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Abstract

Cells cooperate as groups to achieve functions at the tissue level, and specific struc-
tural characteristics emerge from the local organization of neighboring cells. Anal-
ogous to classical physics where transformations in the local structure give rises to
phases and phase transitions, the changes in local structures in multicellular assem-
blies can be essential for a variety of vital processes including morphogenesis, wound
healing, and cancer. In this work, we use the two invariants (volume J and shear ) of
the deformation tensor of Delaunay triangles as a pair of quantities to define the local
microstates of multicellular living systems. In chapter 3, we develop configurational
fingerprints based on these local structures, volume J and shear v, and extract two
parameters, namely the volumetric and shear order parameters, that are reflective
of the transitions of local order in the systems. Theoretically, these two parameters
form a complete and unique pair of signatures for the local structural order of a mul-
ticellular system. The evolution of these two order parameters offers a robust and
experimentally accessible way to map the phase transitions in expanding cell mono-
layers, and during embryogenesis and invasion of epithelial spheroids. In chapter 4,
We show by both simulations and experiments that the isotropic invariant J follows
a k — I distribution, and the isochoric invariant ~ follows an exponential distribution.
We further propose two temperature-like quantities for cell assemblies, in which sense
we show the periphery of an extravasating epithelial monolayer is ‘hotter’ than the
core.
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fluid-like cell monolayer in simulation. The nodes are centers of cells.

Schematics and configurational fingerprints. (A) Schematics: by com-
paring particle or cell positions with the reference state of equilateral
triangles, the vol — shear configurational fingerprints can be calcu-
lated. (B) [In(vol)]? and In(shear) with respect to two eigenvalues of
deformation gradient A\; and Ay are symmetric. (C) Configurational
fingerprints of fluid-like systems are scattered, while those of solid-like

systems are compacted. . . . .. ...
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®,; and Dy can identify jamming transition in binary mixtures with
harmonic potential. (A) Spatial distributions of vol and shear show
that the system maintains amorphous configuration after jamming;
(B) ®yo and Pgpeq, as functions of density. @, converges to differ-
ent nonzero values at different critical densities, determined by radius
ratio; ®peqr suddenly drops at a density around 0.8, exactly where a fi-
nite stress starts to show in these systems, indicating a jammed status.
Simulations are performed with a density increment of 0.001, varying
from 0.100 to 0.840, and 10 different random initial particle positions.
(C) Pressure as a function of density. Upon jamming, pressure sud-
denly grows with increasing density. For R/r = 1.4,2.0, 3.0, pressure
starts to scale with density after density increases to ~ 0.8 and stress
is ~ 107!, so in this system, the classical definition yields 107! as a
threshold for pressure, above which the system is undergoing jamming
transition, until it is finally jammed. (D)-(E) For systems showing a

finite pressure, ®,, is nearly constant (D), and pressure scales with

Bopear (B)e o o oo

D peqr alone marks jamming transition in SPV model of confluent cell
monolayers, while any large change in ®,,; is prohibited due to conflu-
ency. (A) Spatial distribution of S, In(vol), In(shear) of a jammed
(Py = 3.000,v9 = 0) and an unjammed system (P, = 4.591,vy = 0).
(B) Phase diagram of ®,.;, ®gpeqr, SI as functions of Py and vy. Red
boundary: SI = 3.813, indicating where jamming occurs in this sys-
tem; yellow boundary: ®gpeq = —2. ST represents the median value
of shape index and SI represents shape index here, which is defined as
ST = perimeter /y/area of each cell. A regular hexagon has a shape
index ~ 3.72 while a regular pentagon has a shape index ~ 3.81, and
it was previously shown that a hexagon dominated tissue is solid-like,

while fluidization is observed when ST ~3.81[9]. . ... ... .. ..
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Two distinct scaling regimes of ®,, and P, as functions of time
during embryogenesis. (A) Fluorescent image of tissue configuration.
The reference state is set to be the initial frame. Data is taken from
Supplementary Materials of Ref. [6]. The triangulation mesh is gener-
ated by connecting centroid position of cells. Scale bar, 25 um. (B)-(C)
Low vol (B) and high shear (C) region gradually appear. (D) Abrupt
changes in the scaling law of both order parameters are observed at

time ~ 200 8. . . .o

Influence of different reference configurations on the evolution of @,
and ®gpeq during Drosophila embryogenesis. (A) Equilateral triangles;
(B) a real configuration near the transition point, ~ 200 s; (C) a real
configuration when the system is the most disordered, 395 s. The
volumetric and shear order parameters quantify the system-specific
distance from the current configuration to the reference configuration,

in terms of volumetric and shear deformations. . . . . . . . . . . . ..

®,; and D, identify three scaling regimes against increasing density,
i.e. gas-like, liquid-like and solid-like states of epithelial cell monolayer.
(A) Heterogeneity in both vol and shear decays with increasing cell
density. Scale bar, 100 um. (B) With increased cell density, both ®,,,
and Py first decrease following power law relations, at which stage
comparably large ®,,,; and P, suggest that the system is reminiscent
of a gas. The first critical transition point is indicated by the power-law
slope change in ®,,;, after which density fluctuations are constrained,
while @ .., may still decrease following the same power law, indicating
that the system is amorphous but incompressible, thus is reminiscent
of a liquid; the second critical transition point is then reached indicated
by the power-law slope change in @, after which packing disorder
is regulated at a finite value, which is analogous to an amorphous solid.

(Inset) cell density increases with time. . . . . . . .. ... ... ...
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Amorphous transition in ®,.,, vanishes in MCF-10A monolayer after
induction of EMT. (A) Cell nuclei, triangle mesh, and distribution of
vol and shear of both TGFf1 treated and control group. Scale bar,
100pm. (B) Density as a function of time. (C) ®,, and Pgpeq, as
functions of time. (D) ®,, and Pgeq- as functions of cell density.
Changes in the scaling behavior of both ®,,, and ®,,.,, are evident in
the control as density increases, while only a change in ®,,; is observed
in the TG F 31 treated monolayer as cell density increases. Transitions
in scaling behavior are annotated to mark changes in material phases.

G: gas-like phase; L: liquid-like phase; S: solid-like phase. . . . . . . .

Invasive epithelial spheroids have larger density variations but no sig-
nificant difference in amorphousness. (A) Typical cell trajectories. (B)-
(C) Typical spatial distribution of vol (B) and shear (C). Dash box:
the protrusion has more dynamic cells, larger shear deformation but
similar volumetric deformation compared to the core. Scale bar, 50 pm.
(D) @, and Pgpeq of non-invasive (n = 17) and invasive spheroids
(n = 16). While volumetric order is significantly higher for invasive
spheroids, shear order for both invasive and non-invasive spheroids are
similarly large. Both order parameters deviate far from face-centered
cubic crystalline structure. Student’s t-test is used to evaluate statis-
tical difference. * % % : p < 0.001; ns: no significant difference. FCC:
face-centered cubic crystal structure. (E) Fluorescent imaging of vi-

mentin intermediate filaments and nuclei. Scale bar, 50 pm. . . . . . .

