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Abstract

Organoids are ideal systems to predict the phenotypes of organs. However, there is cur-
rently a lack of understanding regarding the generalized rules that enable use of simple
cellular principles to make morphological predictions of entire organoids. Therefore, we
employed a phase field model with the following basic components: the minimum con-
ditions for the timing and volume of cell division, lumen nucleation rules, and lumenal
pressure. Through our model, we could compute and generate a myriad of organoid phe-
notypes observed till date. We propose morphological indices necessary to characterize
the shapes and construct phase diagrams and show their dependencies on proliferation
time and lumen pressure. Additionally, we introduced the lumen-index parameter, which
helped in examining the criteria to maintain organoids as spherical structures compris-
ing a single layer of cells and enclosing an intact lumen. Finally, we predict a star-like
organoid phenotype that did not undergo differentiation, suggesting that the volume con-
straint during cell division may determine the final phenotype. In summary, our approach
provides researchers with guidelines to test the mechanisms of self-organization and
predict the shape of organoid.
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Author summary

In nature, a wide variety of organ morphologies are observed. Owing to the complex-

ity of the process underlying the acquisition of organs’ morphology, it is challenging

to investigate the mechanisms that lead to such variations. A promising approach

to study these variations is the use of “computational organoid” study, which is the
computational-based study of self-organizing shapes in multicellular assemblies and
fluid-filled cavities called lumens that develop from a few proliferating cells. This study
explores general mechanisms that dictate how various mechanical factors affect the
growing self-organized multicellular assembly. We relied on computer simulations of the
mathematical model called multicellular phase-field model with lumens and explored the
mechanical factor effects, such as the lumen pressure while considering the time and vol-
ume conditions required for cell division. These simulations generated and categorized

a wide range of organoid phenotypes based on the varying lumen pressure and cell divi-
sion conditions. These phenotypes were characterized into seven distinct classes, based
on the morphological index sets, including a cellular monolayer/multilayer surround-
ing single or multiple lumens and branch formation. These phenotypes were obtained
without the assumption of differentiation. Our study elucidates the mechanisms under-
lying the organoid and organ formation with different shapes, thereby highlighting the
significance of mechanical forces in shaping these complex biological structures.

Introduction

Morphology plays a crucial role in organ function and there is a wide variety of organ mor-
phologies in nature. As the processes involved in the acquisition of real organs’ morpholo-
gies are extremely complex, the underlying mechanisms can be elucidated through the explo-
ration of simplified systems such as organoids. Organoids are generally defined as an in-

vitro cell assembly with a specific configuration that develops from a few stem/progenitor
cells through self-organization, and could offer a new understanding regarding this [1,2].

As shown in Fig 1, organoids exhibit a variety of morphologies and are therefore consid-

ered a potential model to study the principles underlying the determination of various tis-
sue morphologies. While simple examples of these morphologies include cell aggregates such
as tumor spheroids [3], many organoids have lumens, which are liquid-filled cavities sur-
rounded by tissue cells. Simple monolayer lumens are found throughout the body in organs
such as the thyroid gland [4-6] and often form in vitro from cells that would naturally form
tubes in vivo. The isotropic environment of suspension or gel cultures simplifies their geom-
etry from a tube to a sphere. Intestinal organoids retain some of their folding structure from
the intestinal crypts and villi and exhibit short tubular structures bulging from a cyst [7-9].
Small buds growing on a cyst structure are also found in organoids of the stomach and liver
organoids [10-12]. More complex structures may also form in vitro. For example, epidermal
organoids exhibit a central cyst surrounded by multiple cell layers [13]. Others can have mul-
tiple lumens, or even a network of lumenal structures. Multi-lumenal structures within a mul-
tilayered stratified epithelium are observed in the pancreas during development in vivo and
in pancreatic organoids in vitro [14,15]. A network of lumenal structures are observed during
angiogenesis [16,17], and in the formation of the lung [18-20] and pancreas both in vivo and
in vitro [14,15,21,22]. The mechanisms of lumen formation have been explored in great depth
notably using the Madin-Darby canine kidney (MDCK) lumen system [23-25]. However, the
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Fig 1. Variety of morphologies observed in in vitro organoids. Cross-sectional view of different organoids with the lumen surface labeled in red. (a) Snapshot of an
Madin-Darby canine kidney (MDCK) cyst with a single lumen labeled with F-actin (red) and DAPI (blue). Scale bar: 10 um. (b) Snapshot of a pancreatic organoid with
multiple lumens labeled with Ezrin (red) and Hoescht (blue). Scale bar: 40 ym. (c) Snapshot of a murine epidermal organoid with a single lumen surrounded by multiple
cell layers labeled with F-actin (red), DAPI (blue), and Keratin-5 (yellow). Adapted with permission from Boonekamp KE et al. [13]. Scale bar: 50 um. (d) Human breast
adenocarcinoma tumor spheroid with metabolically viable cells shown in green and the central cells of the spheroid remained viable. Adapted with permission from
Gong X et al. [3]. Scale bar: 100 m.

https://doi.org/10.1371/journal.pchi.1012090.g001

g

mechanisms that control the diversity of lumen shapes has not been comprehensively stud-
ied. The diversity of organoid models enables the study of this in vitro, which makes the topic
timely, notably considering the tissue mechanics.

A hallmark of organoids is the proliferation of their cells accompanied by morphogenesis
and these structures are formed by a variety of factors. It has been shown that cell differentia-
tion can be a contributing factor in the formation of characteristic morphologies [1,6-15,17-
21,26,27]. On the other hand, mechanics and hydraulics play pivotal roles in the growth of
cell assemblies, including organs and organoids. Moreover, some organs/organoids can sense
the mechanical environment and applied forces and thus change their morphologies accord-
ingly [8,9,28-33]. When starting with epithelial cells that can polarize and form a lumen,
micro-lumens are initially created within or between the cells and then expand and form
a physiologically functioning structure [34]. This expansion is driven by the osmotic pres-
sure differences generated through ion transport mechanisms on the cell surface that causes
water to flow into the lumen from the surrounding environment [34-37]. In such a system,
the balance of forces, particularly between the lumen pressure and tissue elasticity of the cell
monolayer, plays an important role in shaping the entire structure. Additionally, the balance
of kinetics must also be considered; for example the speed of lumen expansion must match
that of the cell proliferation rate for the stable existence of the lumen; in the absence of this
balance, lumen could disappear or leak out from between the cell junctions [38]. These obser-
vations suggest that “mechanical factor”—specifically referring to physical and mechani-
cal processes such as lumen pressure, tissue elasticity, and proliferation rates—play a crucial
role in morphogenesis. To test this hypothesis, we investigate whether diverse morphologies
can emerge from the mechanical factors without requiring cell differentiation. Although the
determination of organoid morphology is often accompanied by cell differentiation in real-
ity, this does not necessarily mean that explicit cell differentiation is essential to explain the
emergence of certain morphologies, as differentiation can influence morphology via mechan-
ical factors. It remains to be clarified whether a variety of morphologies can arise purely from
mechanical instabilities triggered by small fluctuations alone, even in the absence of differen-
tiation and heterogeneity.
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In this study, we addressed this issue through the analysis of a computational model
of organoids, i.e., growing computationally simulated cell assemblies. Assuming a typical
organoid culture environment, we set a few cells (four cells in this study) as the initial con-
dition and computationally simulated the self-organized multicellular structures after mul-
tiple rounds of cell proliferation. Simulations were performed by applying the computa-
tional framework called multicellular phase-field model, which can simulate the shape of each
cell and lumen using the continuum field in space [39,40]. This model was chosen due to its
ability to represent both cell and lumen pressure dynamics, which are crucial for assessing
mechanical factors influencing organoid morphology. In contrast other common modeling
approaches, such as the vertex model, cellular Potts model, and mesh-based models, each
have specific advantages and limitations that influenced our choice of approach [41]. The ver-
tex model is computationally efficient, as it simplifies cell shapes to polygons (or polyhedra
in 3D) with flat interfaces, making it particularly useful for modeling epithelial tissues with
junctional contractility [42-45]. However, this simplification limits its ability to represent
curved interfaces, which are essential for capturing the nuanced cell and lumen shapes that
are critical in our study of organoid morphology under varying pressure conditions.

The cellular Potts model, on the other hand, allows flexibility in cell shapes and can accom-
modate complex cell-cell and cell-lumen interactions, through stochastic rules [46-55]. This
flexibility makes it suitable for studies focusing primarily on cellular interactions. Neverthe-
less, the cellular Potts model accompanies interface fluctuations necessarily due to its con-
struction principle and lacks a straightforward mechanism for modeling force balances, which
are crucial in our approach, where the distribution of forces and pressures directly influences
morphology.

Mesh-based models, such as the immersed boundary model and subcellular element
model, provide highly detailed representations of cell shapes and allow for targeted force
application [56-64]. However, these models require substantial computational resources,
making them less practical for large-scale simulations of organoid growth under various
mechanical conditions, like those we are attempting in this study.

In addition to these models, other approaches, like those representing lumens as parti-
cles [65], or employing on-lattice frameworks [66] and off-lattice mechanical models [67],
also offer intriguing perspectives. However, the multicellular phase-field model was deemed
the most suitable for our research objectives. Given these limitations in alternative models,
we selected the phase-field model for its ability to represent both cell division and lumen
pressures in a computationally feasible way. This model allowed us to study the emergence
of diverse morphologies under mechanical and geometric constraints, aligning well with
the goals of our study. These results may provide a framework to study the mechanics- and
kinetics-based principles that determine the formation process and final forms of organoids
and may be applied to gain a deeper understanding of the morphogenetic mechanisms of
functional organs. These results may provide a framework to study the mechanics- and
kinetics-based principles that determine the formation process and final forms of organoids,
and may be applied to gain a deeper understanding of the morphogenetic mechanisms of
functional organs.

