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Cell orientation on stretched substrates
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Distribution in confluent conditions

Takemasa (1998)

control
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[Stretch direction
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Cell types

* Endothelial cells Not macrophages
* Epithelial cells

* Fibroblasts

* Smooth muscle cells

* Myocytes

* Osteoblasts

* Melanocytes

* Mesenchymal stem cells
* Multipotent stromal cells

Osteosarcoma cells
Tondon et al. (2012)

Movie of an endothelial cell
from Greiner et al. (2015)
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Ranges of observation

Robust with respect to:
o [Hz]

A

- Cell type

- Substratum
(stiffness > 10 kPa)

- Strain amplitude
(>1-2%)

- Stretching frequency 1%
(> 0.1 Hz)



The continuum mechanics model
Deformation gradient /s
F:=diag{l + ey, L + 4y, 1 +c..}

Bi-axial test (Livne)

I
bi-axiality ratio 4570 <16£008
r=-—20.35
| Liu (2008)
I
I
Syy = — &xx Syy ¢8ZZ — — &xx/2
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Elastic model

u y

Deformation gradient
F:=diag{l + ey, L + 4y, 1 +c..}

Bi-axial test (Livne)

|
bi-axiality ratio 4570 _T1.26 1 (.08

€y T T Exx €y = 82z = T Exx/2 €y = 0

S |




The continuum mechanics model
G. Lucci & L.P., Biomech. Model. Mechanobiol. (2021)

Isotropic
rt
0= U + A pa

Cauchy-Green strain tensor

C :=F'F = diag{\s, \y, \. }
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The continuum mechanics model
G. Lucci & L.P., Biomech. Model. Mechanobiol. (2021)

Isotropic

It
i - Z/I(I)+V/ pa

N
I:= (14715716717718) \
Cauchy-Green strain tensor

C :=F'F = diag{\s, \y, \. }
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The continuum mechanics model
G. Lucci & L.P., Biomech. Model. Mechanobiol. (2021)

Isotropic

It
i - Z/I(I)+V/ pa

I:= (illa 157 i67 i77 18)
Cauchy-Green strain tensor

C :=F'F = diag{\s, \y, \. }
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The continuum mechanics model
G. Lucci & L.P., Biomech. Model. Mechanobiol. (2021)

Isotropic

It
i - Z/I(I)+V/ pa

ﬁ

I:= (illa 157 i67 i77 18)
Cauchy-Green strain tensor

C :=F'F = diag{\s, \y, \. }
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The continuum mechanics model
G. Lucci & L.P., Biomech. Model. Mechanobiol. (2021)

Isotropic

0= U + y4" part
A
I:.=

(147 i57 iﬁa i77 18)
Cauchy-Green strain tensor

C :=F'F = diag{\s, \y, \. }

<

Symmetry

{

Energy even in Ig

{

U(Ty, T2, 15, 14(6).15(8),16(0),17(6).1s(8)) = U(cos® 6)




| Equilibrium orientations

Z/{(Il, IQ, 13, 14(9), 15(9), 16(9); 17(9), 18(9)) — U((3082 9)

Equilibria when U’ (cos® 9(:03 0 =0

Oy =0 <  ——



| Equilibrium orientations

Z/[(Il, IQ, 13, 14(9), 15(9), 16(9); 17(9), 18(9)) — U((3082 9)

Equilibria when U’ (cos* 0) Sin9 — 0



| Equilibrium orientations

Z/[(Il, IQ, 13, 14(9), 15(9), 16(9); 17(9), 18(9)) — U((3082 9)
Equilibria when |U’(cos® #)|sin 8 cos = 0




Equilibrium orientations

: : 1
Quadratic elastic energy  U(I) = 51 - KI+V

Generalized Fung's energy

cos2 f 1 Fag — Koo (1 Ap — 1 ) / o
e - — -
1 k44 + ]f66 — 2k4s — k88 Az — Ay

~ 47 Y
. —r Linear regime
1




Equilibrium orientations

[ think that the first part must be rewritten using the Vianello
point of view. Indeed, this is more general and elegant that
the present one. It 1s clear that I am not claiming that the
result presented by the authors i1s empty. Indeed, in their
application they find the additional extrema that are not
ensured by the application of the extreme value theorem.



