronized (i.e., all

	
  

43

cells contract simultaneously). The major task of our modeling effort is to
estimate the 𝑎  value in the DIGME from the experimentally measured ECM
displacement field profile, in order to assess the degree of collectiveness in such
system.
Collective cell contraction characterized by the phase correlation function
Eq. (3) with a specific correlation length 𝑎  can be realized using inverse
reconstruction using stochastic optimization128. Initially, each cell is assigned a
phase 𝜑 that is randomly selected from [0, 𝜋]. The phase correlation 𝑆(𝑟) is then
computed from this initial configuration. We define an ”energy” as the squared
difference between the computed and target correlation function 𝑆 ∗ (𝑟), i.e.,

𝑆 𝑟 − 𝑆 ∗ (𝑟) ! .                        (4)

𝐸   =
!

Then simulated annealing is employed to evolve the phase distribution in tumor
diskoid. Specifically, at each step, the phase 𝜑𝑖 of a randomly selected cell 𝑖  is
varied by a random amount 𝛿𝜑, leading to a change of the computed 𝑆(𝑟) and
thus, the energy change ∆𝐸. This variation of 𝜑𝑖 is accepted with a probability
𝑝   =   𝑚𝑖𝑛[1, 𝑒𝑥𝑝(−∆𝐸  /𝑇  )]. The parameter T is a fake temperature which is
chosen to be high initially and gradually decreases during the simulation, in order
to improve the convergence of the algorithm to the global optimum.
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3.3

Results

3.3.1 Experimental Results
In order to study the 3D collective cancer invasion and force generation,
we have previously developed a mechanical-based strategy for micropatterning
3D in vitro tumor models, Diskoid In Geometrically Micropatterned ECM
(DIGME)123. DIGME allows one to control the micro-to-meso scale geometry of
the ECM surrounding cell aggregates. In this study we take advantage of DIGME
to create circular diskoids consists of MDA- MB-231 cells, a highly invasive
breast cancer cell line. We note although tumor spheroids have been widely used
as invasion models in previous studies, the diskoid geometry employed here leads
to a plane strain deformation of the ECM and allows us to more accurately
capture the cell contraction induced deformation field in both experiments and
subsequent 2D simulations.
As shown in Fig. 3.1, a circular diskoid is a cylindrical cell aggregate
confined in 3D collagen matrix. The diskoid has a high aspect ratio, with diameter
of approximately 920 µm and thickness of 150 µm. Within 3 days after seeding
the cells, collective invasion only slightly changes the initial shape of the diskoid.
Over longer term, the invasion is more pronounced in the radial than the vertical
direction123. The morphological distribution and density evolution of the cells
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resemble the middle plane of tumor spheroids120.
In order to probe the effects of the mechanical forces generated by the
cells, we have embedded 1-µm sized red fluorescent particles in the collagen

Figure 3.1: The 3D tumor diskoid setup. (A) Schematics of the circular diskoid
embedded in 3D reconstituted type-I collagen matrix. (B-C) The top views (upper
panels) and the side views (lower panels) of the tumor diskoid immediately after
seeding the cells (B) and after 3 days (C).
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matrix so that the GFP-labeled cells and the matrix deformation can be monitored
at the same time. In particular, we image at the middle plane of the diskoid where
such deformation is most significant. For each experiment, we image
continuously for 3 days at 5 minutes intervals, and employing particle image
velocimetry (PIV) to obtain the velocity field of the ECM by comparing images
taken at 5 hours apart.
We find that there are three distinct phases in the collective force
generation (Fig. 3.2A). Immediate following seeding into the diskoid mold, the

Figure 3.2: The velocity field of the collagen matrix driven by the tumor diskoid.
(A) The velocity field at three different time points indicating pushing, transition,
and pulling phases of the diskoid force generation. (B) The spatial-temporal map
of the average radial velocity.

tumor diskoid pushes the matrix outward. This is due to the initial spreading of
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the cells and that the cells are closely packed in the diskoid. The pushing phase is
followed by a period of almost zero velocity, after which the diskoid starts to
generate contractive force that pulls the matrix radially inward.
To better visualize the three different phases, we have calculated the
average radial velocity ⟨𝑣𝑟 ⟩(𝑡, 𝑟) over the 2𝜋 angle as shown in Fig. 3.2B. The
  
