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Supplementary materials 
 

Effects of hydrostatic pressure on epithelial dome formation and stability 
 
 
 
 
 
 

 

Fig. S1 Effects of hydrostatic pressure on the mechanical properties of paired cells. 
(A) Representative fluorescence images of actin (green) and LC3B (turquoise) in paired cells after 12 
hours loading of -0.3 atm and 0.3 atm. Scale bar, 20 μm. 
(B) Statistical analyses of the number of actin fibers in each group. Among them, the number of fibers 
was the largest under 0.2 atm and the least under -0.3 atm. 
(C) Statistical analyses of LC3B fluorescence intensity in each group. Among them, the fluorescence 
intensity of LC3B was the highest under 0.3 atm and the lowest under -0.2 atm. 
(D) Statistical analyses of cell-cell force in each group. Among them, the force was the largest under 
0.2 atm and the least under -0.3 atm. 
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Fig. S2 Effects of cell autophagy on dome formation. 
(A) Representative LC3B fluorescence images of monolayers after 12 hours loading of 0 atm without 
and with SMER28 treatment. Noted that SMER28 is the autophagy enhancer, and the concentration 
used is 10 μM. Scale bar, 10 μm.  
(B) Statistical analysis of the fluorescence intensity of LC3B after 12 hours in each group. It was 
observed that the addition of autophagy enhancer increased the expression of LC3B in cell monolayers. 
(C) Changes of transepithelial electrical resistance (TEER) within 12 hours in each group. It was 
observed that the addition of autophagy enhancer increased the resistance of cell monolayers. 
(D) Phase contrast images of cell monolayers after 12 hours loading of 0 atm without and with SMER28 
treatment. Scale bar, 100 μm. 
(E) Statistics of the density of domes on cell monolayers after 12 hours in each group. The addition of 
autophagy enhancers significantly increased the number of domes. 
(F) Statistics of the dome area on cell monolayers after 12 hours in each group. The addition of 
autophagy enhancers had little effect on the dome area. 
(G) Phase contrast images of cell monolayers cultured under control (0 atm and standard culture medium) 
and serum-free DMEM after 12 hours loading of 0 atm. Scale bar, 100 μm. 
(H) Statistics of the dome density on cell monolayers under control and serum-free DMEM conditions. 
(I) Statistics of dome area on cell monolayers under control and serum-free DMEM conditions. 
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Fig. S3 The effect hydrostatic pressure on the dome dimension and curvature. (A) Fluorescence 
images of large and small domes, and red represents actin. Scale bar, 20 μm. (B) Statistics of the 
curvature radius of domes at different hydrostatic pressures. 
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Fig. S4 Effects of actin cytoskeleton contractility on dome formation. 
(A) Representative fluorescence images of actin and ZO1 (tight junction protein) in cell monolayers 
after 12 hours loading of 0 atm without and with blebbistatin treatment. The concentration of 
blebbistatin is 25 μM. The treatment with blebbistatin did not affect tight junctions. Scale bar, 10 μm. 
(B) Statistics of actin fiber density after 12 hours in each group. The treatment with blebbistatin reduced 
actin fiber density and organization. 
(C) Fluorescence and fluorescence lifetime images of the cell membrane after 12 hours loading of 0 atm 
without and with blebbistatin treatment. Scale bar, 20 μm. 
(D) Statistics of fluorescence lifetime of the cell membrane after 12 hours in each group. The inhibition 
of cell contraction decreased the membrane tension. 
(E) Phase contrast images of cell monolayers after 12 hours loading of 0 atm without and with 
blebbistatin treatment. Scale bar, 100 μm. 
(F) Statistics of dome area on cell monolayers after 12 hours in each group. The inhibition of cell 
contraction decreased the dome area. 
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Fig. S5 Schematic diagram of the mechanical forces that control dome formation and expansion. 
(A) The force-balance diagram for the pre-dome formation state. The external hydrostatic pressure 𝐹! 
is balanced by the osmotic pressure 𝐹" and adhesion force 𝐹#$.  
(B) The force-balance diagram for the post-dome formation state. At the edge of the dome, the two 
pressures (𝐹!, 𝐹") are balanced by the membrane tension 𝐹% and the adhesion force 𝐹#$. Away from 
the edge, there is a balance between the two pressures and the membrane tension. 
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Fig. S6 Schematic diagram of the hydrostatic pressure generator. 
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Fig. S7 Schematic diagram of calculating the force between cells using the traction imbalance 
method. For a given pair of cells, the vector sum of traction force ∑ 𝑇&%%⃗'(  generated by cell 1 was 
balanced by the cell-cell force 𝐹⃑'( exerted on cell 1 by cell 2. Similarly, the vector sum of the traction 
forces ∑ 𝑇&%%⃗')  generated by cell 2 corresponds to the force 𝐹⃑') exerted on cell 2 by cell 1. 
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Before the dome formed                    After the dome formed 