In the following sections, we discuss the computational simulations. In the Results section,
after briefly outlining our computational model, we present the results and analysis. This
includes the phase diagram, morphology, and indices used to characterize the model. We also
explore the effect of introducing noise to the cell division process, as well as the mechanism
that maintain the monolayer morphology. In the Discussion section, we tackle the challenge
of both quantitatively and qualitatively comparing the organoids from this study with those
observed under experimental conditions. We also emphasize the importance of considering
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the model limitations and investigating the role of the extracellular matrix. These insights pro-
vide valuable guidance for future research endeavors. In the last, we comprehensively describe
the mathematical model in the Materials and Methods section.

Results
Outline of the model

We employed the phase field model to simulate the dynamics of cells and lumenal fluid, build-
ing upon insights from previous studies [39,40]. Most of our simulations were conducted

in two dimensions, except for the second last subsection of Results, where we checked if an
important semi-quantitative result is reproduced even in three dimensions.

We define the field variables u; within the range [0,1] to describe the dynamics of cells and
lumens, as illustrated in Fig 2. The index i denotes a lumen when i = 0, and it represents a spe-
cific cell when i € {1,2,..., M}. In this context, M signifies the total number of cells within
the system. In the visualization of the organoid, the colors represent the field variables of
the lumen and cells as shown in Fig 2. Note that regions where cells overlap are depicted in
white, a phenomenon often observed just after cell division. The threshold value u; = 0.2 is uti-
lized for counting the number of isolated lumens and for calculating both the perimeter and
the area enclosed by the perimeter for cells and the lumen. However, this choice of thresh-
old value is exclusively for morphological analysis and does not impact the simulation of the
dynamics.

We assume that the system’s rate of change is always proportional to the gradient of the
free energy F, moving in the direction that decreases the system’s energy most rapidly. This is
described by:

duj _ OF

= ——, 1
i ot 5”,‘ ( )

where the coefficient 7 is a characteristic time for the field variables. For modeling multicel-
lular organoids, we express the energy form to encapsulate the behavior of both the cells and
the lumens in question. Concerning the dynamics of cells, we consider three primary factors:
the volume exclusion effect for cell-cell and cell-lumen interactions, the growth of cell volume

1
lumen : uo(x,y)
cell 1 : ui(x,y) 055
cell 2 : ux(x,y)

0

Fig 2. Cells and lumen represented by field variables u; € [0, 1] represents each cell for i € {1, 2, ..., M}, and ug
represents the lumen. Color codes are shown for cells and lumen.

https://doi.org/10.1371/journal.pchi.1012090.g002
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towards Viges, and cell-cell adhesion. Regarding the dynamics of lumens, our primary con-
siderations are the volume exclusion effect between lumens and cells, and lumen expansion.
Detailed form of the free energy F is given in the method section.

By differentiating F with respect to the cell variables, we derive the following time-
evolution equation for the cell (i € [1, M]):

T% = szu,‘+ui(1—u,‘) (u,»— % +fi)> (2)
fi = aViaga-Vi)=B D) h(w)+nV> > h(w)+yVh(w). (3
jelo,M],j#i je[1,M],j=i

Eq (2) is a modified version of the Allen-Cahn equation and offers a smooth front solu-
tion connecting regions 0 and 1 of u;. Eq (3) encompasses functions related to the progres-
sion towards the target volume Vi, (the first term), the constraint from the excluded vol-
ume interaction (the second term), and the adhesion interaction with other cells (the third
and fourth terms). Meaning and the choice of each coefficients, a, 8, and 7 are described in
detail in the Materials and methods section. We also implemented cell proliferation by divid-
ing the single cell (i.e., single phase field variable for the corresponding cell) into two when
the time after the last cell division exceeds the given threshold time, ¢4, and the volume of the
cell is larger than the threshold value; for the details of this rule, please see the subsections
named “Cell division” and “Determination of the division plane” in Materials and methods.

By differentiating F with respect to the lumen variable 1y, we derive the time-evolution
equation for the lumen. Its structure mirrors Eq (2), but with a different formulation specific
to the lumen;

fi=E-8 D) h(w), (4)

jelm]

where the coefficient & represents the osmotic pressure of the lumen, a driving force for the
lumen growth. Hereafter, we refer to & simply as ‘lumen pressure’ for simplicity. The justifi-
cation for associating & with osmotic pressure is described in the Methodology section. We
incorporate, in our model, the formation of microlumens at the adhesion surface between the
two daughter cells right after the division, inspired by experimental observations in Ref. [68],
which will be detailed in the subsequent section. When several isolated lumen regions come
into contact, they are assumed to merge into a single entity.

For additional information, please refer to [39,40]. The numerical integration scheme of
Eq (2) and the algorithm for cell division are described in the method section in detail.

We initiated each simulation run with four cells at the center of the simulation domain in a
two-dimensional system. Each cell adhered to two neighboring cells, forming a circular shape
that was divided into four equal quadrants. The equations were discretized and numerically
integrated by finite difference over an interval of x =0.02 in space and a timestep of §¢=0.01
in time. We utilized the first-order Euler scheme for temporal discretization, and for spatial
discretization (finite difference method; regular square lattice), the central difference method
was implemented. All units adopted in this study are dimensionless and arbitrary, not con-
forming to standard SI units such as m, s, or min. For simplicity, we refer to the simulation
duration as ‘time’ in this document. The simulation domain was selected to be sufficiently
large compared to that of a single cell, and the simulation boundary was square, with a size of
40 X 40. When the organoid reached the simulation boundary, the simulation was set to stop.
We call it the ‘“final state’ in this study. For convenience, we refer to the area in two dimensions
as the ‘volume’ in this paper.
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Patterns of organoids

We numerically simulated our organoid model by varying the parameters of t; and & from 0
to 300 and from 0.27-0.40, respectively, with increments of 20 and 0.01. Here, ¢, is the min-
imum time required for a cell to divide after the last cell division, and £ is the lumen pres-
sure; see the Materials and Methods section for more details. Fig 3g shows the phase dia-
gram and typical pattern of each organoid morphology. Based on the morphology features
based on specific indices, we classified the simulated organoid patterns into seven distinct
types: star-shape, monolayer lumen, branched multi-lumen, multilayer multi-lumen, mul-
tilayer no-stable-lumen, multilayer single-stable-lumen, and ruptured sheet with expanding
lumen. The ruptured sheet with expanding lumen was excluded from our analysis because
no organoid growth is typically observed after rupture. The star-shape and monolayer cyst
organoids exhibited a single lumen surrounded by a single cell layer, with the former break-
ing rotational symmetry and the latter having a round shape (Fig 3a and 3b). Both branched
multi-lumen and multilayer multi-lumen organoids featured multiple lumens within the cell
layers (Fig 3¢ and 3d). The former showed an increase in the lumen area relative to the total
organoid area over time, while the latter exhibited a decrease in the ratio. The multilayer no-
stable-lumen corresponded to a state in which the lumen area eventually disappeared and
multiple cell layers were persistently present, as the name implies (Fig 3e). Similarly, the mul-
tilayer single-stable-lumen was a state in which one lumen area was surrounded by multiple
cell layers (Fig 3f). This phase diagram highlights the importance of the cell proliferation rate
and lumen growth rate to determine the morphology of organoids. To further explore the
mechanism of the formation of different shapes, we used specific indices to characterize each
morphology, which are discussed in the following subsections.

Fig 4 illustrates the time evolution of each morphology. In the beginning, four initial
cells were clustered in the center of the computational area. In most cases, the first micro-
lumen was created when the first four cells divided and merged in the center, surrounded
by more cells that divided radially to create a monolayer. This process occurred in the star-
shape, monolayer cyst, branched multi-lumen, and multilayer single-stable-lumen morpholo-
gies (Fig 4a, 4D, 4c, 4e and 4f). After the initial formation of micro-lumens, the star-shape
organoid branched outward, while the monolayer cyst grew in a relatively stable shape. In the
branched multi-lumen and the multilayer multi-lumen morphologies, multiple lumens were
generated in the outer cell layers, some of which merged with the center lumen. In the multi-
layer single-stable-lumen, subsequent micro-lumens that were generated in the process were
not stable and disappeared without growing. In contrast, in multilayer no-stable lumen mor-
phologies (Fig 4¢), a lumen did not initially form in the center due to the pressure from the
surrounding cells.

It is important to highlight that the number of cells used to initiate the process can lead to
subtle changes in each phase region. For instance, starting the simulation with only two and
seven cells—one at the center and six surrounding it—results in a multilayer multiple-stable-
lumen phase under parameters (&, ¢;) = (0.28,60), as shown in Fig O in S1 Text of the Sup-
porting Information. At (£,t;) = (0.28, 140), starting the simulation with seven cells leads to
a multilayer no-stable-lumen phase [refer to Fig O in S1 Text]. Additionally, under the condi-
tions (&,t4) = (0.36,280), the organoid undergoes rupture when the simulation begins with
two cells. For a comprehensive analysis of these phenomena, please see the detailed discussion
in the S1 Text.
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Fig 3. Overview of the morphologies produced by this model. The final states of (a) star shape organoid formed when (&, ;) = (0.37,0),
(b) monolayer cyst organoid formed when (&, t4) = (0.36, 280), (c) branched multilayer organoid formed when (&, ;) = (0.33,100),

(d) multilayer multi-lumen organoid formed when (&, £;) = (0.30, 120), (e) multilayer no-stable-lumen organoid formed when

(&,t4) = (0.28,60), and (f) multilayer single-stable-lumen organoid formed when (&, ;) = (0.28, 140). The blue and yellow regions in
(a—f) represent the cells and lumen, respectively. (g) Phase diagram of the organoid morphology and typical pattern of each phase. Each
domain corresponds to; star shape (yellow), monolayer cyst (green), branched multi-lumen (blue), multilayer multi-lumen (red), multi-
layer no-stable-lumen (purple), and multilayer single-stable-lumen (gray). The black diamond markers correspond to the parameter sets

where the organoids of (a-f) emerge.

https://doi.org/10.1371/journal.pcbi.1012090.g003

Indices to characterize organoid morphology

In this section, we define several indices to characterize morphology of the organoids. The
patterns that appeared in the simulations were categorized based on the extent of lumen occu-
pancy, lumen number, and sphericity. Table 1 provides a summary of the range of each index
for each organoid shape.