spatial-temporal map shows the matrix velocity field decays at larger distance,
and that the initial stable pushing force is gradually replaced by fluctuating
pulling force generated by the diskoid.
With the time-dependent velocity field highlights three different phases in
the collective force generation of the cells, we have also computed the strain field
in order to further elucidate the stress distribution in the ECM. In particular, we
obtain the infinitesimal strain tensor 𝜀(𝑡, 𝑟), which is a 2 by 2 matrix that varies in
space and time. Equivalently, the strain tensor can be characterized by its two
orthogonal principle directions - eigen vectors 𝑣1(𝑡, 𝑟)  𝑎𝑛𝑑  𝑣2(𝑡, 𝑟), and the
corresponding eigen values 𝜆1(𝑡, 𝑟) and 𝜆2(𝑡, 𝑟).
As shown in Fig. 3.3A, in the pushing phase the two principle directions are
strongly aligned with the radial and tangential directions. The matrix is
compressed radially, and extended in the tangential direction. On the other hand,
during the pulling phase the strain decomposition has much larger fluctuations but
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overall the matrix is extended in the radial direction and compressed in the
tangential direction. To further illustrate the quantitative variations of the strain
field, we have calculated the angular averaged trace of the strain field
⟨𝑇  𝑟(𝜀)⟩(𝑡, 𝑟)    =    ⟨𝜆1(𝑡, 𝑟) + 𝜆2(𝑡, 𝑟)⟩ 𝑟
at fixed radial distances from the
| |=𝑟
center of the diskoid. As shown in Fig. 3B, near the boundary of the tumor
diskoid the ECM is expanded during the pushing phase, and compressed during
the pulling phase. The angular averaged trace of the strain field decays rapidly
away from the diskoid center. Also consistent with the velocity field, we find that
in regions where significant strain is observed, the principle axis of the strain
tensor aligns with the radial direction. To further decipher the patterns in the
spatial-temporal evolution of the deformation field in Fig. 3.3B, we perform a
Fourier analysis (see Supporting Information text) which clearly shows
periodicity in the temporal domain.
After characterizing the collective traction field of a tumor diskoid, we
take advantage of computational modelings to address the central question of the
report: to what extent do the cells coordinately apply traction force to the
extracellular matrix.
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Figure 3.3: The strain field of the collagen matrix driven by the tumor diskoid.
(A) The strain field at three different time points indicating pushing, transition,
and pulling phases of the diskoid force generation. The lines represent the two
orthogonal directions at each location, and their colors represent the
corresponding eigen values. (B) The spatial-temporal profile of the strain tensor.
Top: The spatial-temporal map of the trace of the strain tensor obtained by
circularly averaging the trace of the strain field at fixed distance from the center
of the diskoid at a given time. Bottom: The spatial- temporal map of the principle
directions of the strain tensor with respect to the radial direction obtained by
circularly averaging S = ⟨| cos θ1 − cos θ2| at fixed distance from the center of
the diskoid at a given time. Here θ1 and θ2 are the angles between the radial
direction and the two principle axes of the strain tensor. The quantity | cos θ1 −
cos θ2| reaches the maximum of 1 if one of the principle axis is in the radial
direction, and reaches the minimum of 0 if both principle axes form 45 ◦ angles
with respect to the radial direction. For both top and bottom panels ⟨·⟩ indicates
circular average.
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3.3.2 Simulation Results
In this section, we present our simulation results including the
reconstruction of contraction phase distributions with specific correlations in the
tumor diskoid as well as the subsequent micromechanical analysis.
Figure 3.4 shows the distributions of contraction phase in tumor cell
aggregates (modelled as packings of nonoverlapping congruent circles) associated
with different phase correlation length 𝑎 obtained via the stochastic reconstruction
method as described in Sec. 2.3. In the figure, the red color indicates large 𝜑
values (∼   𝜋) and blue color indicates small 𝜑  values (∼   0). Figure 3.5 shows
the scaled target and reconstructed phase correlation functions [c.f. Eq.(3)], i.e.,
𝑓(𝑟)    =    (𝑆(𝑟)    −    𝜑! )/(𝜑! − 𝜑! )    =   𝑒𝑥𝑝(−𝑟/𝑎),                              (5)
  
associated with different correlation length 𝑎. The final squared error (i.e., the
energy, c.f. Eq. (4)) between the target and reconstruction is smaller than 10−6
for all cases. It can be seen from Fig. 5 that the reconstructed correlation functions
are virtually identical with the corresponding target functions.
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Figure 3.4: Simulated contraction phase distributions of closely packed tumor
cells (with a covering fraction ∼ 0.55). Cells are modeled as non-overlapping
congruent circles. Color of each circle (blue to red) linearly scales with the
contraction phase (0 to π). Stochastic reconstruction method is employed to
realize configurations of varying phase correlation length a.

It can be clearly seen in Fig. 3.4 that as the correlation length 𝑎 increases,
the regions with similar colors are growing in size, in which the cells possess
similar 𝜑 values. This indicates that regions containing collectively contracting
cells are also growing, which is consistent with the imposed stronger spatial
correlations. In addition, as the correlation length increases, the distribution of the
𝜑 values also shifts from a uniform distribution (as in the case of 𝑎   =   0𝑚) to a
bimodal distribution (i.e., for 𝑎   =   50  𝜇𝑚). The reconstructed cell packings with
specific phase correlations are then mechanically coupled with a continuum ECM
model to study the collective force generation in a circular diskoid tumor
invasion.
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Figure 3.5: Scaled phase correlation functions Eq. (3) associated with different
correlation length a. The reconstructed functions (solid symbols) are virtually
identical with the corresponding target functions (solid lines).

We now investigate the deformation of the ECM surrounding the tumor
diskoid due to collective cell contraction. In particular, each cell is allowed to
contract and deform the ECM according to Eq. (1) with its specific phase 𝜑𝑖 with
respect to a global reference time 𝑡0 =   0. The contraction of the cells imposes a
  
time-dependent displacement boundary conditions at the cell-ECM interfaces,
while the outer surface of the ECM is considered to be fixed (i.e., with zero
displacement). The volume-compensated lattice- particle (VCLP) method is
subsequently employed to solve the displacement field in the ECM with the
aforementioned boundary conditions.
Figure 3.6 shows snapshots of the displacement field, i.e., the distribution
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of the magnitude of the radial component of the local displacement vector, for
different phase correlation lengths. It can be clearly seen that as the correlation
length increases, the magnitude of displacement at fixed distance 𝑟  from the
center of tumor diskoid increases. This is due to the larger pulling forces
generated by more collective cell contraction (i.e., with larger phase correlations).
In addition, the displacement field for all cases are almost circularly symmetric,
which is due to the isotropy of the tumor diskoid.
Figure 3.7 shows the temporal evolution of circularly averaged trace of the
strain tensor field ⟨𝑇𝑟(𝜀)⟩(𝑡, 𝑟)    =    ⟨𝜆1(𝑡, 𝑟) + 𝜆2(𝑡, 𝑟)⟩ 𝑟
normalized with
| |=𝑟
respect to ⟨𝑇𝑟(𝜀)⟩𝑚𝑎𝑥 in the system for different phase correlation lengths,
where 𝜆1 and 𝜆2 are the eigen values of the local strain tensor. The quantity
⟨𝑇  𝑟(𝜀)⟩ characterizes the local volumetric deformation (i.e., the volume strain) of

Figure 3.6: Spatial maps showing the magnitude of the radial displacement from
simulated tumor diskoids. One typical snapshot is shown for each phase
correlation length. The color scheme linearly scales with the radial displacement
magnitude (0 to 1) normalized with respect to the peak displacement value.
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the ECM due to the contraction of the cells in the tumor diskoid, which results in
a bi-axial tension state in the ECM. Consistent with the experimental observation,
the principal axis of the local strain tensor is aligned with the radial direction.