 
Fig. S8 Schematic diagram illustrating the method of applying osmotic pressure at the initial 
moment in our numerical simulation. 
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Numerical simulation 
Mechanical model 

In the vertex model, the epithelial monolayer can be described by a network of polygons 

with periodic boundary, and the motions of each cell 𝛼 are determined by the evolution 

of the position vectors of the polygon vertices 𝒓! with 𝑖 being the index of vertices.1, 2 

For simplicity, we assume the properties of each cell are identical. The potential energy of 

the system is1 

𝑈	 = 	'(
1
2𝐾(𝐴" 	− 𝐴#)

$ 	+ 	
1
2 Γ𝐿"

$ 3
"

	+ 	'Λ𝑙!%
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where 𝐾,	 Γ, 𝐴", and 𝐿" represent the area elastic modulus, contractile modulus, current 

area, and the perimeter of cell 𝛼. 𝐴# is the reference area of cells in the monolayer. Λ 

signifies the competition between cell contraction and intercellular adhesion,3, 4 and 𝑙!% 

represents the length of the intercellular interface 𝑖𝑗 connecting vertices 𝑖 and 𝑗. In our 

model, the vertex position 𝒓! can be determined by the overdamped equation 

𝜂
𝑑𝒓!
𝑑𝑡 	= 	−

𝜕𝑈
𝜕𝒓!

	+ 	𝑭!)*+,-!./ 	+ 	𝑭!
0 	+ 	𝑭!1 

Here, 𝜂 is the friction coefficient between the cells and the substrate. The right-hand 

first term in Eq. 2 accounts for the forces due to the system's potential energy gradient.5 

𝑭!)*+,-!./ represents the adhesion force between cells and the substrate. Here, the substrate 

was modeled as a rigid triangular mesh. The nodes of the triangular mesh are referred to as 

substrate vertices. We identify the substrate vertices 𝑘 within the threshold range of each 

cell vertices	 𝑖, then 𝑭!)*+,-!./ = ∑ 𝑘)*𝒓!23
245 . Here, 𝑀 represents the total number of 

substrate vertices within the threshold range, and 𝑘)* represents a force constant. 

𝑭!
0 and 𝑭!1 are the hydrostatic pressure and osmotic pressure on cells. Considering 

that the two forces being vertically applied on the cell surface, we have 

𝑭!
0 	= 	 ' −

𝑝𝐴"𝒏A"
𝑁""∈7!

,																											𝑭!1 = '
𝜋𝐴"𝒏A"
𝑁""∈7!"

 

(1) 

(2) 

(3) 
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where 𝑝 is the hydrostatic pressure per unit area, and 𝜋 is the osmotic pressure per unit 

area. 𝐶!  represents the cells containing vertex 𝑖 , and 𝐶!*  represents the dome cells 

containing vertex 𝑖. 𝒏A" is the unit normal vector of cell 𝛼, and the vector points outside 

of the dome. 𝑁" is the vertex number of cell 𝛼. 