In simulated cell monolayers, (A) v follows exponential distribution
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Chapter 1

Introduction

Cells interact and cooperate at length scales far above individuals [52, 27]; these long-
ranged interactions help determine tissue-level material characteristics. The ability to
tune these material characteristics is important for many multicellular physiological
and pathological processes including embryogenesis [35, 6, 44|, cancer invasion [22, 32],
and wound healing [13|. In these vital processes in living systems [4, 9, 42], cells bear
many of the hallmarks of a material phase transition [54]. In wound healing, for
example, cells near the wound edge appear to undergo a solid-to-fluid transition, be-
coming highly migratory, leading the wound closure [13]. Another example is tumor
metastasis: benign tumors can maintain a stable configuration for decades; in con-
trast, cancers might spread all over the body in a short time. In this sense, benign
tumors are as rigid as solids, while cancers are rather amorphous like fluids and cells
that escape the tumor mass behave more like a gas.

To quantitatively understand these behaviors of multicellular systems, efforts have
been made mainly based on quantifying cell motion such as effective diffusivity, align-
ing and swirling patterns, or morphological parameters such as shape index and aspect
ratio [9, 42, 55, 51, 57, 59, 49, 62, 3, 38, 60, 20, 17, 50, 40, 10, 58]|; yet, what order
parameters are suitable to describe phase transitions in multicellular systems remain
elusive [36]. This is in contrast to classical condensed matter theory where material
rigidity is a direct consequence of local spatial order establishment among neighboring

particles, a concept has not previously been explored in living systems.
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In solid mechanics, classical constitutive material relations are defined in terms
of volumetric and shear deformations, which describe the change in structure among
neighboring material points [29]. Thus, defining volume and shear structures in mul-
ticellular systems may allow us to establish more general framework for multicellular
assemblies that are more directly related to classical mechanical characteristics. Here
we show that volumetric and shear structures can be defined for amorphous systems
and changes in these parameters are reflective of phase transitions in both particulate

and multicellular systems.
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Chapter 2

Materials and Methods

2.1 The Volume and Shear Structure

In thermal systems, the energy competition between isotropic (volumetric) and iso-
choric (shear) deformation identifies three distinct phases (i.e. gas, liquid, solid).
Gas can barely resist volumetric or shear deformation while solid resists both. In
between, liquid is often considered as resistant only to volumetric deformation. The-
oretically, the isotropic and isochoric invariants of deformation are a pair of mutually
independent and complete variables that can fully quantify the local deformation. In
2D, three noncollinear adjacent cells form a triangle. Assuming N triangles can be

formed by linking adjacent cells, the n-th triangle (n = 1,2,..., N) in current config-

. . an - Xn() Xn2 - XnO .
uration can be expressed as a matrix T, = [Fig. 2-1A] ,
Ynl - Yn() YnZ - YnO

where X, Yo (m = 0,1,2) are Cartesian coordinates of the m-th vertice of the
n-th triangle. This segmentation method is known as Delaunay triangulation, and
has been previously used to measure strain for granular materials [7|, and during

biological tissue development [21, 26].

Here, instead of measuring strains, we seek to quantify the degree of disorder
of the system at one point in time by comparing to an ideal reference frame. We

consider the reference triangle to be the most regular and special one, an equilateral
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Figure 2-1: (A) An arbitrary triangle is compared to an equilateral referential tri-
angle. Delaunay triangulation of (B) a solid-like cell monolayer; (C) a fluid-like cell
monolayer in simulation. The nodes are centers of cells.

triangle with T, = VA (1) jg (Fig. 2-1A), where */TEA is the average area of all
Delaunay triangles. The triangQ;Ie matrix T has 4 elements but not all these elements
are independent state variables. The following arguments should be considered:

i) The microstates should not depend on the orientation of coordinate system.

it) For an isotropic system, congruent triangles should be at the same microstate.

These two arguments are similar to the material frame indifference and isotropic
material symmetry typically considered in continuum mechanics, and can be achieved
by considering the invariants of the Cauchy-Green deformation tensor. The corre-
sponding deformation gradient is F, = T, T, *. A pair of independent and complete
invariants are J = det(F) and v = % — 2, which reflect how much area each
triangle deviates from the average area and how much distortion each triangle has
compared to the equilateral ones, respectively. It can be proved that the two deforma-
tions are independent of orientation of the reference triangle (Lemma 1 in Appendix
A). Tiling up a surface with equilateral triangles results in hexagonal packing, which
is found to be the most frequent cell packing in simple epithelia [24]. Let A; (i = 1,2)
be principal stretches. It can be proved that any deformation gradient F can be
factored as F = F,Fg, where Fy, is a volumetric deformation with equivalent amount

of stretch v = (>\1)\2)1/ 2 and Fy is a simple shear with equivalent amount of shear

s = \/ A1/ Ay — \/ Aa/A1; moreover, J and v represent the real volumetric and shear
deformations of each triangle by J = v? and v = s? (Lemma 2 in Appendix A).
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2.2 Cell Culture and Microscopy

Madin-Darby Canine Kidney (MDCK) Monolayer. MDCK cells were sta-
bly transfected with green fluorescent protein tagged with nuclear localization sig-
nal (GFP-NLS). Cells were cultured and imaged at 37°C and 5% COy -in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, 1%
penicillin /streptomycin and 0.5 mgmL~" G418. Rat tail collagen I (3mgmL™") was
diluted to 0.1 mgmL~" in phosphate buffered saline (PBS) and used to coat 12-well
tissue culture plates prior to seeding. 50,000 cells were added per well and allowed to
adhere for 24h prior to imaging. All images were recorded on a Leica SP5 confocal
microscope using 10x magnification and using the 488 nm line of an argon ion laser.
Cells were maintained in a stage top live cell incubation chamber for the duration of
imaging. Both phase (cell boundaries) and fluorescence (GFP, cell nuclei) channels

were recorded simultaneously every 3 minutes for 64 hours.

MCF-10A. MCF-10A cells were transfected with GFP-NLS. Cells were cultured fol-
lowing a previously established protocol [18]. Briefly, cells were cultured and imaged
at 37°C and 5% COy -in Dulbecco’s modified Eagle’s medium/F-12 supplemented
with 5% horse serum, 20ng mL ™" epidermal growth factor, 0.5 pgmL~" hydrocorti-
sone, 100ngmL ™" cholera toxin, 10 pgmL ™" insulin, and 1% penicillin and strepto-
mycin.

The Epithelial Mesenchymal Transition (EMT) Treatment and Microscopy
of MCF-10A Monolayer. The EMT group was cultured with the medium supple-
mented with 10 ng mL~" TGF31 (PN:90900-1, BPS Bioscience, San Diego, CA, USA)
for 1 week prior to and throughout the measurement. Bovine collagen I (10 mgmL ™)
was diluted to 0.1 mgmL ™" in PBS and used to coat a 6-well tissue culture plate prior
to seeding. Each group was seeded in three wells. All images were recorded on a Leica
SP8 confocal microscope using 10x magnification and 488 nm excitation. 14 posi-
tions of each group were imaged starting from 12 hours after seeding and every 12

hours afterwards for 156 hours.

3D Cell Culture and Microscopy of MCF-10A Spheroids. MCF-10A cells

19



were grown in an interpenetrating gel containing 5 mgmL ™" alginate and 4 mgmL ™"
Matrigel. All images were recorded on a Leica SP8 confocal microscope.
Immunofluorescent Staining. Normal MCF-10A cells (without GFP-NLS) are
seeded in the same 3D gel. The 3D gel with spheroids were fixed with 4% paraformalde-
hyde for 30 minutes, immersed in 0.2% Triton X-100 in PBS for 2 hours, and blocked
with 0.5% bovine serum albumin (BSA) in PBS for 5 hours at room temperature.
The sample was then incubated with primary antibodies for vimentin (1:300 diluted
in PBS, Santa Cruz Biotechnology, sc-6260) at 4 °C overnight, with the secondary an-
tibody (Alexa Fluor 488 goat anti-mouse IgG (H+L), 1:1000) at 4 °C overnight, and
stained with DAPI (ThermoFisher, D1306) for one hour. The sample was washed
with PBS for 6 hours between each step.