Figure 3.7: Temporal evolution of circularly averaged trace of the strain
tensor field ⟨T r(ε)⟩(t, r)/⟨T r(ε)⟩max normalized with respect to the peak value
⟨T r(ε)⟩max for different phase correlation length values.

In addition, we note that increasing correlation length, i.e., the degree of
collectiveness in cell contraction (force generation) also directly affects the
temporal evolution of the circularly averaged volume strain profile. Specifically,
for the totally uncorrelated case (i.e., with 𝑎   =   0  indicating a random distribution
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of contraction phase among the cells), the random fluctuations in the contraction
phase distribution significantly smooth out the temporal variation in the strain
profile. For example, the maximal fluctuation of the strain field at the same local
but different time points is about 50% and the deformation of ECM never
vanishes. On the other hand, for the fully synchronized case (i.e., with 𝑎   →   ∞
indicating the ideal case that all cells contract simultaneously), a significant
temporal variation of the volume strain profile that is consistent with the cell
contraction period can be identified. It can be clearly seen that the deformation
field in ECM almost completely vanishes at 𝑡   ≈   250𝑛 minutes (where
𝑛   =   1,2,3,...) and reaches the peak values at 𝑡   ≈   125   +   250𝑛 minutes (where
𝑛   =   0, 1, 2,  . . .). For intermediate correlations (i.e., intermediate a values), as the
correlation length increases, the temporal variation in the strain profile is more
significant. We note this intrinsic dependence of temporal variation of the
deformation field on the spatial correlation length a is sensitive to neither the
individual cell contraction magnitude nor the exact values of ECM mechanical
properties, and thus, this property is sufficiently robust to be utilized to identify
the correlation length in DIGME.
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3.3.3 Probing the Collectiveness in DIGME
We now utilize the correlation-length specific time-dependency feature of
the volume strain profile to identify the correlation length, i.e., to quantify degree
of collectiveness in force generation from the experimental data for the DIGME
system. We first note that the experimentally obtained volume strain profile
contains a bi-axial compression state during the initial stage of tumor diskoid
evolution, which is mainly due to the volumetric expansion of the entire tumor
cell colony when seeded in the ECM. Since this strain state is not associated with
the forces generated via cell contraction during collective migration, we exclude
this part when comparing with our simulation results.
For quantitative comparison of the experimental and simulation results, we
first normalize the volume strain profile with respect to the corresponding peak
value and the large-distance asymptotic value, i.e.,

𝑇𝑟 𝜖

∗

𝑡, 𝑟 =

𝑇𝑟 𝜖

𝑡, 𝑟 − 𝑇𝑟 𝜖 𝑡, 𝑟 → ∞
,                    (6)
𝑇𝑟(𝜖) !"#

For each a value, we shift the phase Φ and re-scale the time with factor γ for the
entire volume strain profile to minimize the squared error between the simulated
and smoothed experimental data, i.e.,
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|⟨𝑇𝑟(𝜀)⟩∗!"# (𝛾𝑡 + 𝛷, 𝑟|𝑎) − ⟨𝑇𝑟(𝜀)⟩∗!"# (𝑡, 𝑟) |! ],

𝐸   =    min [
!,!

(7)      

!,!

Then the 𝑎 value associated with the smallest 𝐸 will be identified, and considered
as the phase correlation length for the experimental DIGME system.
Through the aforementioned analysis, we find that the strain profile
associated with a correlation length 𝑎   ≈   25𝜇𝑚 minimizes the squared error [c.f.
Eq.(7)] among all a values examined (see supporting information). In our model,
the cell size (i.e., diameter of the circles) is set to be 10  𝜇𝑚. Thus, the identified
correlation length corresponds to about 2 to 3 cell sizes. We note that our analysis
mainly emphasizes the intrinsic dependence of the temporal variation of the
deformation field (e.g., strain profile) on the correlation length, instead of trying
to match the exact values of the simulated and experimental deformation fields.
Therefore, the obtained correlation length is not affected by the different reference
states that are used to define the strain field in the simulation and experiment
(e.g., a global stress/strain-free state for the simulation and local reference states
taken every 5 hours for the experiment). It is also important to note that the
scaling parameter γ in Eq. (7) is related to the individual cell contraction
frequency, i.e, 𝛾   =   2𝜋𝜔   =   2𝜋/𝑇. The obtained 𝛾 value that minimizes the error
(7) corresponds to 𝑇   =   1/𝜔   ≈   220 minutes. We also verify that our estimated
individual cell oscillation periodicity (∼   220  minutes) by comparing the
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experimental value (∼   230 ± 30 minutes) obtained by observing individual cells
randomly dispersed in ECM with lower cell density. However, it is important to
note

the

oscillation

periodicity

could

also

depend

on

the

cellular

microenvironment, which could lead to the observed discrepancy. The
experimental data are reported in the Supporting Information text.