Equilibrium orientations
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Bifurcation diagram

supercritical a >0
Y N 2y 11 (1 1 )
s COS = -+ |z - :
E 2 a\2 147
_ 1
A= Ar — 1
Ao —Ay, 147
E
S
ECCCC

Depends on the ratio
(not on stretch amplitude!)

— Fogs kgt
kys =F0

If kgs=hkag=hkgg=0 00— — o=1



Bifurcation diagram
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cos? Ocq

Bifurcation diagram
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Bifurcation diagram

 kag + koo =2hiypamting
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cos? Ocq

Can the slope change?
Is a=0.794+0.08 universal?

(4

1 Fibroblasts
/ (Livne)
1\ Endothelial cells
1+r (Wang)
r=20
< O] =
Endothelial cells
seem to have a non

®

negligible Kkgg




cos? Ocq

Can the slope change?
Is a=0.794+0.08 universal?

_t Fibroblasts
(Livne)
= 1 Endothelial cells
2 2 2 ﬁ L+ B (Wang)
r=0.34 r=0

®)
A




Temporal evolution

20 : : : : : :
0 3,000 6,000 9,000
t(s)
0(0)=n/6, e=01
g— —_—r=(] =—r=07
—r =02 —r=1
r=1049
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g
& |
m
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0 2000 4000 6000 8000 10000
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Dependence from strain amplitude

% (147) €,
d6 10U |(M\e — \)?

— = — — == 0; A
dt n 00 g, f(0;4)

Re-orientation time decreases ~

. . . . 20 4
increasing the strain amplitude .
15 4
Human lung epithelial cells —_—
7
Cyclic stretch (CS) | Post-CS release E 101
e 1 human dermal
~ 0,
Strain (%) Cell body Cell body - rat enbrybnis I.._fibyoblasts
5 04.6| 58.7 min 36.9 min | fibroblasts 3 ]
10 22.2 min 72.7 min Y %\
15 10.5 min 87.8 min Y — N?t,r?a!1¥ WA W oo SRS |

0 2 4 6 8 10 12 14 16

Roshadeh et al. (2020) amplitude (%)
Jungbauer et al (2008)



Dependency from stretch frequency
Not good enough
0; A
f(6; 4) We need an intrinsic time

Jlasts

Re-orientation time decreases
increasing the frequency (asymptotically)
10* -

i ra&embry_lonic_ fibroplasts
A 1

confluen

1(s)

10

10—
0.1 1
frequency (s™)

Jungbauer et al (2008)



Intrinsic times and viscoelastic effects

Possible causes of viscoelasticity

* Cytosol
* Actin cytoskeleton
* Adhesion bond turnover

integrins


movies/esperimenti/wpi/fig14.mov

Linear viscoelastic model

Strain tensors

Relaxation Past
elasticity tensor A

Ty = [ 5o I ACO)E) — ()] dr

— O

do 1 OT

- t) = — o 06 (t]0) : E(t)
A1) + T(116) = €o(t]6) (1)

Co(t]0) := /t e(tT)//\CO(Q(T))dT—/O+OO e *Co(0(t — \s)) ds

— o0

G. Lucci, C. Giverso & L.P., Math. Biosci. 337, 108630 (2021)



Linear viscoelastic model

T(t|0) = / %e(tT)//\CO(Q(T))[E(t)—E(T)] dr

— 0

High frequency regime
T(t|(9) = (DO(Q(t))Eoeiwt 4 [KL/\Q /+DO 6_5% 7 )\8))%(2& . )\3|0) :Eoe—i)\ws dS] Eoeith
0
o 1[0, 2 oU .
—=—=—-|—E| :E=— 0) = =E(t) : Co(0)E(¢
dt 77[89 ] K)\gc%’ (t,0) 2() 0(0)E(t)



Linear viscoelastic model

T(t|0) = / %e(tT)//\CO(Q(T))[E(t)—E(T)] dr

— 0

Low frequency regime

+00 .
T(t]0) ~ i\w [/ se *Co(O(t — \s)) ds| Ege™"
0

T(t)0) ~ )\Eo(ﬂ(?)%(t)



Dependence from stretch frequency

Varying stretch ratio r

Higher frequencies Lower frequencies

0(0) =m/6, €y =01, w=>5rad/s

0(0) =n/6, e =01, w=0.08rad/s

b

ra| =
T

@

equilibrium
VahleS 400 m/l
F 4 % .
—r =0 —r=05 -0 —r—05

= —r=01—r=1

N

S

g (rad)
6 (rad)