2.3 Simulation

Simulation of Binary Mixture. The particles interact with each other through

an one sided harmonic potential energy Uy(d) = 3(“5% — 1)2R(*I% — 1), where
L z>0. : : : : :

R(x) = is a step function, r; and r; are radius of two interacting particles
0 <0

respectively, and d is the distance between the two particles. 256 particles of radius
R and 256 particles of radius r are initially randomly distributed. A system energy
tolerance is set to be 1078 to reach equilibrium. The simulation box is set to have unit
length. The simulations are done with self-made MATLAB codes. FIRE minimization
algorithm is used [11].

The stress tensor is given by [1] o = ¢ > s @7 @ fY, where 2 = &’ — @ is the
difference of the position vectors of grain ¢ and grain j, V' = 1 is the volume of the

(14

simulation box, “ ® ” denotes a vector outer product, and the force vector is given

by £ = —(|&¥| — 1, — 1)) En R 1),
Simulation of Confluent Cell Monolayers. The self-propelled Voronoi (SPV)
simulation is performed following the methods in [10]. Briefly, SPV model has a

system energy of N Voronoi cells composed of quadratic functions of the area and
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perimeter of cells, £ = Zfil Ka(A; — Ag)? + Kp(P;, — Py)?, where A; and P; are
area and perimeter of the i-th cell, Ay and F, are their preferred area and perimeter,

K4 and Kp are the area and perimeter moduli. Position r;(¢) and polarity angle

61‘1;
ot

0;(t) of each individual cell at arbitrary time ¢ are governed by = uF; 4+ vyn; and

99; _

Wi = n;(t), where F; = =22 n; = (cos; sinb;) is the polarity vector of the cell, 7;(t)

87”1' ’

is a white noise with zero mean and variance 2D that follows < 7;(¢)n;(t') >= 2Dé(t—
t')d;5, i is the mobility, and vy is a self-propelling coefficient. The demonstration in
Fig. 3-3A is simulated with 2500 Voronoi cells, and the parametric study in Fig. 3-3B

is performed with 400 Voronoi cells.

2.4 Cell Tracking

Cell tracking is performed with TrackMate in ImageJ [53].

2.5 Determine the Reference Area

Considering a hexagonal lattice with N vertices, since most vertices are shared by
6 triangles and every triangle has 3 vertices, the reference area \/TgA thus can be
estimated by %, where A, is the total area of the field of view. A proper

reference area can be verified by confirming that < vol >~ 1.

2.6 3D Version of J and

In 3D, four nonplanar adjacent cells form a tetrahedron. Assuming N tetrahedrons

can be formed by linking adjacent cells, the n-th tetrahedron (n =1,2,..., N) can be
an - XnO Xn2 - XnO Xn3 - XnO
expressed asamatrix Ty = | Y,; — Y,y Y.o—Y. Y.3—Y, |, where X,,,, Yo,

an - ZnO Zn2 - ZnO Zn3 - ZnO
(m =0,1,2,3) are Cartesian coordinates of the m-th vertice of the n-th tetrahedron.

We assume the reference state to be equilateral tetrahedrons, which gives the unit

21



reference state Tg = The corresponding deformation gradient is

(e wla o=

(@) (@] —
ol ol v

F, = T,Ty"'. Similar to 2D, we have v® = det(F), and s = % — 3. We further

3

define Jy = v, and v = s°. The reference volume (Jy) can be estimated by the

median value of Jy of all tetrahedrons. Further, J is defined by J = % .

Moreover, rather than forming tetrahedrons in a way similar to forming Delaunay
triangles, we apply an averaging method described below to reduce noise. For each
cell, we define it together with p most adjacent cells to be the neighboring subset on
that cell. Within this subset, we form all possible tetrahedrons, and use the median
values of Jy and v as the representative values of the neighboring subset on that cell.
p is set to be 5 in the current study.

Particle positions of a 11x11x11 face-centered cubic crystal is generated for com-

parison in Fig. 3-8D.
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Chapter 3

The Volume and Shear Order

A C Binary mixture MDCK monolayer
Current state Reference WR/r=14p=01 o P =747 mm~?
—5 —~ 5 i
5 g =
0 0 =
5 5 5
N p— —_—
g5 5 s =
-10 -10
-10 0 10 -10 0 10
In(vol) In(vol)

Binary mixture MDCK monolayer

In(shear) JRIr=14p=09  p=3735mm
~5 ~ 5 Q
<0 j < 0 3 o
Z i ) | =
£ & 55 A

4
-10 : -10
-10 0 10 “10 0 10
In(vol) In(vol)

Figure 3-1: Schematics and configurational fingerprints. (A) Schematics: by com-
paring particle or cell positions with the reference state of equilateral triangles, the
vol—shear configurational fingerprints can be calculated. (B) [In(vol)]? and In(shear)
with respect to two eigenvalues of deformation gradient A\; and Ay are symmetric. (C)
Configurational fingerprints of fluid-like systems are scattered, while those of solid-
like systems are compacted.

The volume vol & J and shear shear & ~ quantifies the local structure in a

system: If we plot In(vol) and In(shear) of all triangles within a system, it generates
a unique configurational fingerprint (Fig. 3-1C). Two characteristics can be identified

from the configurational fingerprints, one is the horizontal width of the fingerprint
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that reflects the degree of density variation across the whole sample, and the other is
the mean vertical position of the fingerprint that reflects how regular these triangles
are. To quantify the density variation, we define the volumetric order parameter as
D, =< [In(vol,)]? >; to quantify the average degree of amorphousness, we define
the shear order parameter as @, =< In(shear,)? >, where <> is the ensemble

average of all triangles.

3.1 Binary Mixtures

Jamming Fluid Solid
A =05 p=08 p=09 B 0
. X ﬁ / _
3 AR - -
N & E ===
= - 08 ) .“ : - 4 3
) =1 = 4 AN R = - - _‘ . 1
S . B~ %
S &
3 S
= N
2 &
S
C
10° R/r 10° 10° R/T ®yo1 Pspear Jamme -3
~ %g : ~ . ~ 0214 o °
3 30e 3 i 3 20 e °
g R S 30 o o
: _, 0= Py
10715 1015 10715 107 10
0 P 1 0 (bvol 1 0 -4 ('pshear 0 p

Figure 3-2: ®,, and ® e, can identify jamming transition in binary mixtures with
harmonic potential. (A) Spatial distributions of vol and shear show that the system
maintains amorphous configuration after jamming; (B) ®,, and ®gpeq as functions
of density. ®,, converges to different nonzero values at different critical densities,
determined by radius ratio; ®gpeq suddenly drops at a density around 0.8, exactly
where a finite stress starts to show in these systems, indicating a jammed status.
Simulations are performed with a density increment of 0.001, varying from 0.100 to
0.840, and 10 different random initial particle positions. (C) Pressure as a function
of density. Upon jamming, pressure suddenly grows with increasing density. For
R/r = 1.4,2.0,3.0, pressure starts to scale with density after density increases to
~ 0.8 and stress is ~ 107!, so in this system, the classical definition yields 107! as
a threshold for pressure, above which the system is undergoing jamming transition,
until it is finally jammed. (D)-(E) For systems showing a finite pressure, ®,,,; is nearly
constant (D), and pressure scales with ®,eq, (E).