3.4

Discussion and Conclusions
In this paper, we have presented a phenomenological model to probe

coordinated force generation during collective breast cancer cell migration. In our
model, the cell-cell communication is characterized by a single parameter that
quantifies the correlation length of cellular migration cycles, without explicitly
considering the detailed mechanisms for the communication. Realizations of
contracting cell colonies with different correlation lengths are generated using a
stochastic reconstruction method. We find that the time-dependent ECM strain
profile possesses an intrinsic dependence on the cell correlation length a. This
feature is subsequently utilized to identify the correlation length in experiments of
cancer diskoid invasion, which leads to 𝑎   ≈   25 µm. This intermediate
correlation length is roughly twice the linear size of the cells in the system.
Interestingly, such intermediate correlation lengths have also been observed for
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2D cell monolayers where the cells are either communicating chemically129
through gap junctions or mechanically through direct contacts130.
It is not surprising that an intermediate correlation length arises from our
analysis. The tumor diskoid possesses a fairly high cellular density. Thus, it can
be expected that the biochemcial and biomechanical mechanisms giving rise to
long-range cell-cell communications might be suppressed by the strong nearest
neighbor screening effects. In 3D collective cell migration, one of the possible
mechanisms to coordinate collective force generation is the collagen fiber
mediated stress transmission. In particular, it has been shown recently that the
actomyosin generated contraction force of a migrating cell can propagate to the
ECM fibers via focal adhesion sites, leading to a heterogeneous quasi-long range
stress network in the ECM116. This implies that the local stress state near a
particular cell may result from the pulling of a distant cell, which in turn biases
the focal adhesion formation for the current cell and its migratory behavior. We
expect this mechanism to be important in the tumor diskoid system, where cells
are embedded in a 3D albeit thin block of ECM. Another important mechanism
for collective force generation involves the mechanosensitivity of individual
cells131. For example, it has been shown in Ref.

131

that cells can adjust their

contractile forces according to forces they experience from other cells, which in
turn could lead to collective contraction of the entire colony.
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An important question is whether the identified correlation length is
intrinsic to breast cancer cells or is dependent on the specific systems. Based on
the aforementioned analysis, we believe the near neighbor screening effects could
play an important role in the densely packed DIGME system and effectively
reduce the correlation length among cells. In a more spread-out cell configuration
with a much lower cellular density, we expect to observe a longer correlation
length for the tumor cells. Nonetheless, this also illustrates the importance of the
heterogeneous microenvironment in determining collective tumor cell behavior.
Finally, we note that in our model we have assumed that all cells possess
the same contraction periodicity (or equivalently frequency) and ignored any
possible fluctuations in these quantities. As shown in the Supporting Information,
increasing fluctuations in individual cell contraction periodicity or frequency will
result in less coherent cell contraction and force generation, which would further
smooth out the temporal variation in the deformation field. This in turn would
result in an effectively smaller correlation length in the tumor diskoid. This
analysis suggests that ignoring the possible fluctuations in individual cell
contraction frequency and periodicity would lead to an underestimate of the
correlation length in the system. Therefore, the obtained a = 25µm from the
current study should be considered as a lower bound on the correlation length in a
rigorous sense. In addition, the possible plastic behavior of the collagen network
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is also not explicitly considered in our current model. The plastic behavior of
ECM due to the permanent remodeling of the collagen network by the cellular
forces will result in accumulated plastic strain in the ECM. However, we expect
that the temporal variation of the overall strain profile still strongly depend on the
contraction correlation length, which can be utilized to determine the correlation
length. We will investigate these issues using a similar procedure introduced here
in future work.
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CHAPTER 4

Conclusion
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4.1 Conclusion
The objective of this work is to understand how mechanical and
geometrical properties of the extracellular matrix will effect the collective cancer
cell migration dynamic. Collective cellular motility plays a crucial role in many
physiological processes such a wound healing and cancer invasion. Solid tumors
are surrounded by an extracellular matrix dominated by collagen type I.
Collective cancer cell invasion is accompanied by chemical and mechanical
signaling. There are diverse methods to probe the 3D collective cancer invasion
with different limitations and advantages.

Here we specifically focus on

developing our device to probe the 3D collective cancer invasion and then
probing the force generating by collective cell migration. We look at the ECM
mechanical properties and its effect on collective cancer invasion.
In chapter 2 we introduce and describe the Diskoid In Geometrically
Micropatterned ECM (DIGME) as a new, low-cost, flexible and easy-to
implement strategy to engineer the geometric microenvironment of tumor
organoids. DiGME is mechanical-based, and is compatible with a wide range of
cells and ECM types. DIGME combines the powers of 3D tumor organoids and
3D ECM patterning, allowing us to independently control the shape of tumor
organoids, microstructure and spatial heterogeneity of the ECM simultaneously.
The shape-programmable organoid - diskoid, preserves the native cell-cell
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contacts in 3D ECM, and allows us to study the single cell dissemination and
cohesive progression during collective cancer invasion. For a thin circular diskoid
in isotropic homogeneous ECM, our result show that the collective invasion and
morphological evolution of MDA-MB-231 cells (Figs 2.1, 2.2 and 2.3) follow the
similar patterns observed in the middle plane of tumor spheroids95. We have
shown that DIGME provides an alternative model allowing continuous, long-term
imaging at the single cell level compered with tumor spheroids which requires
destructive pre-imaging preparations such as cryo-section. We find that the
invasion profile correlates with the seeding geometry, as shown in the hexagonal
and triangular diskoids (Fig 2.4). By controlling the shape of diskoids as well as
the ECM microstructure, we can tune the stress distribution in the ECM.
Therefore DIGME provides an ideal experimental system to understand the
mechanical mechanisms coordinating the self-organized collective cancer
invasion

102

. Our results show the 3D collective cancer invasion is regulated by

the spatial heterogeneity, as well as the microscopic anisotropy of the ECM. By
employing DIGME, we can further extend the examples demonstrated in Figs. 2.5
and 2.6 to generate complex microniches in the ECM. Also the level of ECM
fiber alignment can be controlled by varying the rotational protocol that drives the
DIGME mold. Such protocols, including changing the rotational speed, or
implementing bidirectional rotation, can be easily realized with programmable
rotary motors. It is expected that DIGME methods can be extended to include any
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type of cells compatible with 3D culture and any form of ECM. With these
extensions, DIGME is not only useful to probe the collective invasion of tumors,
but also allows one to study 3D multicellular dynamics in wound healing,
angiogenesis, development, and tissue remodeling.
In chapter 3 we look at the collective force generation during cancer cell
migration. We conduct experiment using 3D in vitro tumor diskoid in
micropatterned