—r=01—r=1

r=0.3 r=10 r=20.3 r =10

400 410 A0

0 05 1 15 2 25 3 0o o5 1 15 2 25 3
; (S) x10% p (s) x 104



Varying frequencies

x  0(0)=7/6, e =008, =02
2 — w=20.001 w=0.1
—w =004 —w =27
=
fav]
o)
et
w
0 0.5 1 1.5 2 2.5 3
10*
t (s) ’

Dependence from stretch frequency

w (rad/s)
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Summary: Elastic model

Bi-axial test (Livne)

K \2
-1 1
A::)\m_)\y~1+r
r— _ Sy
—1.26 £ 0.08 E o
Ko kg + kes — 2kg6 — kss

g — Koo




Effect of substratum elasticity

Stress fiber remodel to minimize the “internal” energy {7, = — %kaé? — %kbgg - %ke égb



Effect of substratum elasticity

A

dd 2K

A

2
dt (14 k)

5 e%(t) (1 +7)*(acos® & — B) sin ® cos D

o cos? D (1) — B|o/ (B

= (C'exp

[cos2 ®(1)]1/P[sin? & (¢)]1/7 - 25)2 (1+7) /0 e4(7)dTt




Effect of substratum elasticity

supercritical — »

subcritical >



Effect of substratum elasticity

r= 0.9

i

supercritical

subcritical



Effect of substratum elasticity



Effect of cell elongation

round cell elongated cell A = 0.5
P = 05 T = 05

i .

P

1.5 1.5
<£ 1 <.&c‘3 1
0.5 05
0
0 0 8 0
0.25 0.5
2 0.5 1 ' R 05 1 )
k@ kb k@ kb

eq eq eq eq eq
oL () ®" and @ O’



% Of stress fibres

A Kinetic approach
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A Kkinetic approach

n—periodic probability density f(¢,0) : f(t,m—0) = f(t,0)

U = k44522/_{
Ito process:
A —
K4

9, g2 9 (82/{ 1 02

2 1(1.0) = S (S5O £(0.0)) + 52 (2 10.0)

N. Loy & L.P., Arxiv .org/pdf/2108.00894.pdf



A Kkinetic approach

n—periodic probability density f(t,0) :

Ito process:

N. Loy & L.P., Arxiv.org/pdf/2108.00894.pdf

80 70 60 50 40 30 20 10

U = ]f44822/_{
Ui
M o

Frequency %
“ 2 3 8B 8

Cell Orientation (Degrees)

(Morioka)



A Kkinetic approach

9 2 0 (o 1 o
2 1(1.0) = = (G OF(1.0)) + 5o (o2(6.1)

U (0
Equilibrium distribution  °°(8) = C exp ( ( ))

5-2

2% 5% 10%

o 1= (<31

Frequency (%)
[N

0
0 100




Cell reorientation as a control problem

' =40 -+ Vwoptj 7,bopt — argmin¢j(w),

T() = v + (g(8))

2
dg
! —2 (¢ =0
Yopt + <d9’( ) 9’9+vw0pt>

_ 0
g=¢cU v —f(1,0)=

0 22(t) 0 (aziz ) 1 02

N, 90 \ 39 (0)f(t,0) +2—)\9@(02f(9=t))




Cell reorientation as a control problem

' =40 -+ Vwopt; Q,bopt — argminwj(w)a




e = 8.4%

e = 14%

Cell reorientation as a control problem

g =t = 2 flt0) =S 2 (Z0100) + E i (10.0)
/ £? I A(0\12 g 5
9(0) = S0 = BO) = topt = — T (6~ 6)
0 2 9 1 92 .,
= o f(r.0) = = 155 |(000) = 0)f(7.0)| + 55 [02(7.0)]




What's next

* Viscoelastic effects in kinetic and discrete models

0.001 Hz
20 mO.1H:z
mlH:z
10
- e l- L.

[0.20] [20.40] [40.60] [60.80] [80,100] [100,120][120,140][140,160][160,180]

Frequency (%)

Orientation

cytoskeleton

bond remodelling substratum elasticity

* Building (on demand) heterogeneous and anisotropic tissues
by non-homogeneous deformations
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