To examine these two order parameters in classical thermal systems, we study
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the jamming transition of amorphous materials in simulation of 2D binary mixtures
with harmonic repulsive potentials |39, 46]. We simulate three systems with different
binary size ratios and increase particle density to reach jamming. As we calculate the
volumetric and shear deformations, we find that both types of deformation remain
non-zero and highly heterogeneous even at very high densities (Fig. 3-2A). Examin-
ing the order parameters, we see at low particle densities a large ®,, that reflects
significant density fluctuations, indicating that the system is compressible, which is
a distinctive characteristic of gas. With increasing density, we find that &, eventu-
ally stabilizes at a finite value above zero even as particle density increases further
(Fig. 3-2B), which is reminiscent of a relatively incompressible amorphous condensed
phase. Further increasing density above the first transition point where ®,,; stabi-
lizes, @ 4peqr continuously decreases, indicating that the system becomes more ordered
in packing but maintains a constant density fluctuation, which are characteristics of
a liquid. With even higher density, a second transition point occurs with a sudden
decrease of ®p.q,-. This sudden change in packing order indicates that the system is
jammed and becomes solid-like. In addition, the diverging ®,.,, might be related to
the diverging viscosity at jamming [54, 41, 45, 31]. Moreover, jamming is classically
defined as systems showing a finite pressure. Interestingly, we find that while &,
remains roughly unchanged (Fig. 3-2D), ®peqr scales with pressure (Fig. 3-2E). This
result suggests that rigidity transition in this system is characterized by regulation in
packing disorder, ®ueq-. Furthermore, this constitutive relationship between ®peq;
and pressure should allow the stress at particle interfaces to be calculated by the
measured deformations. If this approach was applied to cellular systems, it would be
reminiscent of previous work that has shown that relative values of cell-cell tensions
can be inferred from static images of confluent cell monolayer by assuming a foam-like

structure [56].
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3.2 Simulated Epithelia

To benchmark this framework in confluent living systems, as opposed to particulate
systems, we first investigate the jamming process of a SPV model system of confluent
cells at different preferred cell perimeter Py and self-propelling velocity vy (Fig. 3-3),
following the methods described previously [10]. Compared to the jammed state,
unjammed state has a highly heterogeneous spatial distribution of vol and shear,
which is consistent with shape index (SI) (Fig. 3-3A). Using our new framework,
a sharp transition in Py, i observed as the system evolves (Yellow boundary,
Dspear = —2, Fig. 3-3B), which is consistent with the phase boundary given by the
median value of shape index (ST) (Red boundary, ST = 3.813, Fig. 3-3B). Because
this simulated system is fully confluent with constant cell number, although &,
slowly increases with increasing F, or vy, no sharp transition is observed throughout

the simulation.

A In(vol) In(shear)

Jammed

Unjammed

3__ 5 '2__ 2

Figure 3-3: ®,pcq alone marks jamming transition in SPV model of confluent cell
monolayers, while any large change in ®,, is prohibited due to confluency. (A)
Spatial distribution of S, In(vol), In(shear) of a jammed (P, = 3.000,v, = 0) and
an unjammed system (Py = 4.591,v9 = 0). (B) Phase diagram of ®,,;, ®Pspear, ST
as functions of Py and vy. Red boundary: SI = 3.813, indicating where jamming
occurs in this system; yellow boundary: ®gpeer = —2. ST represents the median
value of shape index and SI represents shape index here, which is defined as SI =
perimeter /y/area of each cell. A regular hexagon has a shape index ~ 3.72 while
a regular pentagon has a shape index ~ 3.81, and it was previously shown that
a hexagon dominated tissue is solid-like, while fluidization is observed when ST ~
3.81 [9].
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3.3 Ventral Furrow Formation

Jammed Unjammed 1

Reference P>
0 sec

395 sec 330 sec

102 10°
Time (sec)

— Cell boundary — Triangle mesh

Figure 3-4: Two distinct scaling regimes of ®,,; and ® .., as functions of time during
embryogenesis. (A) Fluorescent image of tissue configuration. The reference state is
set to be the initial frame. Data is taken from Supplementary Materials of Ref. [6].
The triangulation mesh is generated by connecting centroid position of cells. Scale
bar, 25 ym. (B)-(C) Low wvol (B) and high shear (C) region gradually appear. (D)
Abrupt changes in the scaling law of both order parameters are observed at time
~ 200 s.

We then analyze confluent multicellular systems from a 2D case with a clear macro-
scopic pattern, the ventral furrow formation during morphogenesis of Drosophila
germband epithelium (Fig. 3-4). The ventral furrow formation is known to be ac-
companied by elongation of individual cells in the central region, as can be measured
from cell aspect ratios [6]. Elongated individual cells however, do not necessarily lead
to changes in spatial order of cells as a collective. Here we report that this process
displays a clear pattern of changes in relative spatial relation among neighboring cells,
that the central region is not only shearing but also shrinking (Figs. 3-4B&C). More
interestingly, both power-law relationships of ® .., and ®,, as functions of time are
abruptly changed at ~ 200 s, as the ventral furrow forms and cell number density
changes. The evolution in ®,.. and ®,,; includes two successive but distinct phases:
in the first phase, both ®.,,. and ®,, change slowly and the system behaves like
jammed, while in the second phase, both ®,,... and ®,, change rapidly, indicating
that the system undergoes unjamming transition. It is worth noting, however, that
these changes could be due to other mechanisms instead of material phase transi-

tions. For example, a mechanical instability can potentially be responsible for this
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unjammed zone as well; creasing instability, which has been used to explain the for-
mation of sulci biological tissues [28|, might happen when homogeneous solid film is
under in plane compression, where a huge amount of deformation energy is released

in one narrow but severely deformed zone. Nonetheless, the order parameters capture

the dramatic change in structural order that occurs during this process.
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Figure 3-5: Influence of different reference configurations on the evolution of @,
and Pgpeqr during Drosophila embryogenesis. (A) Equilateral triangles; (B) a real
configuration near the transition point, ~ 200 s; (C) a real configuration when the
system is the most disordered, 395 s. The volumetric and shear order parameters
quantify the system-specific distance from the current configuration to the reference
configuration, in terms of volumetric and shear deformations.

The volumetric and shear order parameters essentially quantify the system-specific
distances from the current state to the reference state; they increase as the system
configuration deviates from the reference state. In the current study, the reference
configurations are mostly assumed to be equilateral triangles. Consequently, the con-
figuration having the most congruent and equilateral triangles will have the smallest
value of both order parameters. In less-controlled situations, this equilateral shape
may still serve as a reasonable reference, while system configurations within a certain
distance to it might not be achievable due to factors such as intrinsic size varia-
tion within the population, asynchronous shrinking and swelling of cells, naturally
anisotropic tissue, or substrate curvature. In these situations, other reference con-
figurations may reveal more details. For instance, in the embryogenesis example
(Fig. 3-4), the reference state is taken as the initial frame where no global pattern is

distinguishable from the image, and this allows vol and shear to precisely reflect the

deformation compared to the initial frame. In some other situations, the reference
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state can be set at the critical transition point, and the order parameters would reflect
the system-specific distances from the transition point (Fig. 3-5). Although these al-
ternative references may provide other useful information, they require that a real
configuration of each sample be identified as the reference. This might bring extra
complications when applying to complex processes taking place on a comparably long
timescale. Furthermore, sample specific reference states make it especially challeng-
ing to compare across different samples. By contrast, using equilateral triangles as
reference is simple and general, especially when studying noisy data such as clinical

samples.