ECM

(DIGME)

system

and

developed

present

a

phenomenological model in order to probe the cooperativity of force generation in
the collective invasion of breast cancer cells. In our model, the cell-cell
communication is characterized by a single parameter that quantifies the
correlation length of cellular migration cycles. Specifically, we consider each
tumor cell undergoes a series of periodic contraction cycles from their migration
machineries. The contraction cycles of all of the cells are considered to possess
the same periodicity. Each cell is also characterized by a unique contraction
phase, which is spatially correlated with one another via an inverse exponential
function with the correlation length a (i.e., ∼ exp(−r/a)). We devise a stochastic
reconstruction method to generate realizations of contracting cell colonies with
specific phase correlation functions and correlation length a. The deformation
field resulted from the collective cell contraction with different a values are then
computed and quantitatively compared with the experimentally measured
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deformation field in the breast cancer DIGME system, in order to identify the
correlation length a for the system. Our results show that as a increases, the
characteristic size of regions containing cells with similar contraction phases
grows. For small a values, the large fluctuations in individual cell contraction
phases smooth out the temporal fluctuations in the time-dependent deformation
field in the ECM. For large a values, the periodicity of an individual cell
contraction cycle is clearly manifested in the temporal variation of the overall
deformation field in the ECM. Through quantitative comparisons of the simulated
and experimentally measured deformation fields, we find that the correlation
length for collective force generation in the breast cancer diskoid in geometrically
micropatterned ECM (DIGME) system is 𝑎 ≈ 25𝜇𝑚, which is roughly twice the
linear size of a single cell. One possible mechanism for this intermediate cell
correlation length is the fiber-mediated stress propagation in the 3D ECM
network in the DIGME system.
The future of this work aims to focus more directly on geometrical
properties of the ECM and 3D collective cancer invasion. To do so, we are
probing the force generating of different tumor shapes: circular and triangular
diskoid.

In order to probe the effect of mechanical forces by the cell, we are

embeddeing 1 𝜇m red fluorescence particles in the collagen matrix which allow
us to image cancer cells and the deformation of the collagen at the same time.
Looking at collagen deformation due force that cells generate initially before
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invading ECM will allow us to answer the question about the effect of ECM
concentration, temperature and geometrical shape on invading profile of breast
cancer cells.
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Appendix A: Methods and Materials
A1 Instruments and Preparing Sample
A1.1 Instrument setup
The basic mechanical setup of Diskoid In Geometrically micro-patterened
ECM (DIGME) consists of XYZ translation stage to hold the sample dish, and a
rotational motor to adjust the height of the stainstess steel mold above the sample
dish. We used a rotation stage, a translation stage, and motor controller from
Thorlabs Inc. and TA instrument to assmble prototypes of DIGME (fig 3.1).

A1.2 3D Extra Cellular Matrix
3D extra cellular matrix is prepared by diluting and neutralizing highconcentration type I collagen (10 mg/ml, Corning) with Dulbecco's modified
Eagle's medium, sodium hydroxide (NaOH, 0.1  M), and phosphate-buffered
saline (PBS, 10×) to a different concentrations (1.5, 3,4.5 and 6 mg/ml) with pH
7.4. All solutions were held and mixed at 4°C to prevent polymerization. The
neutralized collagen solution is first poured into the sample dish fixed on DIGME
setup where the stainless steel mold is approximately 200 µm above the glass
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bottom of the sample dish. The stainless steel mold was lift out of the dish via the
z-motor of translation stage after 40- 50 minutes depending on the temperature at
which the collagen gel is prepared (21°C and 37 °C). After the gelation process is
completed, the molded gel was kept in hydrate state by adding fresh growth
medium and stored at 4°C for up two days prior seeding the cancer cells. To study
the effect of the mechanical forces generated by cells, we added 0.25% (v/v) of 1
µm red fluorescence particle to the neutralizing collagen solution.

Figure A.1. Schematic design of mechenical setup of DIGME. The X-Y axis of
the stage position the sample dish with respect to the mold. The z axis of the stage
allows adjusting the high of the mold with respect to the glass botitom of the dish
and lifting up the mold from collagen gel. The fine adjusting screws position the
mold with respect to the rotation axis of the rotray motor.
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A1.3 labeling 3D Extra Cellular Matrix
The

molded

collagen

matrices

were

stained

with

5-(and-6)-

Carboxytetramethylrhodamine, Succinimidyl Ester (5(6)-TAMRA, SE), and
mixed isomers (Invitrogen). 50 µM TAMRA in phosphate-buffered saline (PBS)
was applied to 3D collagen matrices. After incubating at room temperature for
1  h, the gel was rinsed three times with PBS .The stained gel was kept in hydrate
state by adding fresh growth medium and stored at 4°C for up to 2 days before
adding cells.

A.2 Cell Culture
Breast cancer cells MDA-MB-231/GFP (Cell Biolabs Inc), which are
stably express green fluorescence protein in their cytoplasm, were cultured in
Dulbeccos modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 0.1mM MEM Non-Essential Amino Acid (NEAA), and 1%
penicillin streptomycin. Cells were detached from tissue culture dishes using
TrypLE Select 1X (Life Technology) and suspended in collagen solution. Cellscollagen solution were embedded in pre-prepared device and kept in tissue culture
incubator at 37 °C with 5% CO2 for 3 hours before imaging (fig.3.2).
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A.3 Microscopy and Imaging
MDA-M-231/GFP cells, which were embedded in DIGME device and
incubated for 3 hours were imaged with confocal laser scanning microscope. We
use a Leica SPE microscope. The laser was tuned to 488 nm (GFP cancer cells)
and 532 nm (fluorescence particle and labeled collagen). The samples were
imaged with 10X / (0.40) numerical aperture (NA) oil immersion objectives and
10X dry objective to receive high resolution images. Images were 512 x 512
pixels in resolution and vertical stack size of 250 images (equivalent to 500 µm).
The voxel size of the acquired images was 2.00 × 2.00 × 2.00 µm (x × y × z). For
long

time

imaging,

the

voxel

size

of

the

acquired

images

was

2.00 × 2.00 × 10.0µm (x × y × z) and time interval was 1 hour. A 4X dry
objective was used to image the samples, also with 1024 x 1024 pixel in
resolution and z-stacks size of 100 images. The voxel size of the acquired images
was 3.00 × 3.00 × 5.00µm (x × y × z).