 

Calculation of the maximum principal stress 

As described previously,6 the mechanical state of cell 𝛼 can be characterized by a local 

stress tensor 𝜎89"  given by 

𝜎89" 	= 	−Π"𝛿89 	+ 	
1
2𝐴"

' 𝑇!%
8𝑙!%9

!,%∈"

 

Π" 	= 	−
𝜕𝑈
𝜕𝐴"

	= 	−𝐾(𝐴" 	− 	𝐴#), 𝑇!% 	= 	
𝜕𝑈
𝜕𝑙!%

	= 	ΓJ𝐿" 	+ 	𝐿:K 	+ 	Λ 

where Π" represents the pressure in cell 𝛼, 𝛿89 is the Kronecker delta function, and 𝑇!% 

represents the tension along the edge-𝑖𝑗, which is shared by cell 𝛼 and 𝛽. 𝜇 and 𝜈 are 

the indices of Cartesian components. Therefore, the characteristic equation of the stress 

tensor can be written as 

𝜆; 	− 	 𝐼5𝜆$ 	+ 	 𝐼$𝜆	 −	𝐼; 	= 	0 

where 𝐼5, 𝐼$ and 𝐼; are principal scalar invariants of the stress tensor. The maximum 

value of the roots (𝜆5, 𝜆$, and 𝜆;) of Eq. 5 is the maximum principal stress. 

 

Calculation of the intercellular normal stress 

The interactive force on the edge in cell monolayers can be calculated as previously 

described.7 For a monolayer with periodic boundary, three cells share a vertex (Fig. S9). 

(4a) 

(4b) 

(5) 



 11 

 

Fig. S9 Illustration of interaction forces at the cell vertex and edge. (A) 𝐹*+, 𝐹*
, and 𝐹*

- are the 

forces exerted by cell 𝛼, 𝛽, and 𝛾 on vertex 𝑖. (B) Shared vertex 𝑖 is virtually subdivided into three 

virtual vertices, which are connected by chemical bonds.	 𝐹*
-,, 𝐹*

,+ and 𝐹*
+- are the interactive forces 

between the virtual vertices. 

 

 

The forces exerted by cells 𝛼, 𝛽, and 𝛾 on vertex 𝑖 can be written as 

𝑭!" 	= 	
Π"
2 J𝒏A"<𝑙!= 	+ 	𝒏A":𝑙!%K 	+	𝑇"(𝒍T!= 	+ 	 𝒍T!%) 

𝑭!
: 	= 	

Π:
2 J𝒏A:"𝑙!% 	+ 	𝒏A:<𝑙!>K 	+	𝑇:(𝒍T!% 	+ 	 𝒍T!>) 

𝑭!
< 	= 	

Π<
2 J𝒏A<"𝑙!= 	+ 	𝒏A<:𝑙!>K 	+	𝑇<(𝒍T!= 	+ 	 𝒍T!>) 

where the pressure term can be defined as Π? 	= 	−
@A#
@B#

, and tension term is T? 	= 	
@A#
@C#

 

(𝑋 = 𝛼, 𝛽, 𝛾). 𝒏A"< is the unit vector perpendicular to the edge (𝑙!=) shared by cell 𝛼 and 

𝛾. 𝒍T!= is the unit vector of the corresponding edge. 

As shown in Fig. S7B, the vertex 𝑖  can be divided into three virtual vertices 

connected by chemical bonds. Their interactive forces can be written as 

𝑭!
<: 	= 	

1
3 X𝑭!

: 	− 	𝑭!
<Y,						𝑭!

:" 	= 	
1
3 X𝑭!

" 	− 	𝑭!
:Y,						𝑭!

"< 	= 	
1
3 (𝑭!

< 	− 	𝑭!") 

In this way, we can calculate the intercellular force on any edge in the cell monolayer. 

For example, the intercellular force on edge-𝑖𝑗 can be defined as 𝑭!%
:" 	= 	𝑭!

:" 	+ 	𝑭%
:". 

The intercellular normal stress can be written as 𝜎!% = 𝐹!%//𝑙!% , where 𝐹!%/  is the 

(7) 

(6) 



 12 

component of 𝑭!%
:" normal to the edge-𝑖𝑗. Therefore, the larger 𝜎!% is, the more likely the 

cell monolayer is to break at this edge. 
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