3.4 Maturation of Epithelia
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Figure 3-6: ®,, and P, identify three scaling regimes against increasing density,
i.e. gas-like, liquid-like and solid-like states of epithelial cell monolayer. (A) Hetero-
geneity in both vol and shear decays with increasing cell density. Scale bar, 100 pm.
(B) With increased cell density, both @, and @, first decrease following power law
relations, at which stage comparably large ®,, and g, suggest that the system is
reminiscent of a gas. The first critical transition point is indicated by the power-law
slope change in ®,,, after which density fluctuations are constrained, while ® .,
may still decrease following the same power law, indicating that the system is amor-
phous but incompressible, thus is reminiscent of a liquid; the second critical transition
point is then reached indicated by the power-law slope change in ® ..., after which
packing disorder is regulated at a finite value, which is analogous to an amorphous
solid. (Inset) cell density increases with time.
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While confluent cellular systems widely exist, there are many multicellular sys-
tems that are non-confluent, which can also be critical in various physiological and
pathological processes; for example, in cancer metastasis, individual cells can escape
from the tumor mass. The transition from non-confluency to confluency might, al-
though not necessarily, lead to a transition in density fluctuation, which is a widely
used signature of liquid-gas transition in classical systems [48, 61]. Here we show that
in addition to the liquid-solid jamming transition in confluent systems detected by
D iear, Puoy further captures this transition of density fluctuation in living systems

and defines two distinct phases reminiscent of gas and liquid.

We apply this method to the process of sparsely distributed epithelial cells on 2D
forming a confluent monolayer. Previous studies have shown that fluid-solid phase
transitions exist in 2D monolayers, as quantified by individual cell dynamics [4], cell
shape index [9] and aspect ratio [6]. Yet, as sparsely migrating cells behave reminis-
cent of a gas phase, it has not been distinguished from liquid phase in 2D multicellular
systems, possibly due to the lack of proper order parameters that can consistently
describe multicellular systems below confluency. Here we show that this gap can be
filled by ®,0; Puor and Ppeqr together capture the full picture of the transformation
from gas, to liquid and finally to amorphous solid of a growing epithelial monolayer.
To do so, we culture MDCK cells on a 2D glass substrate coated with collagen I,
allowing them to divide and increase in density. Cells are initially seeded at a very
dispersed state, and they gradually reach confluency and approach jamming as density
increases (Fig. 3-6A top). We image this entire process every 3 min using confocal
microscopy. Cells are transfected with GFP-NLS that allows us to see individual
nuclei, which we use to calculate the volumetric and shear order parameters of the
system. Initially, comparably large ®,, and @, show significant density fluctua-
tions as well as random arrangement among cells, suggesting a gas-like state. Then
the volumetric and shear deformations are simultaneously and gradually restricted
following a power-law relation, until ®,,, first reaches its inflection point (Fig. 3-6B).
This inflection point occurs when the monolayer reaches confluency, with a density

around 1500 mm~2, at which density fluctuation is stabilized, indicating that the cells
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behave like a relatively incompressible but amorphous liquid. Beyond this point, &,
becomes comparably stable, and @, continues to decrease, suggesting that further
decrease in the volumetric fluctuation is significantly hindered but packing disorder is
still reduced with increasing density, which is reminiscent of liquid to solid transition,
consistent with our simulation of confluent monolayers (Fig. 3-3). Interestingly, unlike
the behaviors of those binary mixtures that the stabilized ®,,, is almost unchanged
above the first transition point (Fig. 3-2), a small decrease can still be observed in
the volume fluctuation ®,,, of a cell monolayer (Fig. 3-6B), although changing at a
comparably slower rate compared to the gas state. This is similar to the jammed
phase of the embryo (Fig. 3-4), where the cells start to slowly deform. The rate of
changes in ®,,, in the jammed state thus may reflect deformability of the monolayer.
The second inflection point is identified by ®j..,, Wwhich marks the endpoint of the
fluid phase, at a density ~ 2600 mm~2, after which both ®,,; and ®,j,cq, do not further
decrease, indicating a jammed state; this critical density (~ 2800 mm~2) is consistent
with previous report in MDCK monolayer identified based on significantly reduced

cell speed and increased pack size [4].

Furthermore, results in the gas-liquid transition regime also reveal that these ad-
hesive epithelial cells develop spatial order long before they are connected into a
complete monolayer. Indeed, below confluency, rather than evenly distributed, cells
form packs with void regions among these packs, as can be seen from the microscopic
images (Fig. 3-6A top). This is analogous to nucleation of sparse adhesive particles
whose potential energy is dominating over kinetic energy (Figs. B-1A-C); with higher
density, these packs aggregate into larger ones (Figs. B-1D-F). Interestingly, while
cells in the packs are more elongated and polarized below confluency, their shapes
gradually become more isotropic with increasing density. Moreover, similar to the
binary mixture, the stabilized ®,,; is nonzero, suggesting an intrinsic disorder in the
monolayer. Since the monolayer is already confluent at this stage, this is possibly
resulted from volume fluctuation of individual cells. Besides the natural difference
among individuals, this may be due to cell division, or asynchronous swelling and

shrinking during cell cycle. For different systems, perturbing the degree of this vol-
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ume heterogeneity may also influence the critical transition points. As a minimal
model, the binary systems of different binary ratio have different level of size fluctu-
ations, and systems with larger size fluctuations exhibit a shift of the first transition
point to lower density (Fig. 3-2B). The spatial distributions of local volumetric and
shear deformations show that the system gradually becomes more homogeneous as
the monolayer approaches jamming (Fig. 3-6A). Additionally, the evolution of the two
order parameters in the liquid-solid transition regime suggests that it is not restric-
tions on volumetric deformations but rather on shear deformations that drive this
liquid to solid transition. This is consistent with previous results predicting density
independent transitions in cell monolayers at critical cell shape parameters [6, 9|; the
reduced shear deformation indicates more isotropic shape of each cell, which corre-
sponds to reduced cell aspect ratio and shape index in confluent systems. To further
test this intuition, we performed measurements on cells that had undergone EMT
and found that restrictions in volumetric deformations still occur, suggesting a gas-
liquid transition can occur, whereas restrictions in shear deformation are ablated,
suggesting jamming does not occur (Fig. 3-7). Such a result is consistent with re-
cent findings that EMT and jamming/unjamming offer distinct pathways to collective

cellular motion [43].

3.5 Epithelial versus Mesenchymal Cell Monolayers

EMT is a process that has significant physiological and pathological relevance, oc-
curring in tissue repair, embryogenesis, and cancer invasion[33|. To further test the
applicability of our new order parameters, we use volumetric and shear order pa-
rameters to investigate changes in structural order associated with cells that have
undergone EMT. To do so, we follow an established protocol to induce EMT by
treating human mammary epithelial cells MCF-10A with 10ngmL™" TGF /1 for one
week [30]. We then culture both the control and TGF 1 treated cells on 2D glass
substrates coated with 0.1 mgmL~" collagen I, at a low cell density ~100 mm™~2 (Figs.