A.4 Imaging analysis
Images were analyzed using NIH ImageJ software (Dr. Wayne Rasband,
National Institutes of Health, Bethesda, MD) and Matlab coding.
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Figure A.2 Schematics presenting steps of forming DIGME device and diskoid
invasion.
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Appendix B: Supplementary Information
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Figure B.1: Schematic design of experimental setup. The x-y axises of the stage
position the sample dish with respect to the mold. The z-axis of the stage allows
lifting up the mold from the partiallyformed collagen gel. The fine adjusting
screws position the mold with respect to the rotation axis of the rotary motor.	
  
	
  

B1: Additional Information of Experimental Setup
The schematic design of the mechanical setup is shown in Fig. S1.
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Figure B.2: 3D invasion profile of a typical circular diskoid. (A-B) 3D
reconstruction of the cells on day 0 and day 10 from confocal image stacks. (C)
Outlines of the invasion fronts at three time points from side view. (D) Changes of
the mean square displacement < r2 > in the x − y plane (red) and in the z direction
(blue). Here r is measured from the diskoid center.

B2: Additional Information of 3D Diskoid Invasion Dynamics
We find that for circular diskoids the invasion is mainly in the x-y plane. This
is evident in the 3D reconstruction of the diskoid (Fig. B.2 A-B), as well as the
invasion fronts outlined from the side views (Fig. B.2 C). To further quantify the
effects, we note that the approximate diffusion coefficients can be obtained from
the mean square displacements of the cells. Inparticular, for N cells moving in d
dimensions with effective diffusion coefficient D, we have

Δ 𝑟 ! = 𝑟 ! (𝑡) − 𝑟 ! 0

	
  

= 2𝑑𝐷𝑡                          (1)
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From high resolution confocal images, we are able to obtain the 3D cell
locations at various time points, and estimate the diffusion coefficients. In Fig.
B.2D, we plot  Δ 𝑟 ! for the x−y and z components separately, from which we
find that the diffusion coefficient in the x−y plane is 10 times higher than the
diffusion coefficient in the z direction. Despite the fact that diffusive motion is
only an approximation, the conclusion is clear that cancer invasion in the z
direction is less pronounced compared with invasion in the x and y directions.
Combining high resolution confocal imaging and continuous 2D imaging, we can
obtain more detailed cell dynamics. Fig. B.3 shows an example of a subvolume in
a circular diskoid. We find that the region corresponding to the original diskoid
(R1) see a reduction in cell numbers, even in the presence of cell divisions. On the
other hand, the region outside of the original diskoid gain significant numbers of
cells. These observations are consistent with the density evolution as discussed in
the main text. The confocal stacks and the continuous imaging video can be found
at the online data repository associated with the manuscript.
To better visualize the packaging of the cells in the diskoid, we have prepared
a circular diskoid under the same conditions as the ones reported in the main text
Fig. 2.1. We have fixed the cells and labeled the F-actin with fluorescent
phalloidin (Fig. B.4). The side view shows that the cell diskoid contains
approximately 4 cell layers after seeding.
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Figure B.3: Invasion dynamic of a subvolume in a circular diskoid. (A-C) The
manually obtained cell locations based on high resolution confocal image stacks
taken at day 0, 3, and 5 of a diskoid. The gray scale images are the maximum
projections of the image stacks. We define two regions R1 and R2, corresponding
to within and outside of the original diskoid. Region R1 and R2 are separated by
red dashed line. N1 and N2 are cell counts within region R1 and R2. (D) In
between day 0 and day 3, we have also taken 2-D time-lapse epifluorescent
images, corresponding to a thin slice (≈ 10 µm, set by the focal depth of 10x air
objective) in the diskoid. (E) Trajectories of cells in the focal volume highlighted
in (D) between day 0 and day 3. (F) Changes of cell number in R1 and R2 within
the focal volume highlighted in (D) due to migration and cell division.
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Figure B.4: The top view and side view of a MDA-MB-231 circular diskoid. The
cells are fixed and F-actin has been labeled with immunofluorescence.

B3: Stochastic Simulation of Diskoid Invasion
We have developed a stochastic simulation model to quanlitatively explain the
observations of the main text Fig. 2 and Fig. 3. The model assumes an
independent, isotropic random walk by the cells in the real space, and a 1-D
random walk in the parameter space so that phenotype switching (between
rounded and elongated types) follows the first-passage kinetics. Rounded and
elongated cells are assigned with different real space diffusion coefficients. With
the assumption of isotropic migration, we only perform 2-D simulation for
simplicity. The simulation algorithms is described in detail in below:

• The system is initialized so that N = 5000 cells are uniformly seeded in the
unit circle with coordinates {xi}, {yi}. Each cell also has a phenotype
coordinate {pi = 0}. All cells are labeled as rounded cells.
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• Advancing each time step, a rounded cell move by dxi = DrG(0,1), dyi =
DrG(0,1), dpi = DpG(0,1). Here G(0,1) are independent Gaussian random
numbers with zero mean and standard deviations equal to 1.
• Advancing each time step, a elongated cell move by dxi = DeG(0,1), dye =
DrG(0,1), dpi = DpG(0,1). Here G(0,1) are independent Gaussian random
numbers with zero mean and standard deviations equal to 1.
If |pi| ≥ 1, cell i will switch its phenotype, pi is reset to 0.
As shown in Figure B.5, the simulation results qualitatively agree with the
experiment observations. The agreement supports the key assumption of the
model, that cell phenotype switching can be described by stochastic events in a
parameter space. We are currently extending the model by introducing cell-cell
communications and ECM-induced migration biases. Quantitative analysis of the
refined model and its comparison with the experiment results will be reported
elsewhere.
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Figure B.5: Stochastic simulation results of collective diskoid invasion. A1-A3:
cell density normalized by the total number of cells at varying invasion distance d.
Green: rounded; Red: elongated. Errorbars: standard deviation of 100 simulations.
B1-B3: fraction of elongated cells at varying invasion distance d. Errorbars:
standard error of the mean of 100 simulations. The simulation model parameters
are: De = 0.3, Dr = 0.1, Dp = 0.2.

