Supplementary Materials for

Active curling of epithelial monolayers dominated by actin

cytoskeleton mechanics

Huan Wang, Jiu-Tao Hang* and Guang-Kui Xu*
Laboratory for Multiscale Mechanics and Medical Science, Department of Engineering Mechanics, SVL, School of

Aerospace Engineering, Xi’an Jiaotong University, Xi'an 710049, China

*Corresponding authors.

E-mail: guangkuixu@xjtu.edu.cn (G. K. Xu) and hangjt@xjtu.edu.cn (J. T. Hang)
1



1. Phenomenological model of epithelial monolayers.

Corresponding to the composition of multiscale structural model [see Fig. 1], in
our theoretical analysis, the cellular model is divided into three parts in parallel: the cell
membrane, the cytoskeleton (CSK), and the cytoplasm. The cell membrane and

cytoplasm are scaling-law viscoelastic materials®> %° | and their creep responses are

mem cyto

expressed as J(t)=(VEy,, )t and J(t)=(1/ES, )t™, where their elastic moduli are

calculated to be E°, =196kPa and EZ, =4.89 kPa “°, respectively [see Fig. S1(a) and

(b)]. The slopes of creep curves are the scaling-law exponent, and both exponents of

cell membrane and cytoplasm are calculated as « = «,, = «, =0.46. Fig. S1(c) shows the

typical stress-strain curve of the cytoskeleton for stress hardening 32, which can be

expressed as o=EY (e*-1)/2 where the elastic modulus is calculated to be

E’ =141kPa and the stress hardening coefficient is calculated to be 1=4.45%,

Without the pre-tension, the differential modulus is equal to the elastic modulus
(Ecsk = E(?sk) .

Therefore, the phenomenological model of epithelial monolayers is established,
consisting of three branches: a fractional element-springpot representing the cell

membrane, a spring element representing the cytoskeleton, and a fractional element-

springpot representing the cytoplasm, as shown in Fig. S1(d). Its relaxation function

and creep function can be written as E(t)=E, +E,t“+E,t“ , Where

csk

Enen = Enenm (Sinaz/az) and  E,, =E, (sinaz/ar) are the instantaneous relaxation

m mem

moduli of cell membrane and cytoplasm*®, respectively.
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Fig. S1. Phenomenological model of epithelial monolayers. Creep curves of (a) the cell membrane
and (b) the cytoplasm with respect to time under different step forces, respectively. (c) Stress-strain
curves of the cytoskeleton. The curve can be fitted by the typical stress hardening function

o =(E%/4)(e* -1) , where the elastic modulus and the stress hardening coefficient are

E), =141kPa and A =4.45, respectively. (a) Creep curves for a phenomenological model of

epithelial monolayers. The phenomenological model consists of three branches: a fractional
element-springpot representing the cell membrane, a spring element representing the cytoskeleton,
and a fractional element-springpot representing the cytoplasm. The scaling-law exponent is
Aoy = 0.372.

theory

2. Deflection function w: of a plate with three sides simply supported

and one side free under the deflection (w)

x=+al2 "

To obtain the analytical solution of the spontaneous curling of epithelial tissue, we
decompose it into the superposition of three cases, as illustrated in Fig. 4 in the main
text. Then, we derive the deflection function in each of the three cases respectively.

Treating a plate with three sides simply supported and one side free as Case 1, in

this case, the boundary conditions are



(W) _a= i a, sin Y (S1.1)
2

where a, is the subsidence shape function. The deflection function w, can be
expressed as

w=-Y Xmsin%, (S1.2),

m=1

where X, is the shape function. Substituting Eq. (S1.2) into the elastic bending

equation
DV4W: O, (813)1
we can obtain
4 2 42 4
a Xy, —2(M) X, +(@j X, =0. (S1.4)
dx b dx b

The general solution of Eq. (S1.4) is

X, =A,sinh m;zx +B, m;rx cosh m;zx +C, cosh m;zx +D, m;zx sinh 2%

Then, the deflection function satisfies the boundary conditions for Y-sides can be

(S1.5)

expressed as

. | A,sinh m;zx +B, mk;)zx cosh m;rx m
w=—> sin WY (S1.6)
m-1.2.3. mzX mz X mz X b

1 +C,, cosh——+D,, ——sinh ——
b b b

To satisfy the boundary conditions at x=0, there should be C,=D,=0. By

substituting it into the boundary conditions at x=a/2 and considering

a,, =mna/(2b), we obtain



A, sinha, +B o, cosha, =a, 17
A, (- w)sinhe, + B, [(1- w)e,, cosha,, +2sinh | =0 (51.7)
and
s
sinhe,, anha, | (518)
—_ (1_1u)am
" 2sinhe,

Finally, we can derive the deflection function w, in Case 1 as

W = — i (1—. n)a, 2 % einn mzX  mzX cosh mzx sin mrzy
m-rss.| 2sinh e, |\ (1—-x) tanhe, b b b b

(S1.9)

3. Deflection function w. of a plate with four sides simply supported

under the active actin filaments distribution field N(z).