3-7TA&B), and allow them to grow and reach confluency over time. Cells are trans-
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Figure 3-7: Amorphous transition in ®,,.,, vanishes in MCF-10A monolayer after
induction of EMT. (A) Cell nuclei, triangle mesh, and distribution of vol and shear
of both TGFf1 treated and control group. Scale bar, 100pum. (B) Density as a
function of time. (C) @,y and Pgpeqr as functions of time. (D) @, and Pypeq, as
functions of cell density. Changes in the scaling behavior of both ®,, and ®,... are
evident in the control as density increases, while only a change in ®,,; is observed
in the TGF (1 treated monolayer as cell density increases. Transitions in scaling
behavior are annotated to mark changes in material phases. G: gas-like phase; L:
liquid-like phase; S: solid-like phase.

fected with GFP-NLS for visualizing their nuclei. These cells are imaged every 12
hours until cell density reaches a plateau (Fig. 3-7B); the observed cell density change
over time follows a typical S-shaped growth curve. At low density, mesenchymal-like
cells in the TGF 1 treated group move rather individually and thus are more evenly
distributed, while the control group of epithelial cells are clearly clustered (Fig. 3-
7A, 12hr); indeed, we find that ®,, of the TGFfA1 treated group is smaller than
the control (Fig. 3-7C). As the monolayers develop, both ®,, and @, of the con-
trol group drastically decrease while those of the TGFf1 treated cells more slowly
decrease (Fig. 3-7C). At the end of experiments, 156 hours after seeding, both @,
and Py, of the TGFS1 treated cells remain larger than the control, indicating

larger density fluctuation and amorphousness, which can also be observed from the
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fluorescent images (Fig. 3-7TA, 156 hr). Interestingly, while TGF/1 treatment makes
MCF-10A cells more mesenchymal-like (Fig. B-2), it also slows down their division
(Fig. 3-7B) [14, 16]. As a result, we plot ®,, and Pgpe,, against cell density: We
find that curves of the two groups do not collapse (Fig. 3-7D), indicating an intrinsic
difference in the dynamics of the two groups. Abrupt changes in power-law scaling of
®,.; are observed for both the TGF /1 treated and control groups, suggesting a gas-
liquid transition in density fluctuation occurs in both groups. Interestingly, a change
in power-law scaling of ® .., an indicator of liquid-solid transition in amorphous-
ness, is only observed in the control and no transition in scaling is observed for the
TGFf1 treated group. These results suggest that the TGF 1 treated group only has

gas-like and liquid-like phases, while all the three phases are observed in the control.

3.6 Invasive versus Non-invasive Epithelial Clusters

While 2D cell monolayers such as epithelia widely exist in nature, cells are mostly
organized in a 3D space in tissues and organs. To examine if volumetric and shear
order parameters can also describe changes in material characteristics in 3D multicel-
lular systems, we investigate invasion process of epithelial spheroids in 3D. To do so,
we grow human mammary epithelial spheroids from MCF-10A cells in an interpene-
trating gel containing 5mgmL™" alginate and 4 mg mL ™" Matrigel. These cells form
a spheroid shape in the first several days after seeding (Fig. 3-8A top) and become
invasive and migrate into the surrounding matrix in about 7 to 10 days (Fig. 3-8A
bottom); this system has been previously used to model tumor invasion [15, 47, 37].
To visualize individual cell nuclei, we transfect these cells to express GFP-NLS. Us-
ing these nuclear positions, we calculate volumetric and shear order parameters in
3D. Interestingly, comparing to non-invasive spheroids (day 5), we find that invasive
spheroids (day 10) have no significant difference in ®4pq, but much larger ®,,, (Fig. 3-
8D); both order parameters are far from the baseline values of a face-centered cubic
crystal. This indicates that while both invasive and non-invasive spheroids are highly

amorphous, there is no significant difference in the degree of amorphousness, but the
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Figure 3-8: Invasive epithelial spheroids have larger density variations but no sig-
nificant difference in amorphousness. (A) Typical cell trajectories. (B)-(C) Typical
spatial distribution of vol (B) and shear (C). Dash box: the protrusion has more
dynamic cells, larger shear deformation but similar volumetric deformation compared
to the core. Scale bar, 50pum. (D) ®,, and ®gpeq. of non-invasive (n = 17) and
invasive spheroids (n = 16). While volumetric order is significantly higher for inva-
sive spheroids, shear order for both invasive and non-invasive spheroids are similarly
large. Both order parameters deviate far from face-centered cubic crystalline struc-
ture. Student’s t-test is used to evaluate statistical difference. * % * : p < 0.001; ns:
no significant difference. FCC: face-centered cubic crystal structure. (E) Fluorescent
imaging of vimentin intermediate filaments and nuclei. Scale bar, 50 pm.

invasive spheroids have a much larger density variation. If making an analogy with
classical thermal phases, where the solid-liquid transition is mainly due to changes
in amorphousness, and the liquid-gas transition is mainly due to changes in density
variation, the transition from non-invasive spheroids to invasive ones are not only
analogous to fluidization, but more specifically from liquid-like to gas-like. Further-
more, comparing to the core of the spheroid, we find that cells in the protrusion have
larger shear but not obviously different vol (Figs. 3-8B&C), suggesting that the inva-
sive protrusions are more distorted compared to the core. The branch having a larger
shear is consistent with the spatial distribution of cell behaviors from the trajectories

where we find that cells move collectively toward the invasive protrusion (Fig. 3-8A,
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bottom). This suggests that cells need to deform and squeeze as a collective group to
invade into the surrounding matrix. This partially validates the previous hypothesis
that confinement of the matrix is a key resistance that migratory cells confront to
break away from the original cluster [32, 23|, and the fact that leader cells in collec-
tive migration often have a more elongated mesenchymal shape [22]. Interestingly, as
we perform immunofluorescent imaging of vimentin, a type of intermediate filament
that is upregulated during EMT, we find that vimentin is indeed upregulated in the
invasive branches (Fig. 3-8E). Thus a possible explanation for invasive spheroids be-
coming more disordered is that loss of intercellular adhesion as a result of EMT may
lead to unjamming of a cellular collective [36]. To summarize, the spatial and tempo-
ral changes of volumetric and shear order suggest that invasive mammary epithelial
spheroids can tune their material properties to colonize new territories and remodel

their configuration.
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Chapter 4

Probability Distributions of Volume
and Shear

While spatial organization of cells is intrinsically a stochastic process that requires
a balance between entropy and some energy-like quantity, the thermodynamic mea-
sure of temperature and entropy is irrelevant, and a proper definition of entropy and
temperature is needed. To understand cell packing, one may seek to borrow ideas
from granular physics. In the famous Edwards volume ensemble theory, the volume
is considered as the energy-like quantity, which yields a granular temperature, com-
pactivity [19]. This concept is useful yet not complete, as volume-independent transi-
tion is also crucial in multicellular assemblies [9]; Edwards himself pointed out in his
original paper that other quantities may be needed to determine the states for other
types of external loading such as isochoric shearing [19], and others noted lately that
the volume ensemble fails to discriminate among many different microstates [12]. On
the other side of the theory, the angoricity tensor, a tensorial effective temperature,
was also proposed by considering force and moment balance on grains [8]. While the
angoricity tensor accounts for both isotropic and isochoric stresses, it is not trivial to
measure stresses experimentally in a living system, so a configurational entropy and
temperature from geometries are still in some sense preferable. However, it remains
elusive what are the state variables, or even how many state variables are needed to

quantify the microstates and configurational entropy of a living system. Here we seek
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to use the two invariants J and ~ to define the local microstates of multicellular living

systems.

