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Fig 9. Mechanism for the formation of a star-shaped organoid. (a) Snapshot of
the typical morphology of a star-shaped organoid formed at (§,t4) = (0.35,0). Red
arrows indicate cells extruding into the lumen, and white arrows show the branches of
the organoid. (b) Time evolution of a branch tip. (c) Time-integrated distribution of
cell volume of the cells for angular coordinates of the cells appearing in a star-shaped
organoid at (&,t4) = (0.35,0). The vertical lines represent the angles of the lumen
branches. The horizontal line represents the volume of the cells required for cell division.
(d) Relations between the cell volume and position of the representative cells in a
star-shaped organoid at (§,t4) = (0.35,0). The orange cross, green triangle, and blue
circle markers represent typical cells in the center, on an arm, and at the tip of an arm,
respectively. Markers in the inset represent the final positions of each cell; (e-g)
Historical positions of each cell. All cells at the various times are overlaid in the same
figure, and the color indicates the elapsed time from the generation of each cell at each
time t.ey. (h-j) Histograms of the frequencies of the number of divisions from the initial
cells. Simulation conditions for panels (e-j) are as follows: (e) and (h) are without
added noise to 'V and at (,t4) = (0.35,0); (f) and (i) are with added noise to 'V’ and
at (§,tq) = (0.60,0); and (g) and (j) are with noise to ’Vy’ and at (§,t4) = (0.45, 300).
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variability. This is consistent with the division potential that is not coupled with the
position [Fig. [9j)].

Intestinal organoids exhibit a phenomenon similar to that of the spontaneous
positioning and formation of tubular structures observed in stem cells. These organoids
develop tubular branches from a single-lumen, with the cells that possess division ability
located mainly at the tip of the tubular structure [31]. Theoretical studies have
suggested that the coupling of cell division and curvature of a single cell layer
contributes to the formation of the structures that are observed in the intestinal
lining [52]. However, further research is required to determine whether organoids grow
tubular branches from small outward protrusions because of positive feedback that
arises from the division conditions, as demonstrated in this simulation.

Discussion

In this study, we investigated the impact of mechanical elements on the organoid
morphogenesis. We utilized a phase field model to simulate multicellular systems, where
the cell-lumen interactions were mediated through various pressure conditions. We
explored conditions with varying lumen pressure and minimum time required for cell
division, and classified the morphology of the resulting organoids using these proposed
indicators.

The growth rate of the observed organoids under the experimental conditions varied
greatly depending on the system, making it challenging to directly compare the different
systems. However, as demonstrated in this study, it is possible to compare them when
measuring the number of cells, volume, and surface area of the organoid and lumen.
This can be confirmed through scaling relations between the cell number versus the
volume and surface area. For example, if the organoid is spherical with a radius of R,
the volume and surface area of the organoid scale is R? and R?, respectively. If an
organoid is a monolayer, the number of cells should be proportional to surface area, R?,
and if there is no lumen inside the organoid, then N oc R2. In other words, the
relationship between the radius, volume, or surface area and the number of cells can be
used to describe the organoid structure. The same principle can be applied to more
complex organoid morphologies. For example, pancreatic organoids, which exhibit a
monolayer organoid with branching, are known to show fractal dimension, and the
relationship between the surface area and volume deviates from the aforementioned
power-law relationship [22].

In the Results section, we went beyond simple scaling arguments and introduced
novel indicators to characterize the morphology of the organoids grown under the
various conditions. Specifically, we proposed the sphericity and lumen index, which
capture the deviations from simple spherical shapes and highlight when lumen structure
changes. Additionally, these indicators are also useful for experimental investigations as
well. Our study thus offers a deeper understanding of how mechanical elements
influence organoid morphogenesis and provides new tools to analyze and quantifying
this complex process.