Lumen occupancy. The first index used to classify the morphologies is the lumen occu-
pancy, which is defined as the volume of lumen over the volume of the organoid (in 2D,
replace volume with area), and is expressed as:

A
Lumen occupancy: = (5)

where A, and A, are the effective areas of the lumen and organoid respectively (Fig 5a).
whole area of the 31mulat10n, h(u) = u2(3 2u), M is the total number of cells, and the index
i denotes a lumen when i = 0, and it represents a specific cell when i € {1,2,..., M} (see Mate-
rials and methods). Here, A, includes the area of A;. The simulated organoids are growing
systems with no steady states. Thus, we focused on the time variation to capture the growing
morphology.
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Fig 4. Time evolution of the organoid growth process. The blue and yellow regions in (a-f) represent the cells and lumen, respec-
tively. (a) star-shape (&, ;) = (0.37,0), (b) monolayer cyst (&,t;) = (0.36,280), (c) branched multi-lumen (&, t;) = (0.33,100),
(d) multilayer multi-lumen (&, ;) = (0.30,120), (e) multilayer no-stable-lumen (£,¢;) = (0.28,60), and (f) multilayer single-stable-lumen

(&,t4) = (0.28,140). See S1-S6 Movies.
https://doi.org/10.1371/journal.pcbi.1012090.g004

Table 1. Summary of the behaviors of the indices to characterize the organoid morphology.

lumen occupancy

star-shaped increasing
monolayer cyst increasing
branched multi-lumen increasing
multilayer multi-lumen decreasing

multilayer single-stable-lumen  |decreasing
multilayer no-stable-lumen decreasing (almost 0)

https://doi.org/10.1371/journal.pcbi.1012090.t001

no. of lumen
=1
=1
>1
>1
=1

sphericity
<0.6
>0.6

Fig 5a shows how the lumen occupancy changes over time for the different lumen pres-
sures (&) and minimum time for cell division (¢;). At & = 0.28, the lumen occupancy increased
in the beginning, but decreased in the subsequent phase, except for t; = 0. Organoids at & =
0.28 exhibited multiple cell layer (lower row in Fig 5d). In most cases at & = 0.28, the lumen
occupancy initially increased but then decreased in the subsequent phase except for ¢; = 0.
The simulation at (&,¢;) = (0.28,0) was terminated before lumen occupancy could start to
decrease because the organoid grew larger than the simulation area. For £ = 0.32, the lumen
occupancy increased in the beginning, and the slope gradually decreased before reaching
a constant value. Organoids at & = 0.32 and ¢, values of 0, 60, 120, 180, and 240 harbored
multiple cell layers, while those at £; = 300 had a single cell layer (middle row in Fig 5d).
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https://doi.org/10.1371/journal.pcbi.1012090.g005
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When & = 0.36, the lumen occupancy increased over time, regardless of ¢4, which resulted in
monolayer organoids (upper row in Fig 5d).

To better understand the behavior of the organoids in the subsequent phases, we analyzed
the rate of change in the lumen occupancy during the last 200 arb. units of time. The results
are presented in a heat map in Fig 5b, where two main regions can be identified: one where
the lumen occupancy increases (above the black dashed line), and the other where it decreases
(below the black dashed line) as the lumen pressure decreases.

We also examined the final lumen occupancy for each of the parameter sets, calculated
over 50 arb. units of time. Fig 5¢ shows that lumen occupancy was generally higher at higher
values of € and t,;. As both parameters increase, lumen occupancy also tends to increase. The
black dashed line represents the point where the lumen occupancy does not change over time.

By comparing the variation in the lumen occupancy, the growth of the organoids can be
discussed. When the lumen occupancy expands over time, there is a chance of the cells being
a monolayer. Conversely, when it decreases over time, the cell layer becomes thicker, indicat-
ing the presence of multiple cell layers in the organoid. This criterion can be applied to both
three-dimensional simulations and experimental systems to classify the growing organoids.
Measurements can be taken by determining the volume of the lumen and the entire organoid
using three-dimensional scanning, or by measuring the area of the lumen and organoid in
cross-section where the cells can be tracked.

Number of lumens. The second index of our analysis is the number of stable lumens. The
stable lumens were defined in this study as lumens that have twice the volume as that of the
micro-lumens generated immediately after cell division. We excluded micro-lumens from
our lumen counts because they are not necessarily stable over a long period. Fig 6a shows the
number of stable lumens in the final state of each parameter set, calculated over 50 arb. units
of time. In general, the number of lumens in the final state is either one at high and low
lumen pressures or more than one at intermediate lumen pressure. However, the organoids at
(&,t1) = (0.27,60), (0.28,60), and (0.29,60) did not have any stable lumens present.

Fig 6b-6d display the number of lumen over time at £ = 0.28, 0.32, and 0.36. At § = 0.28,
the organoids with a multilayer no-stable-lumen configuration are represented by the line
at ;= 60 in Fig 6b, where the number of lumen remains zero for nearly the entire time.

For f; =120 and 180 at & = 0.28, the number of lumens was consistently one. However, for

tg =0, 240, and 300 at & = 0.28, the number of lumen tended to increase as time increased. In
Fig 6¢, the number of lumen at & = 0.32 was mostly more than one, except at t; = 300. In con-
trast, for organoids with a single lumen, such as those at higher values of &, such as (£,¢;) =
(0.36,300), the number of lumens remained at one for nearly entire time, as shown in Fig 6d.

The number of lumens is an important index of the complexity of the organoid’s inner
structure, as it reflects whether the internal structure is composed of only cells, a cyst-like
lumen, or more complex structures. Counting the number of lumens in a cross-section can
therefore provide valuable insight into the developmental processes and morphogenesis of
organoids in both three-dimensional simulations and experimental systems.

Sphericity. The third index of our analysis is sphericity, which is defined as

2\/TA
Sphericity: Y (6)
€y
in 2D, where Ay represents the area of the stable lumens, € denotes the perimeter of these
lumens, as consistent with previous studies [69,70]. Stable lumens are defined as those with
an area exceeding twice the size of a microlumen, consistent with the definition used for the
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demarcate the boundaries between regions with single and multiple lumens (b-d) Time evolution of the number of lumen at
the various t; and &. See their morphology in Fig 5d.

https://doi.org/10.1371/journal.pchi.1012090.g006

number of lumens. When an organoid has a single lumen that is circular in shape, its spheric-
ity index is one. However, if the organoid has a single lumen with a complex shape or multiple
lumens, the sphericity index will be smaller than one. Note that the sphericity index cannot be
defined for organoids with no lumens.

Fig 7a shows the sphericity in the final state of each parameter set, calculated over 50
arb. units of time. The sphericity index is crucial to distinguish between the star-shaped and
monolayer lumen organoids. For lumen pressures higher than the black dashed line, which
separates the multi-lumen from single-lumen configurations, the sphericity is generally
higher at the lower values of t; compared to the higher values of ¢;. The transition from star-
shape to monolayer cyst organoids is continuous, suggesting a crossover phenomenon, which
involves gradual changes rather than a phase transition. We define sphericity of the bound-
ary between the star-shape and monolayer cyst phases as 0.6. This determination is based on
observations that changing the sphericity threshold within the range of 0.55 to 0.65 does not
change the boundary between the two phases. Indeed, the standard deviation of sphericity
over 50 arb. unit of time, calculated across four independent samples with different ¢; values,
is 0.05. This boundary is shown by the upper black solid line in Fig 7a.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1012090 August 18, 2025 12/37



https://doi.org/10.1371/journal.pcbi.1012090.g006
https://doi.org/10.1371/journal.pcbi.1012090

PLOS COMPUTATIONAL BIOLOGY Predicting organoid morphology through a phase field model

sphericity

0.9 b £=0.28
ruptured 1.0 4
sheet 0.8
monolayer o7 081
cyst ok
6 5 Y 061
2 -
05 & _GC)
2 5 041
0.4 wn
0.2 -
e | 0.3
“* single-lumen— o 0.0 , . , . .
0 500 1000 1500 2000 2500
time
£=0.32 d £=0.36
1.0 1 1.0 4
0.8 1 0.8 1
>
—
i (@) ]
0.6 | : 2 06 t,=300
v —_— =240
0.4 \ -g_ 0.4 t4=180
n e £3=120
0.2 1 0.2 1 ty;=60
—_— ty=0
0.0 : : : . T 0.0 : : : ; :
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
time time

Fig 7. Sphericity. (a) Sphericity of organoids at various values of the minimum cell division time #; and lumen pressure

&. The brown region with a star marker, *, represents the zero lumen region. The black solid, dashed, and dotted lines are
included as visual guides. The solid and dashed lines suggest regions of single and multi-lumen formations, respectively,
while the dotted line provides a reference for distinguishing between star-shaped and monolayer cyst structures. (b-d) Time
evolution of the sphericity at various values of t; and &. See their morphology in Fig 5d.

https://doi.org/10.1371/journal.pcbi.1012090.g007

Fig 7b-7d display the sphericity over time for § = 0.28, 0.32, and 0.36. The sphericity at
(&,t4) = (0.36,240), (0.36,300), and (0.32,300), where the monolayer cyst emerges, maintains
a value of approximately 0.8 from the early simulation phase (Fig 7c and 7d). Conversely, at
(&,t4) = (0.36,120), the sphericity decreases over time, indicating the transition from mono-
layer cyst to star-shape organoids (Fig 7d). At (&, t4) = (0.36, 180), the final state values exceed
0.6, indicating a monolayer cyst. However, the decreasing trend suggests a possible shift
towards a star-shape with ongoing growth. It also decreases with time in the pattern of multi-
lumen organoid; for example, & = 0.32 and 0 < t; < 240 (Fig 7c) and & =0.28 and ¢, = 240 and
300 (Fig 7b). At (&,t4) = (0.28,120) and (0.28,180), where the multilayer single-stable-lumen
organoids form, sphericity reaches 0.9 in the early phase and maintains this value throughout
(Fig 7b).