	
  

Appendix C:
Supporting Information: Probing the cooperative force generations in
collective cancer invasion
Alobaidi, A. et al.

C.1 Micro-mechanical model of the collagen network

In the main text, we have provided the general volume-compensated lattice particle
(VCLP) procedure for computing the deformation field in the ECM as a nonlinear
elastic medium with strain hardening behavior. Here, we provide the details for
micromechanical model of the ECM. Specifically, we consider upon stretching, a
fiber first enters a linear elastic regime, which is followed by a strong strainhardening regime once the elongation is larger than a prescribed threshold. Upon
compression, we consider the fiber immediately buckles and thus, possesses a much
smaller compression modulus. The overall modulus of collagen network as a
function of local fiber elongation strain, i.e.,
𝜌                                                                      𝜆 < 0
𝐾 𝐾! = 1                                                      0 < 𝜆 < 𝜆!
𝑒𝑥𝑝 𝜆 − 𝜆! 𝜆!               𝜆 > 𝜆!
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where K and K0 are respectively the overall and linear elastic modulus, λ is
elongation strain, and λs = 0.02 and λ0 = 0.05 are parameters for the strain-hardening
model ; ρ = 0.1 describes the effects of buckling. The parameter values used here
follow Ref. [14] of the main paper. We note this model is easily incorporated into the
VCLP procedure, in which the fiber elongation parameter λ corresponds to the
stretching of the bonds between connected material points.

C.2 Fourier Analysis Of The Spatial-Temporal Profile Of
Deformation Field
To further decipher the periodic patterns in the spatial -temporal evolution of
the deformation field shown in Fig. 3B of the main paper, we perform a Fourier
analysis here. Specifically, we will focus on angularly averaged local deformation at
different distances away from the center of the cell aggregate as a function of time.
Figure S1 shows the Fourier transform of the averaged local deformation at 300 µm,
400 µm and 500 µm away from the center of the cell aggregate. The periodicity of
the data can be clearly seen, indicated by the significant peaks associated with a
narrow range of k values. In addition, as the distance from the aggregation center, the
magnitude of the peak decreases, indicating the periodicity gets weaker as one moves
away from the center.
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Figure C1: Fourier analysis of the spatial-temporal evolution of the deformation
field in the DIGME system. The results for angularly averaged local deformation
at 300 µm, 400 µm and 500 µm away from the center of the cell aggregate are
shown.

C.3 Sensitivity Analysis of the Fluctuations of Individual Cell
Oscillation Frequency
As mentioned in the main text, in our current model the possible
fluctuations of individual cell contraction frequency ω or equivalent the periods T
are not explicitly considered. In other words, we have assumed that all cells possess
identical ω and T. In general, there are two possible sources for the fluctuations,
i.e., variation among different cells and variation of in a single cell over time.
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To quantify the effects of these possible dephasing mechanisms, we carry
out a systematic sensitivity analysis by considering a random variation in single cell
contraction frequency across different cell or in a single cell over time.
Specifically, we only consider the fully synchronized case with φ = 0. The
fluctuations of ω (or T) among different cells are modeled by assigning a random
variation dω following a normal distribution with standard deviation γω to each cell
in the DIGME system. The fluctuations of ω (or T) of a single cell over time are
modeled by assigning a random variation dω uniformly distributed in the interval [γω, γω] for each different contraction cycles. In the current study, we consider γ = 0.1
and 0.2 and the resulting spatial-temporal evolutions of the deformation field in ECM
are shown in Figure C.2.
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Figure C.2: Spatial-temporal evolutions of the deformation field in the DIGME
system with fluctuations of individual cell contraction frequency (periodicity)
among different cells for different fluctuation magnitude k.
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Figure C.3: Spatial-temporal evolutions of the deformation field in the DIGME system with
fluctuations of individual cell contraction frequency (periodicity) in a single cell over time for
different fluctuation magnitude k.
It can be clearly seen from Figures C2 and C3 that increasing the fluctuations in contraction
periodicity (or frequency) among different cells or in each over time will result in less coherent
cell contraction and force generation. Specifically, for both cases, the loss of coherence can be
seen by the variation of the “periodicity” of the spatial-temporal profile of deformation field
after two cell cycles. These would further smooth out the temporal variation in the overall
deformation field, which in turn would result in an effectively smaller correlation length in the
tumor diskoid. This analysis suggests that ignoring the possible fluctuations in individual cell
contraction frequency and periodicity would lead to an underestimate of the correlation length in
the system. Therefore, the obtained a = 25 microns from the current study should be considered
as a lower bound on the correlation length in a rigorous sense.
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C.4 Determination of the correlation length a
In the main paper, we have described in detail the procedure for obtaining the correlation length
a by quantitatively comparing experimental and simulated strain profile resulting from the
collective cell contraction in the breast cancer tumor diskoid. As discussed in the main paper, our
analysis mainly emphasizes the intrinsic dependence of the temporal variation of the
deformation field (e.g., strain profile) on the correlation length, instead of trying to match the
exact values of the simulated and experimental deformation fields. Therefore, the obtained
correlation length is not affected by the different reference states that are used to define the strain
field in the simulation and experiment.
Specifically, we first normalized the strain profiles using the corresponding peak values [c.f. Eq.
(6) in the main paper]. Then the periodicity and phase of simulated strain profile associated
with a specific correlation length are varied to minimize the “square error” E [c.f. Eq. (7) in the
main paper] between the simulated and experimental strain profiles.
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Figure C.4: normalized square error E between the simulated and experimental strain profiles as
a function of correlation length a.
Figure C.4 shows the normalized square error E as a function of correlation length a. The
normalized square error effectively measures the averaged relative difference of the
volumetric strain in the ECM obtained from experiments and simulations. The solid
symbols show the calculated E values (5 realizations were used for each a) and the solid
line is the corresponding nonlinear fitting result (using a cubic polynomial). It can be
seen from the figure that the minimal value of E is associated with a correlation length a
≈ 25 µm.
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Figure C5: Direct comparison of the Fourier transform of experimentally measured spatial temporal profile of the deformation field (left) and the simulation results (right) for a = 25 µm.
Results for angularly averaged local deformation at 300 µm, 400 µm and 500 µm away from the
center of the cell aggregate are shown.
Figure C5 shows a direct comparison of the Fourier transform of experimentally measured
spatial-temporal profile of the deformation field and the simulation results. It can be clearly seen
that both the experimental and simulation data show clear periodicity, indicated by the
significant peaks associated with a narrow range of k values. In addition, as the distance from
the aggregation center increases, the magnitude of the peak decreases, indicating the periodicity
gets weaker as one moves away from the center. We note that the peaks in both experimental
and simulation data correspond to roughly the same values of k, verifying that the obtained
correlation length a ≈ 25 µm leads to good agreement of simulation and experimental results.
However, the magnitude of the peaks in the simulation data is significantly larger than that in the
corresponding experimental data.
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This implies that the periodicity of the simulation data is stronger, possible due to the fact that
we have used a uniform cell contraction periodicity (frequency) while in the actual DIGME
system the individual cell contraction periodicity may fluctuate among different cells. The
effects of these possible fluctuations on the overall spatial-temporal evolution of the deformation
field are discussed in the previous section on sensitivity analysis.