In addition, we began the simulations with four cells. While the quantitative impact
of the initial cell number on the morphogenesis has not been thoroughly investigated in
this model, we observed that starting with only one or two cells tended to increase the
frequency of rupture events. This phenomenon can be attributed to the presence of
small number of cells in the initial phase, making it challenging to effectively surround
the lumen formed during the initial cell division. These preliminary results suggest the
possibility of achieving specific morphologies by appropriately controlling the rate of
lumen expansion during different formation stages, as also demonstrated in
experimental studies [14].
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Our phase field model was advantageous because it could easily incorporate the 485
lumen pressure, making it possible to discuss the effect of lumen pressure as a variable s
of the organoid morphology. However, our current formulation cannot reproduce ag7
structures where the apical surface of the cells protrude toward the lumen, which is as8

present in some organoids which show rosette-like structures. One way to address this s
issue is to introduce a model for molecules localized on the apical surface, which could s
be achieved by modifying the multicellular phase field model. Future research can focus s

on reproducing the curvature of the cell membrane. In addition, our model does not 492
currently capture the network structure that is observed in the pancreas. To reproduce s
this network structure, it is necessary to incorporate a tube-shaped lumen formation 404
mechanism into the model. This would require updates to the model, such as 405

considering the reaction-diffusion processes [46]. Incorporating these additional elements 405
could provide a more comprehensive understanding of the organoid morphogenesis and o7

enable the simulation of the complex network-like structures that are observed in 408
certain organs. 499

It is important to acknowledge that the current model represents organoids in a 500
state where they can grow in an outward direction without any physical constraints. 501
However, in real organoids or organs, growth is influenced by various factors, including  se
the extracellular matrix (ECM). Mechanical interactions, which are the focus of this 503
research, are also expected to be influenced by the external environment, such as the 504
pressure exerted by the ECM on the cells as some experimental studies have 505
demonstrated [53}/54]. Considering the pressure exerted by the ECM, it can be 506
anticipated that the growth of cells in the outer shell of the organoid would tend to be  sor
more uniform, as some outer cells would experience resistance and they would be 508
hindered from protruding outward. Exploring how these dynamics change in a model s
that incorporates the ECM would be a valuable avenue for future investigations. 510

In summary, we used a simple mathematical model to investigate the morphogenesis su
of organoids that were affected by mechanical factors. We introduced the minimum cell s

volume and minimum elapsed time as parameters and examined the organoid growth. s
The organoid morphologies were classified into seven distinct patterns based on the 514
lumen occupancy, number, and sphericity. In addition, the dynamics of morphology can s
be monitored by lumen occupancy and lumen index. Those parameters are useful to 516
characterize the morphologies observed in experiments. 517
Materials and methods 10
We modeled the dynamics of cells and lumenal fluid using the phase field model, 519
building on previous studies [37,[38]. To avoid excessive computation time, most of the s
simulations were performed in 2D, except for the simulations that are presented in 521

Fig. (g—l) 522

Time evolution 523

Similar to previous studies [37,38], the existence of cells and lumens are described by 524
the field values, u; € [0,1]. Label i represents the index of a cell when ¢ € {1,2,..., M}  ss

and a lumen when ¢ = L, where M is the number of cells in the system. u; = 1(= 0) 526
designates the inside (outside) of the cell or lumen i. Common dynamics of the cells and s
lumens are described as follows: 528
ou; 1
T 6152 = DV2u; + ui(1 — uy) (uz -3t fi) ) (5)
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where the coefficient 7 is a characteristic time for the field variables, diffusion coefficient
D is proportional to the square of the interface thickness and f; is a function that
depends on whether the value represents a cell or the lumenal fluid. When u; represents
a cell, the function is described as follows:

fi = fielgw,’]w(ul;, ULy eeey Ujyaeny UM)

= a(Viarget = Vi) = BY_ hlug) + V> | Y h(uj)| +4V2h(u:),  (6)
JF#i j#i,L

where the coefficients «, 5, v, 0, and Vigrger are positive constants; h(u;) is a function
that is defined as h(z) = 2%(3 — 2z) [37]; and V; is the volume of the cell i. The volume
of each cell, defined by V; = f h(u;)dr, increases towards the target volume Vigrget
under the constraint of the excluded volume interaction (=33, ; h(u;) term) and
adhesion interaction (3rd term on the right-hand side of Eq@) with the other cells.
When i = L, the function is described as follows:

fl:fL(u177u“,uM) :g—ﬁZh(Uj>, (7)

J#L

where the coefficient £ represents the lumenal pressure, which is a positive constant. If
multiple isolated lumen regions are in contact with each other, they are assumed to
merge into one. See [37,[38] for additional details.

These equations were integrated numerically by discretizing them with dz in space
and dt in time using the Euler scheme. All units used in this study are arbitrary units
and not SI units such as m, s, or min. Rather, we use ‘arb. unit’ to represent the
arbitrary units in this report. For ease of reference, we refer to the time of simulation as
‘time’ throughout this report.