In this study, we found that the sphericity index was a crucial parameter to distinguish
between the different configurations of organoids, such as between the star-shaped and
monolayer lumen organoids. We defined the sphericity of the boundary between these
phases based on the jump in sphericity between the different configurations. The sphericity
index provides valuable insight into the structural complexity of the organoids and can help
understand how the structure of the cell sheet affects their fate and the organoid functions.
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Therefore, examining the sphericity in three-dimensional simulations and experiments can be
a useful tool to study organoid morphogenesis.

Effect of noise added to the minimum volume condition

In previous simulations, the condition of the minimum volume required for cell division was
constant and V; = 2.9 for all cells although noise of +10% of ¢, itself was added. However, we
found that the condition of the minimum time required for cell division was more easily sat-
isfied compared with that of the minimum cell volume condition for cell division for many
of the classified patterns. Therefore, in those cases, the minimum volume condition domi-
nates, and the resulting growth dynamics were almost deterministic. This is in contrast to real
organoid systems, where high variability and heterogeneity exists within the same experimen-
tal conditions, which suggests the influence of fluctuations [71]. To investigate this, we intro-
duced variability in the minimum volume condition for cell division, where V; was assumed
to follow a normal distribution with a mean of 2.85 and standard deviation of 0.025. In this
section, we explored the impact of this variability on the shape of the organoids. For example,
a pattern such as the star-shape breaks rotational symmetry, and it is therefore possible that
fluctuations in cell volume could contribute to the observed variability and heterogeneity in
real organoid systems.

As shown in Fig 8g, the phase diagram exhibits the same morphology classes as discussed
in the previous subsection, with no alteration in the relative positioning of the classes com-
pared to Fig 3g. Each class appears at a higher lumen pressure region compared to Fig 3¢
because of the reduced average threshold value and subsequent increase in the possibility of
cell division. Nevertheless, the inclusion of noise in the minimum volume condition does not
alter the qualitative characteristics of the system.

In contrast, there are notable differences in the morphological details of certain classes. The
star-shape organoid with noise tended to have more branches, where a ‘branch’ refers to the
position of cells along the angular direction where cell division occurs (Fig 8a), compared to
those without added noise (Fig 3a). Moreover, the directions of the extensions of the branches
were not restricted to specific directions, which restored the rotational symmetry in a statis-
tical sense. Furthermore, monolayer cyst organoids exhibited a rounder shape without facets,
and the same is true for the branched multi-lumen and multilayer multi-lumen morphologies,
where the facets were absent in each lumen.

In addition to observed morphological differences, it is important to consider the proba-
bility of the cell layer rupturing. For the simulations with added noise at t; = 300, we observed
rupturing events in the monolayer regions. Specifically, out of ten simulations, there were two
instances of rupturing at & = 0.35, five instances at & = 0.4, seven instances at & = 0.45, and
nine instances at § = 0.5. It is worth noting that although the patterns without rupturing at
& = 0.35 were eventually classified as multilayer in a later phase of the simulation, the ruptur-
ing occurred while the organoid was still a monolayer during the initial phase.

Notably, the branched multi-lumen morphology closely resembled the visual appearance
of the pancreatic organoid, as shown in Fig 1. Conversely, the multilayer no-stable-lumen and
multilayer single-stable-lumen morphologies remained unchanged. In summary, the mor-
phology with added noise was more similar to the morphology observed in in vitro experi-
ments than the morphology of those without added noise.

Mechanism to maintain a monolayer with a monolayer cyst

As discussed in the Materials and Methods section, our model does not have a specific feed-
back mechanism implemented to maintain a monolayer. However, we discovered that a
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https://doi.org/10.1371/journal.pcbi.1012090.g008

monolayer often emerged within a considerable parameter space, particularly when the & and
tq were large, as shown in Figs 3g and 8g. It is important to note that this monolayer remains
present throughout the growth process, rather than only in the final simulation phase. The
question arises about why this monolayer state emerges in the broad range of parameter
space.

To better understand this mechanism, we examined how the lumen perimeter € changes
over time in relation to the number of cells in the organoid N. In Fig 9a, the red line repre-
sents the time evolution of € at (£,¢;) = (0.33,300). It shows good agreement with the plot
of the cell number N multiplied by a constant a (red line), which assumed a mean apical sur-
face width of cells to be a = 1.6. This indicates that the rate of cell division is balanced with the
rate of lumen growth, which results in the maintenance of a monolayer and enclosure of the
lumen. When the rate of cell division is higher than the rate of lumen growth, a multilayer
state forms. Conversely, when the rate of cell division is lower than the rate of lumen growth,
the cell layer ruptures.

As shown in the inset of Fig 9a, € increases sharply when N is in the plateau state, but
decreases as cell division occurs and the N increases. This interplay between the two curves
is due to the volume exclusion interactions between the cells and lumen. When there is a
large number of cells in the layer, they push against each other, thus preventing cell volume
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was plotted for various values of &. (d) The lumen perimeter £ and the number of cells multiplied by the short axis of a cell N were plotted as a function
of time for the 2D simulation with noise added to the volume condition at & = 0.5 and #; = 300. Inset: Variation of the typical cell width  as a function of
time. (e) A kymograph of the cell division events was plotted as a function of the angle coordinate. The color indicates the elapsed time since the cell was
generated through a cell division. (f) The lumen index measured at ¢; = 300 with added noise to the volume condition, was plotted for various values of &.
(g) The lumen surface, defined by Eq (8), S;, and the number of cells N multiplied by a constant a were plotted as a function of time for the 3D simulation
at (&,t4) = (0.35,10), where a = 0.05. (h) The evolution of the organoid shape (top row) and the lumen shape (bottom row) are shown for the 3D simula-
tion with (&, £4) = (0.35,10). (i) Cross-sectional images of organoids from 3D simulations at different lumen pressures, with a constant cell division time
(t4) of 10. (j) The lumen index, S;/aN, was plotted for the 3D simulation with various lumen pressure values £ = 0.30, 0.35, 0.40, and 0.45 and £, = 10.

https://doi.org/10.1371/journal.pcbi.1012090.g009

growth beyond a minimum volume required for cell division (V). However, when the lumen
enclosed by the cell layer grows, it stretches the perimeter of the cell layer, thereby creating
more space for cells to grow outward. When a cell reaches the minimum V; required for divi-
sion, it divides, and its daughter cells then rapidly increase in volume. This growth pushes
the micro-lumen generated when the cell is divided backward until it expands again as the
growth rate of the cell volume decreases, and the micro-lumen merges into the larger lumen,
as shown in Fig 9b.

To examine the time evolution of the relation between the lumen perimeter and number of
cells, we introduced a new index called the lumen index, which is defined as

€
Lumen index: —Sl, (7)
aN

where a is a typical apical surface width of a cell in two dimensions. The apical surface is
defined as the surface of a cell facing inward toward the lumen area. The time derivatives of
the lumen index reveal the following important dynamics: a negative coeflicient indicates
narrowing of the cell’s apical surface area or an increase in the number of cell layers, while
a positive coeflicient suggests widening of cell width, monolayer rupture, or merging of the
micro-lumens.

In Fig 9¢, we observed the lumen index for various lumen pressures, with an apical surface
area of 1.6. The organoids at & = 0.32 and 0.36 exhibited a monolayer single-lumen state, and
their lumen index remained close to one. The lumen index at £ = 0.28 decreased with time,
and the number of cell layers increased. The lumen index at & = 0.38 increased with time,
while the cell layer ruptured at around ¢ = 500.

A similar correlation between the lumen perimeter and number of cells was observed
when noise was added to the minimum volume condition for cell division. Fig 9d shows
the time evolution of £ and aN at (€, ¢;) = (0.5,300), where a was defined as the average
short axis of each cell when fitted with an ellipse, over all the cells present on the organoid
at that time. It should be noted that in this analysis, we focus on one of the ten instances at
(&,t4) = (0.5,300) which did not undergo rupture. Similar to the previous case, €5 and N
increase with time at similar rates. Fig 9e shows the color plot of the time since after the cell
was generated in the angular coordinates of cells. It can be seen that cell division occurs uni-
formly throughout the cell sheet. Therefore, the morphology became rounder compared with
the similar conditions without noise. Fig 9f presents the lumen index at t; =300 for the dif-
ferent values of § =0.35, 0.4, 0.45, and 0.5. A monolayer single-lumen was stably formed at
&€ = 0.5 and exhibited a lumen index of around 1.0, while the others switched from a mono-
layer to multilayer. Those at & = 0.35, 0.4, and 0.45 remain monolayered until approximately
800, 1000, and 1100 arb. units of time, respectively. After 1000 arb. units of time, the number
of cells that did not face the lumen increased, leading to a decrease in the lumen index.
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The monolayer stabilization mechanism has been widely discussed in the literature, with
the stretch-induced cell proliferation being a proposed mechanism [72-75]. The concept is
that, if the stretching of tissue increases the rate of cell proliferation, the monolayer will be
robustly maintained, and this process may be controlled through mechanobiological feedback
mechanisms. However, our simulations suggest that the minimum cell volume condition for
cell division may have a similar effect through the direct mechanical interactions between the
cells and lumen.