4.1 Simulated Epithelia

We first examine the probability distribution of v and J in a simulated cell monolayer
by the SPV model [10]. Previous study has demonstrated by quantifying effective
diffusivity that systems with a target shape index p below 3.81 is solid-like, while
above is fluid-like [10]. Interestingly, here we find that the probability of v can
be well fitted to an exponential distribution p(y) = Ae™?, and the probability of
normalized area J* = —Z=/min_ can be fitted to a k — I' distribution that p(J*) =

<J>—Jmin
Kk JF=1e=kI" IT(k), regardless of the system being fluid-like or solid-like (Fig. 4-1).
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Figure 4-1: In simulated cell monolayers, (A) v follows exponential distribution (the
solid lines are exponential fit); (B) J follows k& — I' distribution (the solid lines are
kT fit).

4.2 Maturation of Epithelia

We then move to real epithelia to examine such two probability distributions of v and
J. MDCK cells with GFP-NLS are cultured on collagen coated glass substrate, with

fluorescent cell nuclei that allow us to locate individual cells and perform Delaunay

38



J—Jmin
<JI>—=Jmin

0.4
0.2
-
23 0
S

Figure 4-2: (A) ~ follows exponential distribution; (B) J follows k& — I' distribution
in MDCK epithelia. Solid lines are fitted curves. (C) Probability distribution of v
can be collapsed to a single master curve, confirming the exponential distribution
of v at all different cell densities. (D) Average value of J — J,,;, as a function of
the variance of J. The coefficient k of the &k — I' distribution can be calculated by
k= (< J—Jmin >2) /0. The two lines mark k = 1 and k = 6 respectively. The total
length of the observation is 164 hours. Color bar indicates a dimensionless pseudo
time.

triangulation. The cells are seeded sparsely but they divide to reach confluency
and eventually jamming at the end of the observation. Surprisingly, we find that
the exponential distribution of p(v) and the & — I' distribution of p(J*) hold for
the epithelia at all densities throughout the experiment (Fig. 4-2A&B). To further
validate the exponential distribution in 7, we normalize v and the probability density
to show that probability density of systems at all different densities can be collapsed
to the master curve (Fig. 4-2C). The k — I distributions of J are not always similar,
but possess a variety of shapes determined by the parameter k. It can be shown that

at the beginning of the experiment when the cells are comparably sparse, k is close to
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1, while at the end of the experiment & is close to 6 (Fig. 4-2D). Because k indicates
the level of correlation of a unit with its neighbors [5], this result is intuitive that a

crowded system show spatial volume correlations while a sparse system has no such

correlation.
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Figure 4-3: Evolution of the two effective temperatures (A) ©; and (B) ©, as func-
tions of cell number density p.

The k —I' distribution in J* is expected within the Edwards framework, that the
volume ensembles should all fall into such distribution regardless of the segmentation
method [5], and the number & indicates the volume of the chosen elements consists

of the volume of £ more fundamental elements. Moreover, defining an effective tem-

perature to be %e;t—;f’;’yy yields % [5]. Here, by considering the dimensionless
area J* = —J=Imin_ e get the volume temperature ©; = k~'. On the other hand,

<J>—Jmin

there is currently no formal theory on the exponential distribution of v, however,
one may argue that besides the Edwards volume ensemble that the isotropic shape
J is an effective energy for a grain, the isochoric shape v can be treated as another
independent effective energy, which makes A~! reminiscent of a second temperature
O, = A~!. This is aligned with previous study where shape of Voronoi cells is pro-
posed to be an effective energy-like quantity in epithelia [6]. The evolution of such
two temperatures is shown in Fig. 4-3. It is worth noting that because the funda-
mental objects are triangles with two degrees of freedom in their shapes, this pair

of temperatures derived from the two independent invariants thus form a complete
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description of the variations in microstates.

4.3 Extravasation into Open Space
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Figure 4-4: The periphery of an epithelia colony is ‘hotter’ compared to the jammed
core. (A) Fluorescent image of MCF-10A cells migrating from a confluent confined
space through a slit into an open space. The color of overlaid trajectories indicates
the average speed of the cell. The cells on the edge move faster. (B)-(C) Probability
density functions of J* and v. (D)-(E) Radial distribution of k and A. (F)-(G) Spatial
distributions of volume and shear temperatures.

In the pioneer work by Angelini et al. [4] a famous analogy was drawn between
the tip of wound in an epithelia and local high temperature zone in molecular glass;
later on, a similar analogy is made suggesting that an invasive tumor has higher
effective temperature compared to noninvasive ones [34]. Such analogy is attractive
yet remains elusive because there was not a proper definition of temperature-like
quantities in multicellular systems. Here we seek to explore this conjecture with the
two proposed temperatures. We use a 2D microfluidic system to model extravasation:
A well with a slit with width ~ 100 pm is seeded with exceeding number of MCF-10A
cells (with GFP-NLS) to ensure confluency (Fig. 4-4A). Once culture media is added
to the outside, the cells start to extravasate through the slit. A half circular colony is
gradually established. We analyze the radial pattern by dividing the circular colony
into bins of radii. Remarkably, at all different radii ranges, the & — I' distribution
in J* and the exponential distribution in + are observed (Fig. 4-4B&C). k decays

with radius indicating a smaller volume correlation and a larger volume variation in
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the periphery (Fig. 4-4D), this is consistent with the radial profile of the variance in
the divergence of velocity field (FIG. B-3). A decays with radius, indicating larger
probability of observing irregular triangles (Fig. 4-4E). The spatial distribution of
volume and shear temperatures shows larger variations in both size and shape in the

periphery, in which sense the periphery is indeed ‘hotter’ than the core (Fig. 4-4F&G).
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Chapter 5

Summary and Outlook

We quantify the local order in multicellular assemblies by volume and shear. In
chapter 3, we define two new order parameters, volumetric order ®,,, and shear or-
der ®,,.q to quantify the structure among neighboring cells in multicellular living
systems. ®,, and P form a complete description of structural order; @, de-
scribes the degree of density disorder which reflects factors such as non-confluency
(Figs. 3-2,3-6, and 3-8) and size/density heterogeneity (Figs. 3-2,3-4, and 3-6), while
D, eqr characterizes packing disorder resulted from factors such as jamming transi-
tion (Figs. 3-2,3-3,3-4, and 3-6) and anisotropic cell shapes (Figs. 3-4,3-6, and 3-8).
We first show that ®,, and &4, can describe phase transitions in particulate sys-
tems. Interestingly, once jamming is initiated, ®gpeq- scales with internal pressure
(Fig. 3-2E), which suggests a potential noninvasive measurement of stress from only
static images. Then we demonstrate that ® .., alone is equivalent to shape index in
determining the jamming phase boundary in SPV simulations of confluent cell mono-
layer. Moreover, we identify two scaling regimes during Drosophila embryogenesis,
and show that previously observed elongation of individual cells is resulted from not
only changes in packing, but also changes in volume of the space among neighboring
cells (Fig. 3-4). We further show the importance of ®,, in studying those nonconflu-
ent living systems. Applying this framework to a growing epithelial monolayer reveals
a gas-like state of monolayers below confluency, a liquid-like state upon monolayer

maturation, and then a solid-like state when the monolayer is jammed (Fig. 3-6). In-
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terestingly, we also find that induction of EMT changes the power-law scaling in both
G, and Dy, as functions of cell density (Fig. 3-7). Finally, with this framework, we
find that invasive 3D human mammary epithelial spheroids have significantly larger
density variation ®,,;, but no significant difference in the degree of amorphousness
D peqr than their noninvasive counterparts; moreover, particularly high shear defor-
mations are observed in the invasive branches (Fig. 3-8). In chapter 4, we discuss
the probability distribution of volume and shear and show that the volume follows a
k — T distribution while the shear follows an exponential distribution in SPV simula-
tions (Fig. 4-1), across a large range of cell number densities during the maturation of
MDCK epithelia (Fig. 4-2), and at different radial locations during the extravasation
of MCF-10A epithelia (Fig. 4-4). We further show that a pair of temperature-like
quantities can be extracted from the exponential tails of the probability distributions
(Fig. 4-3), in which sense the periphery of an extravasating epithelial colony is "hotter’

than the core (Fig. 4-4).