C.5 Measurement of individual cell contraction periodicity

In the main paper, we have estimated the individual cell contraction periodicity by fitting the
overall simulated strain field profile with the experimental data. In principle, the individual cell
oscillation frequency should be independently measured from the DIGME system and used as
an input parameter for the model by observing individual cell deformation over time. In
practice, such measurement is limited by the resolution of confocal microscopy, which is
difficult to clearly distinguish individual cell morphology in densely packed regions. Here, we
report our attempt to estimate individual cell oscillation periodicity by observing individual
cells randomly dispersed in ECM with lower cell density.
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Figure C6: Oscillation of area of selected MDA-MB-231 cells that show apparently
contraction cycles to determine the individual cell oscillation periodicity.
As shown in Figure C6, we have tracked the morphology of four MDA-MB-231 cells that
show apparently contraction cycles. These cells are selected in a sample where cells are
randomly dispersed at low density in 3D collagen matrix. From the temporal profiles of the 2D
projected area, we have manually identified the period of each contraction cycle ΔT, shown as
the arrows in the figure. We find the mean and standard deviation of ΔT are respectively 230
and 30 minutes, which agree with very well of value obtained from simulations (~ 220
minutes)
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Appendix D: Standard Lab Protocols

D1 Liquid Nitrogen Retrieval
A. Prepare a shallow dish with ~2cm of lukewarm water.
B. Remove desired vial from liquid nitrogen tank, place in dish with
lukewarm water for thawing.
C. With ~50% of vial thawed, add 500𝜇l of growth medium to contents of
the vial and gently pipette to create cell suspension.
D. Continue with subculturing procedure from step (C) as normal.

D2 Subculture Protocol
A. Ensure culture flask is ≥80% confluent before subculturing cells.
Percentages lower than this risk low yield and poor pellet formation.
B. Pipette 5ml/10ml of 1x TrypLE Select (Thermo Fisher Scientific) into a
25cm2/75cm2 flask respectively. In general, enough TrypLE Select should
be used to completely cover cells in a few millimeters of liquid.
C. Place flask back in incubator, wait ~10-15 minutes for cells to detach off
the bottom of flask. This should be visible by holding the flask up to a
light source and seeing floating cells. If uncertain, use microscope to
check detachment.
D. Transfer cell suspension to 15ml tube, labeling appropriately.
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E. Insert cell suspension into centrifuge being careful to counterbalance
centrifuge to ensure proper functioning and prevent damage to the
instrument.
F. Using settings outlined by cell provider set the rpm and time on
centrifuge. Typical settings for centrifuge in Sun lab is 1000-1200 rpms
for 5 minutes.
G. Pour off the supernatant and re-suspend cell pellet in fresh growth
medium. The quantity of fresh growth medium is dependent on
application specifics and size of pellet.
H. Transfer fraction of cell suspension to new flask and add appropriate
growth media until desired final volume. Fraction of cells transferred
depends on density of suspension from (G) and desired time to next
subculturing – more cells decreases time to subculture, fewer results in
longer times until next subculture.

D3 Liquid Nitrogen Storage
A. Turn on -80°C freezer and let reach -80°C (typically takes ~1
hour). Complete subculture protocol listed above until (F).
B. Pour off supernatant and re-suspend cells in 1.5ml of Recovery
Cell Culture Freezing Medium (Thermo Fisher Scientific).
C. Transfer freezing medium cell suspension into 2ml cryovial for
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liquid nitrogen storage. Label cryovial with cell type, date, and
initials.
D. Place vial in Mr. Frosty (Nalgene) and place in -20°C freezer for
~2-4 hours.
E. Transfer Mr. Frosty to -80°C freezer and store there for ~48 hours.

F. Transfer to liquid nitrogen tank for long-term storage.

	
  