We further confirmed this mechanism in the 3D simulation of the phase field model with
t; =10, as shown in Fig 9h. The parameters used for the 3D simulations were almost the same
as those in the 2D simulations, except for V;; = 3.88 and V44, = 4. In the 3D simulation, we
plotted the time evolution of the number of cells N multiplied by a constant a and lumen
surface area defined by the equation:

Slzfs(l—s)dr. (8)

As shown in Fig 9g, the two curves overlap nearly perfectly as a function of time (§ = 0.35).
Here we assumed a = 0.05 as the mean of the apical surface are of cells. Fig 9h depicts the
outer layer shapes of the organoid (top row) and lumen surfaces (bottom row). Although
numerous micro-lumens can be observed, only one stable lumen is present in the center.
Fig 9i displays cross-sectional views of the organoids at t=50 for the different values of £.

The organoid at § = 0.3 exhibits multiple layers, whereas those at £ = 0.35 and 0.4 maintain a
monolayer structure. The organoid at § = 0.45 is also a monolayer, but some cells appear to be
stretched.

We also investigated the time evolution of the lumen index for the various values of £ in
3D, as shown in Fig 9j. At & = 0.3, the lumen index decreased over time, and at this param-
eter, the organoid had a multilayer structure when the number of cells was 85, as shown in
Fig 9i. At £ = 0.35 and 0.4, the lumen index remained around specific values. These results
suggest that the organoids can maintain a monolayer structure, as shown in the cross-section
of Fig 9i, at least in the observed period. At & = 0.45, the lumen index increased over time,
suggesting that the cell layer rupture is expected to occur at a specific time.

The lumen index is a useful parameter to observe the cell layer dynamics in experimen-
tal systems. As demonstrated in our simulation, morphological changes such as the timing
of transitioning from a monolayer can be identified by tracking the time course of the lumen
index. The value used to represent the cell width in the simulation, a, can be substituted with
an appropriate measure in the experiment. For example, if the cross-sectional area of a typical
cell in the system is known, then its square root can be used as a surrogate for cell width. Con-
versely, in a system where a monolayer is known to exist, changes in the cell membrane can
be assessed by measuring the apical surface area of the cells. Furthermore, the time deriva-
tive of the lumen index allows for the observation of micro-lumen fusion. Analyzing the tem-
poral relationship between this measurement and phenomena such as cell division provides
valuable biological insights.

In our model, the emergence of a monolayer is invariably linked with the formation of a
single lumen. As we explore in Fig 4, the initial micro-lumen appears at the center as a result
of the first four cells’ division and subsequent merging. The persistence of this central lumen
is influenced by the size of the initially combined lumen, underscoring the importance of
early lumen formation in determining later morphology.

The single-lumen morphology can emerge in various configurations, appearing not only in
monolayer cysts but also in multilayer structures that retain a single stable lumen. Initially, a

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1012090 August 18, 2025 18/ 37



https://doi.org/10.1371/journal.pcbi.1012090

PLOS COMPUTATIONAL BIOLOGY Predicting organoid morphology through a phase field model

monolayer single-lumen structure forms, which then transitions to a multilayer configuration.
This transition occurs due to a shift in the direction of cell division from radial (r-direction) to
circumferential (6-direction) around the cell sheet in the cell division algorithm described in
Materals and Methods section. This directional change in division is influenced by the shape
of the cells and the determination of the cell division plane, as detailed in the Materials and
Methods section.

Mechanism of forming a monolayer star-shape

This subsection discusses the mechanism for the formation of star-shape organoids. As shown
in Fig 10a, the star-shape organoid at (&, t;) = (0.35,300) without added noise in the V,,
exhibited a cellular layer protruding outward. In addition, some cells extruded toward the
lumen. In our simulations, this shape with broken rotational symmetry emerged sponta-
neously.

Observing the growth at the tip, it appears that only the cells arranged at the tip could
divide (Fig 10b). Cells along the elongated branches were compressed in the tangential direc-
tion, whereas the apical cells were not subjected to those compressive forces. Therefore, apical
cells could grow.

To examine the relationship between the cell volume and position, we plotted the cell vol-
ume at each angle position, as shown in Fig 10c. Various cell sizes were observed along the
angles of the lumen branches, indicating that cells located along the branches surpassed the
cell volume required for division and produce daughter cells. Conversely, in other areas, cells
were unable to reach the required cell volume for division and remained undivided.

To investigate the reason why only cells at the tip of the branches had the ability to divide,
we examined changes in the cell volume over time. Fig 10d shows changes in the cell volume
and their position after the cells in the organoid were generated. Cells that were generated
in the early stages of the simulation and extruded towards the lumen at the end of the simu-
lation increased in area immediately after generation (orange crosses in Fig 10d). However,
their volume did not increase to the extent required for cell division, V;, and subsequently
decreased with time because of compression caused by the growth of subsequently-generated
cells. Cells that remained in the cellular layer at the end of the simulation also increased in
area to some extent after generation but did not surpass the cell volume required for cell divi-
sion due to the compressive forces (green triangles in Fig 10d). In contrast, cells located at the
tip of branches increased their volume to the required division volume condition immediately
after generation and subsequently divided (blue circles in Fig 10d).

Fig 10e shows the positions of each cell at the various times overlaid in the same figure for
the parameters (§, ;) = (0.35,300). The colors indicate the elapsed time from the generation
of each cell. From the figure, it can be seen that new cells were only generated at the tips of
the branches, as indicated by the concentration of dark green color at the central part of the
branches. In contrast, cells that did not divide remained in other positions. These results sug-
gest that cells spontaneously change their roles depending on their position, and only the cells
at the branch tips have the ability to divide.

Furthermore, we analyzed the number of cell divisions from the initial cells in the final
state at (£, ;) = (0.35,300). Fig 10h shows a histogram of the number of divisions. For most
bins, the number of cells is four, which is consistent with the number of branches. This find-
ing suggests that only one of the two daughter cells generated through cell division is able to
divide again, leading to a repetition of cell divisions that form each branch.

To compare the star-shaped organoid with other monolayer organoids, we examined the
same plots for cases with added noise in the volume condition for cell division. At (&, ) =
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Fig 10. Mechanism for the formation of a star-shaped organoid. (a) Snapshot of the typical morphology of a star-shaped organoid formed at (&, ;) = (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 (&, ;) = (0.35,0). The vertical lines represent the angles of the
lumen branches. The black dot line represents the volume of the cells required for cell division, V. (d) Relations between the cell volume and position of the
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representative cells in a star-shaped organoid at (&,¢;) = (0.35,0). The black dot line represents the volume of the cells required for cell division, V. Cell 1, Cell 2, and
Cell 3 represent typical cells in the center, on a branch, and at the tip of the branch, respectively. The orange, green, and blue markers in the inset represent the final
positions of Cell 1, Cell 2, and Cell 3, respectively. (e-g) Historical positions of each cell. All cells at 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,,. (h-j) Histograms of the frequencies of the number of divisions from the initial cells. Simulation con-
ditions for panels (e-j) are as follows: (e) and (h) are without added noise to V,; and at (&, ;) = (0.35,0); (f) and (i) are with added noise to V; and at (£,#;) = (0.60,0);
and (g) and (j) are with noise to V,; and at (€,t;) = (0.45,300).

https://doi.org/10.1371/journal.pcbi.1012090.g010

(0.60,0), where the organoid forms a more-branching star shape, the positions of cell divi-
sions are consistent with the extension of the branches (Fig 10f). The histogram also indicates
a state in which the cell lineages with division potential are limited (Fig 10i). In contrast, at
(&,t1) = (0.45,300), where the organoid forms a round monolayer with a single-lumen, cell
divisions uniformly occur in the angular direction, particularly in the first half stage (Fig 10g).
The histogram shows that most cells undergo approximately seven divisions since their initial
cell stage and exhibit little variability. This is consistent with the division potential that is not
coupled with the position (Fig 10j).

Intestinal organoids exhibit a phenomenon similar to the spontaneous positioning and for-
mation of tubular structures observed in stem cells. These organoids develop tubular branches
from a single lumen, with cells capable of division located primarily at the tip of the tubu-
lar structure [33]. While numerical models incorporating self-renewal promoter signals have
explained branching morphogenesis [26,27,66,67], other theoretical studies have shown that
the coupling of cell division and the curvature of a single-cell layer, driven solely by mechani-
cal forces without signaling, contributes to the formation of structures observed in the intesti-
nal lining [76], which is consistent with our results. Further research is needed to confirm
whether organoids grow tubular branches from small outward protrusions due to positive
feedback from division conditions.

Discussion

In this study, we investigated the impact of mechanical elements on the organoid morphogen-
esis. We utilized a phase field model to simulate multicellular systems, where the cell-lumen
interactions were mediated through various mechanical 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 indices.