For a plate with simply supported boundaries on all four sides (Case 2), the

boundary conditions can be treated as:

{(W)x+a/4 =0 ! (MX)x:ia/Al =0

(W), , =0, (My)yzo,bzo ’ (S2.1).

By considering the relationship between displacement deflections and moments, we can

express Eq.(S2.1) as

2 M
(W), 0 =0, [—a Wj )
ay y=0,b D

o*'w M,
_o, |2
(W)x:ia/zl [aXZ jx_+a/4 D

where D =Eh?/12(1—4*) represent the bending stiffness of epithelial tissues and

M, =E&/(1-p) f:z N -zdz is the equivalent active bending moment. Similarly, the
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deflection function w, can be expressed as
e M
w,= Y Xmsinw——p(y—b)y, (S2.2)

and the general solution of the shape function X_ is the same as Eq. (S1.4). As the
deflection function w, is an even function, it can be obtained as A, =B, =0. Then

we can derive the expression of the deflection function w, as

i (Cm cosh mgx +D ™% inh mngsin mrzy y—b)y. (S2.3)

m=123.. " b b 2D(
Substituting Eq. (S2.3) into the boundary conditions on x=a/4 and assigning the

values of 3, as mma/(4b), we can obtain

© M
Y. (C,cosh B, +D,p,sinh ﬂm)sinM = Z—S(y—b) y

m- b
1,2,3...2 (824)
(mﬂj 3 (C, +2D,)cosh B, + D, 3,sinh 3, ]sm 7y _M,
+ —_—
b ng [ b D
Expanding the right term of the Eq. (S2.4) sign to a single trigonometric series, we get
M, 2 y mzy
— —| — b sm—d sin——
123[ pJo p (Y 7P)YSIN T y} b
= 2b°M,
= > S = (cosmz — 1)sm%y
Mm:1,2,3... 7 y (S2.5)
_P_ Z gjb_p ydy Smm y
D nizs.| b’ D b b
= 2M
= > E (cosmzz—l)smiy
m-123.. DMz b
Then, we obtain
_ 2b*M
C, cosh 8, +D, 2, sinh 8, =———=2(cosmz —1)
Dm’z | (S2.6)

2

_ 2b
(C,+2D,,)cosh B, +D,,sinh g, = 5
m

—=(cosmz 1)
T



2b°M,
"= —s (cosmz —1)
Dm°z” cosh S, .

D, =0

(S2.7)

In this way, we obtain the final form of the deflection function w, as

45 X
4b2M ®© COSh M
W, = ———° 3 MY (y_p)y, (52.8)
Dz° ni3s.m°cosh g, b 2D

To facilitate the superposition, we translate the Y-axis leftward by a/4, and obtain

453 X
cosh| ——"m— +
W. :__4b2MP i ( a IBmJ H mﬂ-y (
? Dz° 4%  micosh g, b 2D

y—b)y.  (S2.9)

To solve the subsidence shape function a_, it is necessary to further obtain the

equivalent shear force on the free sides of both Case 1 and Case 2. The resultant force
on the free sides is zero, implying that the equivalent shear force of Case 1 and Case 2

satisfies the following relation:

(EEwE&) _=0. (52.10)
=
where
_ 3 3
Foo=—D| W (2 ) 2
OX 6X6y o
2 , (52.11)
D 1 i 3 inh(2
T il 3” > .amrzn 3.+ psinh( am)+am sin T2Y
2b m-r3s..| Sinh“a, | 1—u 2 b
—2 o*w o*w
Fox=-D|—+(2-
|:a 3 ( ’u)ﬁxayZ :|X=a
2 . (S2.12)
4(3—u)M o
:(—IU)T Z (ﬂm tanhﬂmsinW)
b m=1,3,5... b

Finally, we can obtain the subsidence shape function a_ as



16b* (3— )M, 3, tanh S, sinh® o,

a, = . (S2.13)
Dm*z® (1- )’ (1+ﬂsinh 2a, + Zam]
—u

4. Deflection function ws of a plate with the trilateral simply supported

and one-edge free under adjacent trilateral active bending moment

M

p

The microelement deformation energy of a plate dV is expressed as
dv = —%[MXWXX +Mw,, —2Mxywxy]dxdy. Considering M, =0, we can obtain
dv = %[(W,xx rwy ) —2(L- ) (W, W, )}dxdy . (S3.1)
Then, the bending deformation energy of the entire plate V is given:
V= %.U[(WXX +wyy)2 —2(1—y)(wxxwyy —W2, )} dxdy . (S3.2)