An intriguing question in cell mechanobiology is how tissue level order emerges
within a group of cells. It is known that it starts from single cell scale, regulated
by genetics and cell signaling, and manifests at the tissue and organ scale setting
tissue morphology, rigidity, function, etc. However, a structural description between
the two length scales remains elusive; indeed, while local interaction of a cell with its
close neighbors plays a critical role in regulating material characteristics of tissues,
it has been difficult to characterize this interaction, particularly in situ. Thus, the
framework introduced here may reveal important structural information that was not
previously accessible during processes such as wound healing and cancer metastasis.
Furthermore, this methodology could be used to monitor how structural characteris-

tics are influenced by mechanical or biochemical perturbations.

We expect that this method may provide a morphological assay for histopathol-
ogy evaluation. In traditional histopathology, individual cell morphology and tissue
structure are two main features typically being examined. Breast cancer grade, for
example, is determined based on nuclear pleomorphism, cell division, and gland or

tubule formation [25]. However, there is growing evidence from in vitro experiments
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showing that intercellular interactions such as formation of gap junctions are also
important for invasion in epithelial derived model tumor spheroids [27]. The volume
and shear structures reveal clear geometrical information of the local structure among
neighboring cells that was missing in previous morphological assays; this method can
be readily incorporated into existing diagnostic pipelines and might serve as an addi-
tional marker for diagnosis. As this method is solely based on analyzing static images,
it can be readily applied to histopathological data with simple staining method visu-
alizing cell positions, such as biopsy samples with stained cell nuclei.

The framework we introduce here is general and unified, such that can be applied
to systems both on 2D and in 3D, and to both confluent and dispersed multicellular
systems. Based on cell locations, we can characterize material phases and identify
important changes in materials states that may contribute to important biological
processes of the tissue. Using this framework, we can resolve details in evolution of
material characteristics starting from extremely low density to full confluency and
eventually jammed states. The generality and robustness of this framework allows

different systems to be compared in a consistent way.
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Appendix A

Lemmas

Lemma 1: vol and shear are independent of the orientation of the reference triangle.

Proof: Consider an arbitrary rotation Q of the initial reference T, the new
triangle may be written as T; = QT,. The new deformation gradient is F} =

T,T;1QT.The new volumetric deformation is

vol* = det(T,T;1Q7T)

= det(T, T 1)
= vol
The trace of F*TF* is
tr(F*TF*) = tr(F*F*T)

tr (TnTngT)(TnTr_lQT)T)

(
(
tr(ToT, ' QTQT, TTY)
tr(T, T, ' T, T TT)

(

tr(FTF)
Thus the new shear deformation is shear™ = shear.

The lemmas 2 and 3 are to prove that the vol and shear represent the real volumet-
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ric and shear deformations of each individual triangle compared with the referential
average equilateral triangle in Cartesian coordinate.
Lemma 2: An arbitrary 2D deformation gradient F can be factored into a pure
volumetric deformation and a simple shear deformation as F = F Fg, where F, =
(AA2)21, and Fy = (\/% - \/:\\if)e{l ® ey + 1. e}, e, are orthogonal basis and A,
Ao are the two eigenvalues of F.

Proof: An arbitrary deformation gradient F can be factored into two components
F = F,F,, where F, = vI = (A\A)"2I. Then Fy is an isochoric deformation
with two eigenvalues \/% and i—f According to Lemma 3, Fg can be regarded

as a simple shear deformation in some basis, and the equivalent amount of shear is

s = 1/% — :\\—j Furthermore, from simple eigenvalue analysis, v? = det(F), and

2 tr(FTF)
— Tdet(F) 2

Lemma 3: An arbitrary isochoric 2D deformation gradient F can be regarded as a
simple shear in some basis, with amount of shear s = \ — %,Where A and % A>1)
are eigenvalues of F.

Proof: An arbitrary deformation gradient F can be factored as F = QK, where
K is the deformation gradient that can be transformed to F after a rotation Q.
Alternatively, the polar decomposition of F is F = RU, where R is a rotation,
and U is diagonal. Thus FTF = (QK)TQK = (RU)TRU, which can be further
simplified as KTK = U2.The eigenvalue equation of two sides must be identical, and
both eigenvalues of two sides need to be equal, leading to two algebraic equations.
Assuming that K can be written as a simple shear in some basis K = sej @ e}, + I,
then for an isochoric deformation gradient F we have s +2 = A+ 5. So s = A — §.

This also proves that such K and Q exist.
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Appendix B

Supplementary Results

LJ(Lennard-Jones) potential between two particles at distance r is given by Uy ;(r) =
4e[(2)"? — (2)9], such that it is controlled by only two dimensionless parameters, the
dimensionless temperature T' = k, T} /¢, and the dimensionless density p = p,a?, where
ky is the Boltzmann constant, 7T, is the absolute temperature, € is the potential depth,
pr is the number density of particles, a is the separation distance when the bonding
energy potential is equal to zero. We perform the simulations with HOOMD-blue [2].
900 particles with unit radius are initially distributed on 30 by 30 square lattice and

area of each square is %. The simulations are run for 2 x 10° steps to reach equilibrium.
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A Particle/Cell " 5 (03 5 In(shear)

Figure B-1: Behavior of a sparse MDCK epithelial cell monolayer is analogous to
the nucleation in sparse LJ system whose potential energy is dominating over kinetic
energy, in terms of (A) particle/cell positions; (B) In(vol) (C) In(shear). With in-
creased particle density, the discrete packs start to aggregate (D). These packs are
dense (E), and well packed (F).
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Control +TGFB1

Figure B-2: Brightfield images of (A) MCF-10A epithelia versus (B) MCF-10A ep-
ithelia after induction of EMT.
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Because higher variations in cell area is observed at the periphery of the extravasat-
ing epithelia, a natural quantity to check will be the variance of the divergence of
velocity field. The total area outside the slit is divided into 35 x 70 grids, and the
velocity V' = (u,v)T is taken to be the average cell velocity within the grid, where u
is the velocity along the x axis and v is the velocity along the y axis. The divergence
is calculated by V -V = Z—Z + Z—Z. The divergence is then registered to bins of radii,

and the variance is calculated within each radius range.

8

6 L

Var(V-V)
N

0 500 1000
r(pm)

Figure B-3: The variance of divergence of velocity field increases at the periphery of
epithelial colony.
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