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 sys-
tems. 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 con-
firmed 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 « R®. 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 employed indices to
characterize the morphology of the organoids grown under various conditions. Specifically,
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we used the sphericity and lumen index, which captures the deviations from simple spheri-
cal shapes and highlights when lumen structure changes. Additionally, these indices 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.

Building on the indices introduced in the Results section for characterizing organoid mor-
phology, we further explored how our model’s findings correlate with experimental data from
studies on MDCKII cells. These cells, differentiated into three cell lines—wild type, claudin
knockout, and ZO protein knockout—exhibit distinct behaviors primarily at their tight junc-
tions. A recent study investigated the interplay between lumen pressure and morphological
indices in these lines (see Fig 2 in ref. [77]). Both wild-type and claudin knockout organoids,
which were characterized by sufficiently high lumen pressure, exhibited spherical cyst forma-
tion. In contrast, ZO knockout organoids, associated with lower lumen pressure, exhibited
a shrunken monolayer morphology. To compare the phases, we examined the lumen occu-
pancy and sphericity for multiple parameter sets corresponding to the monolayer cyst and
branched multilumen phases. These parameter sets were selected based on the phase dia-
gram, and several simulations were conducted for each phase. To more closely replicate the
experimental conditions, randomness was introduced into the initial cell time in our simula-
tions. Additionally, the cell number was an estimate by translating the two-dimensional cell
count n,p into three-dimensional equivalents #n3p. To perform this translation, we assume a
spherical monolayer morphology for the monolayer cyst (n3p = n55/7) and a packed sphere
for the branched multilumen (n3p = 4/3\/n;3,/7). As illustrated in Fig 11, our model shows
qualitative alignment with the experimental results. These comparisons not only validate our
model’s core assumptions but also suggest its broader applicability in understanding organoid
morphology for various lumen pressure and cellular proliferation dynamics.

Another insightful qualitative comparison can be drawn with pancreatic cells cultured
under different conditions. When grown in a medium referred to as an organogenesis
medium, pancreatic cells typically develop a branched morphology, whereas in another
medium, termed sphere medium, they tend to form spherical structures (Fig 3 in [14]).
Because the organogenesis medium contains growth factors which promote cell prolifera-
tion, the growth rate in the organogenesis medium is approximately three times faster than
that in the sphere medium [78]. This observation agrees with our simulation results, where
the branch morphology manifests at shorter ¢4, while spherical morphology appears at longer
t; under a high lumen pressure. Similarly, a recent study measuring doubling time in compa-
rable systems reported that the branch morphology has a doubling time of approximately 18
hours, while the spheroid morphology has a doubling time of approximately 25 hours, rep-
resenting a 1.4-fold difference [78]. In our simulations, for example, (£,t;) = (0.32, 100) and
(0.38, 140) correspond to branched multi-lumen and monolayer cyst morphologies, respec-
tively, showing a similar relationship and consistent trend. Furthermore, a similar dependence
of morphology on proliferation time is also observed in the subcellular element model [70].
This relationship is also consistent with our simulation results.

These qualitative comparisons support the predictions of our simulation. While the
observed tendencies match, we acknowledge the necessity for more detailed quantitative
comparisons in future studies.

In this study, we initiated our simulations with four cells as the starting condition. Vari-
ations in the initial number of cells tend to shift the regions where certain phases appear, as
well as affect the morphological details of these phases (see S1 Text for more details). How-
ever, the relative positioning of each phase within the phase diagram remains largely consis-
tent, regardless of the initial cell count. This observation aligns with experimental reports,
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Fig 11. Comparison between simulation and experiments; (a) and (b) are adapted from Fig 2 in [77] and represent
experimental measurements of lumen occupancy and lumen sphericity, respectively, for MDCK-II cells. Blue markers
indicate wild-type (WT), green markers represent claudin knockout (CLDN-KO), and red markers correspond to ZO1/2
knockout (ZO-KO) MDCK-II cells. WT and CLDN-KO cysts exhibit round lumen shapes, while ZO-KO cysts exhibit
lumen morphologies with folds. Data are based on 3D segmentation of lumen and cyst surfaces as a function of total cell
number per cyst. Error bars represent SEM, and statistical significance was determined using one-way ANOVA. (c) and (d)
show simulation results for lumen occupancy and sphericity, respectively, based on our model. The x-axis represents the
cell count, where 2D values were converted to 3D equivalents. Different markers correspond to simulations with varying
combinations of £ and #;. As in Fig 8, noise was added to the volume conditions. Green markers represent parameter
combinations classified as Monolayer Cysts: (£,#4) = (0.55,180) (circle), (0.5,240) (triangle), and (0.45,300) (square). Red
markers represent parameter combinations classified as Branched Multilumen: (&,¢;) = (0.6, 180) (star), (0.5,240) (cross),
and (0.4,300) (plus). Monolayer Cysts show behavior similar to WT and CLDN-KO cysts in (a) and (b), while Branched
Multilumen resembles the behavior of ZO-KO cysts.

https://doi.org/10.1371/journal.pchi.1012090.9011

which have also indicated that the final morphology of cell assemblies does not significantly
change despite variations in the initial number of cells [68].

In developing our model, we have deliberately chosen a simplified approach to lumen
modeling. This approach includes assumptions such as constant lumen pressure (driving
force) during growth and a preset initial volume for microlumens. Our decision to simplify
is driven by the goal of distilling the complex processes of organoid development into funda-
mental principles that govern morphogenesis. By starting with a more straightforward model,
we set the stage for systematic exploration and build a foundation that allows us to estab-
lish clear, interpretable relationships. These relationships might otherwise be obscured by
the multitude of interacting factors present in a more detailed and biologically comprehen-
sive model. With this foundation, we can better understand the fundamental behaviors of
organoid growth, setting a clear path for the integration of additional complexities in future

research.
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By adopting this initial simplified approach, we have laid a solid foundation for future
enhancements that will address the current model’s limitations. However, our current formu-
lation cannot reproduce structures where the apical surface of the cells protrude toward the
lumen, which is present in some organoids which show rosette-like structures. One way to
address this issue is to introduce a model for molecules localized on the apical surface, which
could be achieved by modifying the multicellular phase field model. Future research can focus
on reproducing the curvature of the cell membrane. In addition, our model does not currently
capture the network structure that is observed in the pancreas. To reproduce this network
structure, it is necessary to incorporate a tube-shaped lumen formation mechanism into the
model. This would require updates to the model, such as considering the reaction-diffusion
processes [79]. Incorporating these additional elements could provide a more comprehen-
sive understanding of the organoid morphogenesis and enable the simulation of the complex
network-like structures that are observed in certain organs.

It is important to acknowledge that the current model represents organoids in a state
where they can grow in an outward direction without any physical constraints. However, in
real organoids or organs, growth is influenced by various factors, including the extracellular
matrix (ECM). Mechanical interactions, which are the focus of this research, are also expected
to be influenced by the external environment, such as the pressure exerted by the ECM on
the cells as some experimental studies have demonstrated [80,81]. Considering the pressure
exerted by the ECM, it can be anticipated that the growth of cells in the outer shell of the
organoid would tend to be more uniform, as some outer cells would experience resistance and
they would be hindered from protruding outward. Exploring how these dynamics change in a
model that incorporates the ECM would be a valuable avenue for future investigations.

In summary, we used a simple mathematical model to investigate the morphogenesis of
organoids that were affected by mechanical factors. We introduced the minimum cell volume
and minimum elapsed time as parameters and examined the organoid growth. The organoid
morphologies were classified into seven distinct patterns based on the lumen occupancy,
number, and sphericity. In addition, the dynamics of morphology can be monitored by lumen
occupancy and lumen index. Those parameters are useful to characterize the morphologies
observed in experiments.

Materials and methods
Modeling approach
We define the free energy F in the multi-celllar phase field model by:

D 1
F= Z]fQ[Z|Vui|2+4uf(l—u,~)2]dr

ie[0o,M

+ Z E h(ui)h(uj)dr+ Z %(erget_vk)

ij€[0,M],i%] 12 Ja ke[1,M] (9)
7 f 14 2
o T Vhw) - Vh(u)dr+ Y —/|Vh(uk)|dr
kee[Lakee 12 79 ke[t 12 7€
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Here, Q denotes the system’s area. The coefficients D, a, 8, 7, 1), and Vg are posi-
tive constants and set to 0.001, 1, 1, 0.001, 0.008, and 3 in this study. It is necessary for y to
exceed 7 for the numerical stability, as noted in previous studies [39,40]. The function h(u;)
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is defined as h(x) = x*(3 - 2x). This choice of the function h(x) is for the convenience that any
function of h such as G(h(u)) in the free energy gives a force proportional to u(1-u) as

_9G(h) _ 3G(h) dh(u) _

f= =-6u(l-u)

dG(h)
ou oh ou ’

oh

(10)

This brings us the force term to the Allen-Cahn equation in Eq (3). Virg: represents the
target cell volume towards which a cell expands, while Vi denotes the volume of the cell
as Vi = [ h(ux)dr. The parameter & corresponds to the lumen (osmotic) pressure. Distinct
functions related to cells and lumens are encompassed in the terms from the second onward:
the second term elucidates the volume exclusion effect; the third indicates cell volume growth;
the fourth and fifth represent cell-cell adhesion; and the sixth indicates lumen expansion.

In our model, as delineated by Eq (3), the parameters a, 3, ¥, 7, and Viget each serve a
unique function in regulating cell volume dynamics. The parameter « represents the intrin-
sic growth rate of a cell, driving expansion towards the target volume, Viarger. The parameter 3
characterizes the volume exclusion effect, which provides a repulsive force between neighbor-
ing cells and lumens, simulating the physical constraint of limited space. The term 7 models
the strength of cell-cell adhesion, a critical factor in maintaining the structural integrity of the
cell assembly. To prevent unphysical outcomes due to the adhesion term, y acts as a limiting
factor, ensuring that the influence of 77 does not lead to divergence in the model.