Cell division and micro-lumen creation

Cell division conditions can be represented using physical quantities, such as cell size
and time since previous division. Different cell types have different division triggers,
such as reaching a certain volume threshold or after a specific time period has elapsed
since the last division [55]. In this study, we varied the time conditions as a control
parameter.

We assumed that each cell was set to divide when both the volume and time
conditions were met. The volume condition is formulated as V; > Vy, where V; is the
volume of the cell ¢, and Vj is the minimum cell volume required for cell division. In
this study, we set the target cell volume Vigrger to 3.0 arb. unit of volume. For most of
our simulations, V; was fixed to 2.9 arb. unit of volume. We also implemented
conditions where noise was added to the minimum volume condition, where V; was set
to follow a normal distribution with a mean of 2.85 and a standard deviation of 0.025.
The time condition is formulated as teey > tq(1 + (). Here, teep is the time since the
last cell division of the cell; ¢4 is the minimum time required for cell division, which is a
positive constant, and ¢ is white noise in the range of [—0.1,0.1]. The time when the
volume condition is satisfied depends on the surrounding environment. Figure [L0f(a)
presents an example of the time evolution of the cell volume. The presented cell is one
of the two cells that were generated through the division of an isolated cell. The volume
of the daughter cell increases rapidly after cell division and satisfies the volume
condition at a certain elapsed time since the division. For instance, the elapsed time for
a cell division from a single isolated cell was approximately 14 arb. unit of time. We
refer to typical elapsed time as tee;(Vy). When the cell time condition ¢4 is greater than
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teen(Va), it divides at t4 [Fig. (b)] Conversely, when t4 is less than t..;(Vy), the cell
divides at tee;(Vy) [Fig. [L0(c)]. If either of the conditions was not met, the cell is
assumed to remain in its current state, without undergoing division or extinction, but
retains the potential to change its volume and shape.

Fig 10. Figure illustrating the conditions that need to be met for cell
division to occur in the model used for this study. (a) Time evolution of the cell
volume of a daughter cell that was generated through cell division. The horizontal
dashed line represents V; = 2.9 arb. unit of volume, which is the minimum volume
required for cell division to occur. The vertical dotted line indicates the time when the
cell satisfies the volume condition for cell division. (b) When the time condition is
dominant, the cell divides immediately after the time condition is satisfied. (c) When
the volume condition is dominant, the cell divides immediately after the volume
condition is satisfied.

@) 30 (b) cell division mainly determined by time
28 Va=29 cell division
. ‘
>
v 24
E { f —>
3 22 0 teen(Va) ta teeut
> 20 S . .
= (c) cell division mainly determined by cell volume
vie cell division
16 i
14 H .
0 5 10 15 20 5 + 4 + >
i i ivisi teen(Va) t
time since a cell division tceu 0 ta  tenlVa cell

The cell immediately divides when both time and volume conditions are satisfied. As
per a previous study , the division plane is determined by the position of the two
spindle poles. The position of the poles, represented by the position vectors vy = (z1,y1)
and ro = (22,y2), are determined by the steady state of the following equations;

aT‘i
T

where pu and o are positive constants. The force applied to the poles can be expressed as:

= Fi—o(ri—;) (i,j € {12} and i # j), (8)

F; = / (P = peen)ui(l —wi)(r —ry)dr (i,5 € {1,2} and @ # j), (9)
[ri—r|<|r;—7r|
where p and p. are positive constants, and e, is a function given as

en=_ > (1/6)Vh(u;) - Vh(u;) . (10)
i i
This force enables the division plane to be parallel to the cell-cell contact plane if the
cell attaches to other cells. See for additional details.

A spherical micro-lumen is created at the center of the division plane with a constant
size of V7, ;s = 0.785 arb. unit of volume simultaneously with the determination of the
division plane. It is assumed that the lumen does not exist until cell division occurs. As
mentioned above, the generated lumens evolve over time according to the Egs. and
(7). The values of parameters utilized in this investigation are shown in Table
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Table 2. Parameter values employed in this research (arb. unit). See [37,38] for additional information.

parameter

Dit]la|B |y nl € o k| po| pe

values

0001 |1 1] 1|1]0.008]|0.1]0.001]|10 | 0.01 1
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