For a four-sided simply supported rectangular plate without free edges, the bending

deformation energy of the entire plate V can be expressed as

V= %H(Vzw)z dxdy . (S3.3)

In Case 3, the deflection function w, can be expressed as

W, :Z_;Z_;‘ E,,sin 2rthsin%. (S3.4)

Combining Eq. (S3.4) and Eq. (S3.3), we can obtain the expression of the bending

deformation energy as

rtabD & 2 an? m?Y
V= P N e (S3.5)
16 435 ndss. a b
4 2 2\2
V=" ZbD [%Jr’;—ZJ E_SE, . (S3.6)

The curvature of the bending surface of the plate along three edges (x=0, y=0 and

y=Db)are



(S3.7)

a . (S3.8)

Then the work done by the torque is

——J' M —zmﬁsm%dy&%nn IZM nTﬁsin 2mzx

dxoA,,

_ _(4mb na (53.9)

na mb

jM oA,

Accordingto oV +0W =0, we can get

2 2\
M (4;; +”—j [—4mb+ﬁj. (S3.10)

m 7*Dab b? na mb

Together, the deflection function w, is expressed as

W, = ii E..,sin 2m”xs n2Y

m=1 n=1 b

> & a’b? . 2mzX . nzwy
L sin sin
W 3 b

e~ 4m?b® +n*a’ a

(S3.11)

To solve the subsidence shape function a_, it is necessary to further obtain the

m !
equivalent shear force of Case 1 and Case 3 on the free sides, whose resultant force is

zero, namely that

(ng +Eéx) -0, (S3.12)

where



X:E 1 | ( | )
16M, z‘” 2 (1\(4m?> n?) (4m? ) y S3.13
Z n +(2—u sin—

( j( 8.2 sz ( 3.2 ( )bz |

Then, we can obtain the subsidence shape function a_, as

i le m |2
_ 32Msinh? e, G | a? a’
a, = y > . (S3.14)
Dz* (1- ) 3+/1 Slnh(Za
1-u 2

In summary, by superimposing the above problems, the elastic solution of the half

problem in the main text can be obtained:

W =W, + W, + W, +W,

Z (1-pa, 2 U \sinh mrx  mnX cosh mmx sin mmy
ma3s..| 2sinh e, |\ (1—u) tanha b b b b
Wl ]
- A= )a, 2 sin max _ max osh@ smw
m 1 .| 2sinh e, (| (1—u) tanha b b

L )y,
m°® cosh 3, b 2D

W

=& (1 a’b? _2max . nmy
-—2F — sin sin
n'D Zz(mnjbmzb%nzazj a b

(y-b)y

(S3.15)
According to the elastic—viscoelastic correspondence principle, the elastic bending
equation Eq. (S1.3) is transformed into
t 4 _
[ D(t-7)-dv'w(xy,t)dr =0, (S3.16)
which is Eqg. (6) in the main text. In addition, the viscoelastic solution [Eq. (8) in the

main text] can be obtained by replacing the bending modulus D of the elastic solution

[Eq. (S3.15)] with D(t).
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5. Buckling promotes spontaneous curling under larger compression

loading.

Fig. S2(a) shows the time evolution curves of the rotation angle 6

ymax

of epithelial

tissues curling under different loading strains. Compared with Fig. S2(b), the buckling
makes the curve significantly different from others [Fig. S2(a)]. In other words, under
larger compression forces, the spontaneous curling and buckling of epithelial tissues
are superimposed on each other and the buckling behavior further promotes the curling.
In addition, the active post-buckling behavior (spontaneous recovery) observed in our
simulations [Fig. S2(b)] is in agreement with the experiment of Wyatt et al 2°. They
suggested that actomyosin controls the planarity and folding of epithelia in response to
compression. Thus, the active force allows epithelia to buffer against deformation 2°
and drives the tissue to form and retain complex mechanical behaviors, such as

spontaneous curling.

@
(b)
_ ki »,4,‘ % \ }

Time
Fig. S2. Evolution of curling of epithelial tissues over time. (a) Time evolution curve of the rotation
angle 6, of epithelial tissue curling under different loading strains. In our simulation, the step

load is approximated by a linear loading in a short time (within 1 s). (b) Shape transformation of
epithelial tissues with time under the superposition of buckling and curling with the strain
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&, =— 0.2. The epithelial monolayer buckles and gradually flattens under the active force over time.
The small picture in the lower right corner shows the model bending YZ-profile.
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