The values for these parameters are carefully selected to reflect the biophysical properties
observed in real cellular systems. For instance, if « is disproportionately large in comparison
to 8, cells may unrealistically overlap the space of neighboring cells. Conversely, a too-small
a would result in unnaturally slow cell growth. The appropriate balance between o and  is
therefore crucial for realistic simulations. Similarly, 77 must be balanced by y to ensure that
cell adhesion contributes to tissue cohesion without leading to model instability. The calibra-
tion of these parameters to relevant ranges is critical for the accurate simulation of organoid
development.

To assess how much the resultant morphologies are sensitive to minor variations in these
parameters, we performed a one-at-a-time (OAT) approach (see S1 Text for details). This
approach was chosen because our organoid simulation model is highly nonlinear and con-
tinuously growing, making sensitivity analysis based on a steady state difficult. In addition,
although we focused on four parameters, testing all possible combinations remains computa-
tionally demanding.

In summary of the OAT approach results, while changes in « affect the driving force for
cell growth—consequently, the relative pressure exerted by the lumen—shifting the phase
boundaries, the qualitative structure of the phase diagram remains unchanged (see Fig A
and Fig B in S1 Text). Moreover, the resulting morphologies are not sensitive to variations
in parameters other than a, suggesting that & and ¢, are the primary determinants of mor-
phological outcomes (see Fig A and Fig B in S1 Text). This finding supports our choice to
construct the phase diagram by varying & and ¢, making this approach a reasonable one.

Detailed values of the parameter are in the Table 2 at the end of this paper. The simulation
code is availableat https://gitlab.com/Sakurako T/hfsp.git.

Luminal force balance and the implication of £

In the following argument, we relate £ in the dynamics of the lumen variable u, to the osmotic
pressure II. For this purpose, it is useful to separate the free energy associated with the lumen
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variable 1 and consider the growth of the isolated lumen first.

F() = A; |:§|VM0|2 + iué(l - uo)z - %h(uo) dr= Fg - %Vo, (11)
where Fy" = [, fo°dr with f,° = 2|Vug|? + 213 (1 - ug)? and Vj is the lumen volume defined by
Vo = [ h(uo)dr. fo° consists of the interfacial energy term 2|Vuo|* and $u§(1-uo)* term. The
latter does not contribute inside (1 = 1) and outside the lumen (1, = 0).

Each integral is easily solved in one dimension by using the analytic solution uy(x) =
(1/2)(tanh(x/(2v/2D)) + 1) of an interface as

©D|d
/. E\a’m(")

The integral of iu%(l —~up)? term also gives the same value, \/2D/24, thus the sum of two
terms is v/2D/12. In two dimension, when the lumen is circular with a radius R (thus V, =
7R?) and assuming that the integral of £,° is proportional to the circumference length 27R,
the contribution from the interface in the phase field model (PFM) can be approximated by,
as [ fo’dr= (v/2D/12)(27R).

Therefore, the dynamics of Vj leads to

2 . 2
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where k is a kinetic constant. From Eq (13), the critical radius for the lumen growth is given
by R, = D12/ & above (below) which the lumen expands (shrinks). Thus, £ is the driving
force and /D/2/R is the counter force with \/D/2 being the tension of the interface in the
Young-Laplace relation, Ap = V/D/2/R. The time evolution of V; (or R) in the PFM simulation
is found to be in good agreement with the Eq (13) and is easily extended to three dimensions.

How the lumen expands or shrinks is determined by the force balance between the driving
force to grow and the counter force that tends to shrink the lumen due to the tension of mem-
brane and cell layers. The same situation holds in PFM in Eq (13). The driving force to inflate
is & and the counter force is the surface tension of the lumen when it is isolated, while if the
lumen is surrounded by a cell layer, tension from the cell layer will be added.

To further clarify the physical meaning of £, let us consider a simplified (virtual) situation
that the lumen is surrounded by a cell monolayer and cell-cell junctions which we assume is a
semi-permeable membrane, permeable to water molecules but not to larger ions such as Na*
and CI'- (Fig 12).

Ion channels in the membrane create the difference in the concentration of ions across the
cell monolayer that promotes the osmotic pressure IT to the lumen. Water molecules perme-
ate through the semipermeable membrane into the lumen and swell the volume of the lumen
to increase the entropy. The osmotic pressure IT equals the force per unit area applied to the
membrane to keep the volume of the lumen constant. Therefore, IT can be derived from the
total free energy F of the system including the inside and outside of the lumen as IT = —aa—‘ljo
[84]. Applying this relation to the free energy in Eq (11), if the tension of the membrane is
ignored, yields

dF, §

== 14
ovVy 6 (14)
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Fig 12. Figure illustrating force balance and water transport across cell layer.

https://doi.org/10.1371/journal.pcbi.1012090.g012

Therefore, & in our model corresponds to the osmotic pressure of the lumen. Note that the
lumen variable u is 0 in the outside region and does not contribute in 1Eq (4). As the lumen
volume increases, the surrounding cell monolayer will be inflated thus the tension of the
monolayer increases. This tension balances with hydrostatic pressure difference Ap between
the lumen and the outside by the Laplace law, Ap = %T , for a spherical lumen (In two dimen-
sion case, Ap = %.), where T is the tension of the monolayer. In this simplified model, the
increase of the lumen volume is given by [37,73]

AY 2T
7: = lwAapical(H - Ap) = AWA“PiC“l (i - R) > (15)

where 4,, is the water permeability of the membrane. Agpicq is the area of the apical side of
the monolayer. Thus, the assumption that & is held constant in PFM is the simplification by
assuming that the osmotic pressure remains constant during growth. We adopted this simpli-
fication because it is difficult to measure the temporal evolution in osmotic pressure during
growth in experiments, and there is a lack of experimental data.

Eq (15) is a straightforward extension of the Eq (13) when the lumen is surrounded by
a cell layer. Setting the control parameter £ to a constant value represents the simplified
assumption that the osmotic pressure remains constant during growth. The hydrostatic pres-
sure of the lumen is determined by the tension of the cell layer and its curvature. If the cell
layer is an elastic solid instead of a liquid, the tension T is not constant but strongly depends
on the radius R. However, this tension of the cell layer is not the control parameter and can-
not be measured directly in the PFM simulation. To estimate T, we performed a simulation
of lumen growth surrounded by cell layers. We fitted the growth dynamics of the lumen vol-
ume as a function of the measured lumen radius R with Eq (15). From the fitting result, we
obtained a proportional relation between § and fitted values of Ap  (Ap ~ 0.7£), although
determining whether T increases with R or not was challenging due to large fluctuations in
the simulation results. Cell-cell adhesion in PFM can slip in the tangential direction of the
lateral walls of the cells. Even if each cell exhibits elastic properties, without a mechanism of

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1012090 August 18, 2025 27/ 37



https://doi.org/10.1371/journal.pcbi.1012090.g012
https://doi.org/10.1371/journal.pcbi.1012090

PLOS COMPUTATIONAL BIOLOGY Predicting organoid morphology through a phase field model

strong adhesion such as tight junctions, the cell layer will rapture when stronger forces are
acted by lumen growth through the steric interaction in the PEM. The kinetic constant k in
Eq (13) can be regarded as the water permeability 4,, in Eq (15). The value of k is inversely
proportional to the time constant 7 of the evolution equation of the lumen given in Eq (1) if
we set a different time constant for the lumen. However, we set 7 = 1 for the lumen (i = 0) and
all cell variables (i = 1, ---, M) for simplicity in the simulation.

Cell division

Cell division is often governed by physical parameters such as cell size and the time elapsed
since the last division. Different cell types may have unique triggers for division, whether it’s
reaching a specific volume or after a set period since the last division [82].

In our model, cell division is treated as an external event, separate from the dynamics
defined by Egs (2) and (3). This means cell division is triggered by specific predefined condi-
tions, not as an emergent property of our primary equations. A cell is postulated to undergo
division when it meets both volume and time criteria. By incorporating both volume and time
criteria in our model, we aim to capture the complexity of cell division triggers in a simplified
manner. This approach allows us to consider not only cell volume but also other influencing
factors.

The volumetric criterion is V; > V4, where V; represents the volume of cell i, and Vj; is the
threshold volume required for division. For this study, the target cell volume Vgg.; Was set at
3.0. In most simulations, V; was fixed at 2.9. We also explored scenarios where noise influ-
enced the volume threshold, setting V; to follow a normal distribution with a mean of 2.85
and a standard deviation of 0.025 (Section “Effect of noise added to the minimum volume
condition”).

The temporal criterion is ¢, > t;(1 + {). Here, t; denotes the time since the cell’s last divi-
sion, 4 is the minimum time required for division, and ¢ introduces white noise in the range
[-0.1,0.1]. The exact moment a cell satisfies the volume criterion can be influenced by the sur-
rounding environment. Fig 13a provides a typical time evolution of cell volume. The illus-
trated cell emerges from the division of a single isolated cell. Post-division, the offspring cell’s
volume increased rapidly until it met the volume criterion at around 14 arb. units of time,
which we refer to as t.;( V).

If the cell’'s time condition ¢, exceeds f.;( V), division happens at t; (Fig 13b). Conversely,
if t; is less than f.( V), the division takes place at f.;(Vy) (Fig 13c). If neither condition
is met, the cell remains in its current state, not undergoing division or death, but it can still
change in volume or shape.

Determination of the division plane

Once a cell satisfies both the time and volume conditions, it undergoes immediate division.
Within the simulation model, when determining the position of the division plane, calcu-
lations related to cell dynamics are temporarily halted. As highlighted in the comprehen-
sive study [40], the division plane is determined by the position of the two spindle poles. The
position of the poles, represented by the position vectors r; = (x1, y1) and r; = (x,,7,), are
determined by the steady state of the following equations, which apply for both spindle pole
positions, with i and j representing the two positions;

or,

ug, = Fi-o(n-n) (e (1,2} andi)), (16)
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Fig 13. 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, 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.

https://doi.org/10.1371/journal.pcbi.1012090.g013

where u and o are positive constants and are set to 0.001 and 10 in this study. The force
applied to the poles can be expressed as:

Fi= [ (pompeen)us(1-w)(rr)dr (i € (1.2} and i+, (17)
ri—t|<|rj-7]

where py and p, are positive constants and are set to 0.01 and 1 in this study. The relative val-
ues of py and p, determine the concentration of the force from the cell-cell adhesion region.
ey is a function given as

=33 %Vh(ui) Vh(u)) . (18)

i j#i

Consequently, when a cell is attached to others, an asymmetrical pulling force is exerted
from the cell-cell adhesion region towards the poles.

The shapes of the two daughter cells, labeled with m, and m,, resulting from cell division
can be mathematically expressed by using the mother cell variable, u,,, and the positions of
poles as follows:

U, (1,1) =t (1,1) X (1371, 12), (19)
U, (1,8) = (1,8) (1 = Y (1571, 72)). (20)

Here, the step function y (r;11, 1) is defined such that it assumes the value of one in region

Q; and zero in region Q,, with r; and r, representing the steady positions of the spindle
poles. In our simulation, this step function y (r;r1,7,) in the above equations is expressed by:

)((r;rl,rz):;(l+tanh(g(m:’”2))). (21)
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In this equation, € is a positive constant and are set to 0.1 in this study. The function
g(r;r1,12) is defined as:

r—-r r+r
(rr,1) = (r— ) (22)
g |r1 —1‘2| 2

This function, g(r; 11, 12), effectively describes a line that bisects the line connecting r, and
r, at their midpoint. The function g(r; r, ;) assumes positive values in region Q; and nega-
tive values in region Q,. Consequently, when a cell is sandwiched between two cells within
a cell sheet, and it is attached to these neighboring cells, the division plane tends to align
parallel to the plane of cell-cell contact. For further details on this mechanism, see [40].

Upon the determination of the two daughter cells, a spherical micro-lumen is immediately
formed. To simulate and model the microlumen formed at the adhesion surface between the
two daughter cells post-division, the microlumen is modeled as a spherical structure with a
fixed initial volume [68]. This lumen has a fixed initial volume of V7 ;,; = 0.785. For the sim-
ulation, the microlumen’s center aligns with the middle points of the spindle poles. The field
variables of the lumen within a central circle of size V} are set to uo = 1, whereas those of
the daughter cells within this area are set to u,,; = U = 0. As previously stated, these newly
formed lumens will then evolve over time, governed by Eqs (2) and (4).

Dimensionalisation of the phase field model

So far, we have employed a nondimensional form in the phase field model (PFM). In this
subsection, we convert the PFM to its dimensional form and compare the values of phys-
ical parameters in experiments and simulations. Nondimensionalisation is performed by
introducing a characteristic length L, characteristic time #;, and characteristic force f;. Using
these characteristic scales as the units, a nondimensional variable a is transformed into its
corresponding dimensional variable a, where a represents any generalized variable:

x=Xx/L, y=y/L, z=ZIL, t=HT, f=flfo. (23)

Cortical tension y and cell-cell adhesion 7 have the unit of tension [ N/m]. Thus, we can
represent a characteristic tension I' using f; and L, as I = fo/L. Following a similar approach,
these parameters can be nondimensionalized as follows:

y=7IT, n=3/T, (24)
Pressures can be represented similarly:
I =T1/(f,L2), Ap=Ap/(fol2), £ =E/(fl™?), (25)

where IT is osmotic pressure, and Ap is cavity pressure. By substituting Egs (23) and (24) into
Eq (9), the nondimensional free energy F is converted into its dimensional form F as

(fOL)ilpz (fOL)l{ Z ./Q |:12)|vui|2 + iuyz(l - Mi)z d7’3

i€[0,M]

© 3 B L hh)aP 3 S (Va1

ije[0,M],ij ke[1.M]

b Y [ ) D)

k¢€[1,M],k=€
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Table 2. Typical values of physical parameters in experiments and simulation. *1) It was estimated as 10> (Pa)

in [74], while it was estimated as 10° (Pa) in [73]. *2) It is not a control parameter but estimated by the fitting
simulation data. *3) Water permeability can be adjusted by modifying the characteristic timescale specific to the
lumen (7¢), as Aw « 1/7¢. However, in the simulation, the same parameter 7 = 1 is used for both the cells and the
lumen, as described in Eq 3.

Symbol Physical meaning Experiment References Simulation Simulation
Values (unit) Values (non-dim) |Values (unit)

L Reference length Cell radius: 10 1 10 (um)
(pm)

P Reference pressure Traction: ~1 (kPa) |[85] 1 1 (kPa)

v Reference speed Migration: 0.6 [83] - -
(Mm/min)

fo Characteristic force fo= PL? - 1 100 (nN)

to Characteristic time to=L/v - 1 16.7 (min)

tq Proliferation time 24 (hour) [68,78] e.g. 100 28 (hour)

£(=10) Osmotic pressue *1) Assumed eg. 0.3 300 (Pa)

Ap Cavity pressue 100~300 (Pa) [68,77,78] *2) ~200 (Pa)

4 Cortical tension 50~1000 (Pa-um) |[86] 0.01 100 (Pa-pum)

7 Cell adhesion 7 <y (Pa-um) [86] 0.008 80 (Pa-um)

D V/2D: Interface width  |PFM specific Assumed 0.001

o Volume elasticity PFM specific Assumed 1

B Volume exclusion PFM specific Assumed 1

Aw Water permeability 25 (um/h-kPa) [73,74] 1*3) 36 (um/h-kPa)

https://doi.org/10.1371/journal.pcbi.1012090.t002

v = 213 g =3
R: [ 19nGu PR =2 [ h(uo)dr } 26)

ke[1.M

where o and 3 are dimensionalized as & = &/(f,L™°), 8 = 8/(foL *). By multiplying both hand
sides of Eq (26) by (foL), we obtain the dimensional form of the free energy. The system
dynamics are also converted to their dimensional form using the same procedure. For sim-
plicity, we redefine dimensional variables in a generalized form by removing the bar notation
from a. Here, a represents any dimensional variable.

To enable quantitative comparisons between experiments and simulations, we list dimen-
sional and nondimensional physical variables along with their typical values in Table 2. For
the characteristic force f;, we use a typical value of the stress exerted by epithelial tissue, ~ 1
(kPa) [85]. From this, we calculate f = 10° X L? = 100 (nN), where L = 10 (um). Similarly, we
adopt migration as the reference speed v = 0.6 (um/min) [83]. Using t, = L/v, the typical time
scale is calculated as ty = 16.7 (min).

Supporting information

S1 Text. Supporting results. This file contains supplementary analyses presented in the fol-
lowing sections: (1) Parameters in cell dynamics - the influence of parameter variations on cell
shape and growth dynamics in the phase-field model; (2) Morphology sensitivity to phase-field
parameters — the sensitivity of morphological outcomes to changes in phase-field parameters;
(3) Initial cell numbers and morphology - the impact of initial cell numbers on organoid mor-
phology. The following figures are associated with these sections: (Fig A) Cell shapes under
parameter variation — analysis of cell shape under different values of «, 3, ¥, and 7. (Fig B)
Phase diagrams with slightly varied parameters — the phase diagrams remain consistent in
appearance across different settings of , 8, ¥, and 7). (Fig C-G) Parameter sensitivity of each
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morphology—indices are plotted across varying values of «, 8, ¥, and 7 for different mor-
phologies. (Fig H-I) Phase diagram of organoid morphology for n = 0.002-0.010. (Fig J-N)
Indices as &, t4, and 1) vary. (Fig O) Morphologies resulting from different initial cell numbers —
simulations starting from two and seven initial cells are compared with the four-cell condition
used in the main text. These results provide additional insights that complement the findings
in the main text.

(PDF)

S1 Movie. Time evolution of a star-shaped organoid. Simulation result showing the time
evolution of a star-shaped organoid with parameters (&, ¢;) = (0.37,0).
(GIF)

S$2 Movie. Time evolution of a monolayer cyst organoid. Simulation result showing the time
evolution of a monolayer cyst organoid with parameters (&, t7) = (0.36,280).
(GIF)

$3 Movie. Time evolution of a branched multi-lumen organoid. Simulation result showing
the time evolution of a branched multi-lumen organoid with parameters (&, ¢;) = (0.33,100).
(GIF)

S4 Movie. Time evolution of a multilayer multi-lumen organoid. Simulation result showing
the time evolution of a multilayer multi-lumen organoid with parameters (£,t;) = (0.30, 120).
(GIF)

S5 Movie. Time evolution of a multilayer no-stable-lumen organoid. Simulation result
showing the time evolution of a multilayer no-stable-lumen organoid with parameters
(&, t4) =(0.28,60).

(GIF)

S6 Movie. Time evolution of a multilayer single-stable-lumen organoid. Simulation result
showing the time evolution of a multilayer single-stable-lumen organoid with parameters
(£,1) = (0.28,140).

(GIF)
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