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Introduction and Significance

Human: multiscale

biomaterial system Human body —| Organs —»| Tissues |—>| Cells

Cell is the basic unit of life.

Muscle cells

Epithaljal tissue Smootlrmuscle

Neurons

Epithelial cells

N Nebiaska
ANCoIn




Introduction and Significance

Maters transport between inside

MechanlcaIH Biofunctions | and outside, growth, locomotion,
response disease and death
Cell
Cancer £l 70% Cross SE, 2007 |
Heart Heart muscle Cell Feng YC 1993 >Under's‘randb.m/echhanl.call
failure contractility 4 g response <> bilo/chemica
: response;
Sever stretching » Morrison B,
TBI TeUron deatﬂ 1998 »Understand injury/failure
Leung LY 2008  mechanism;
Blféjvl\;(zrr: Slow stretching ~ Smith DH 2001 > Diagnhose the healthy state;
Cell _ Pelham RJ »Build criterion for
locomotion Substrate stiffness 1997 protection design.

References: Trepat X. et al. Nature (2007), Lu YB et al. PNAS (2006), Pelling
AE et-al. Science (2004) Zhang PC et al. Nature (2001), Ellis BB et al. 1995,

Wang JH et al. 2000, Pfister BJ et al. 2003 NeB“]'WERS-TS‘f IDFE |
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Introduction and Significance

Experimental measurement of cell property:

Cell : simplified as continuum, homogeneous, elastic/viscoelastic material

— : " . Optical

/ N, frap s
Red blood cell || Silical
/ bead

AFM probe Optical magnetic Micropipette Optical

_____ indentation - twisting aspiration tweezers
»>Local deformation »Global deformation
»Anchorage dependent cell: »Anchorage independent cell

cell mounted on substrate

AFM probe indentation: simplest, easiest, most popular method.

G, Bao and S. Sureseh, Nature Materials, 2, 715, (2003) NeB‘]'“ra““S“IDBF |
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Introduction and Significance

Cell Elastic modulus measured by AFM Standard AFM
Cell pe Eam) Retemcne Indentation: conical tip

Endothelial cells

HUVEC 10-11 Sato et al. (2004)
- L3-72 Mathur et al. {2000
- 0917, 12.0-18 Ohashi et al (2002)
BPAEC n2-20 Pesen and Hah (2005)
Lenkocyies
Leukemia myeloid cells { HLGO) n2-14 Rosenbluth et al. {20065
Leukemia lymphoid | Jurkat) cells 2—0E
Neuwtrophils Q207
Conti organ's cells
Outer hair cells 30400 Tolomeo et al. { 19946)
Guinea pig's outer hair cells 24 Sugawara et al (2002)
Mouse outer hair cells 14 Murakoshi et al (2006)
Guinea pig's inner hair cells w1-05 Sugawara et al (2002)
Hensen's cells wi-1.1 -
Oatenblags 03-2000 Simon et al. (2003) SEl X2300 10gm WD 11.5mm
Astrocyies 2-20 Yamane et al. (2000)
Fibmoblasts 45 Bushell et al. {1999
Migrating 3T3 cells 3-12 Rotsch et al. {1999) > S h d h
: wete Mty 1. 2000 arp to damage the
L 929 4-5 Wi et al {1998)
.
Epidemnal keratocytes 10-55 Laurent et al (2005) Ce” membr'ane,
Platelets 1-50 Radmacher et al. { 1996)
Skeletal muscle cells M
Murine CyCys myoblass 1145 Collinswaorth et al. (2002) > In.r r‘o d u Ce h '9 h
Murine CyCy5 myombes A-14 Zhang et al. (2004) .
— S tress/st d
- 28-21 Mathur et al. {2001) S r'ess S ra' n un er‘
Myofibrils 4045 Yochikawa et al. {1990 . l . b h .
Cardiocyies W-110 Mathur et al. {2001) Tlp non lnear‘ e C(V'Or'.
Rat 3242 Lieber et al. (2004)
Chicken =200 Haofmann et al. {1997
Erythrocytes 14-18 Moz hanova et al. (2003) > Co n.rac-l- r'ad l us ve r‘y
19-33 Dulinska et al. (2006)
o - ll—high fluctuati
ot - small—high fluctuation
To-110 -

Kuzetsova et al. Micron 38. 824, 2007 NEBﬁgl&
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Introduction and Significance

AFM Indentation with Spherical tip: larger contact area, lower stress
Glue a sphere (glass or polymer) with d = 1~10um
The cell modulus is typically determined by:

Spherical tip Hertz contact model with spherical tip: \
3
/ 4 ENJRS2
"4 e Qausistatic indentation : P = JR

3 17
Dynamic indentation:

5(t)=0,+Adsin(at), P(t) =P, +APsin(awt +¢)
E'(w) AP 1 E"(w) AP 1
Spherical indentation 2 CoS ¢ 1-v2  AS 2+/RS

p \ 1=V A 2JRs v %

References based on spherical indentation:

Callies €., 2009, (endothelial cells):Carl P., 2008, (cho cells);Radmacher M.
2007, (eukaryotic cells); Hansen JC, 2006, (osteoblastic cells); Lu YB, 2006, T
Nebraska

(glial, neurons); Lulevich V, 2006, (lymphocyte): Rico F, 2005 (epithelial cells);
Mahaffy RE, 2004, (fibroblasts). Lincoln




Objective of our study

Hertz solution is for " elastic contact of semi-infinite space”.

conditions: s " cytoskeleton
(1) Isotropic, homogeneous material; ’/V
Cell nucleus
(2) Very small surface curvature; o/
(3) Indentation displacement d<«h; k.3
(4) 5<«<R. ,

Cells: shell-core structure
Problems: all those conditions are not

met for AFM indentation on cells Objectives:

(1)subcellular effect on spherical

C : ' | - : '
ytoskeleton: reported elastic modulus is indentation behavior of cell:

around GPa level, provide the main
mechanical properties of cells. (2)validation of conventional
indentation analysis.

Nucleus: 3~12 times stiffer than

cytoplasm from reference. _
N Nebiaska
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Studying Method (FEM)

I. Computational model of Geometric model: (axial symmetric)

nucleus effect: .R: 4um
Reference reported results: _
@ed onh endothelial, \

chondrocyte, neutrophil,
epithelium and smooth muscle
cell;

ature

T _I l’ v’ v, de ¥ I\

Material: linear elastic/linear Ynur v cell

viscoelastic model i i i i
Material model: linear viscoelastic

E =3~15E. ., 1, ~2
nu cyf.o Hpy /chf.0 Em/: 2~16 Ecyfa My, = 2 Heyto
Geometry: axial symmetric

structure A= 5.6-15um, d'= — T W —
9.4-21.1um and V,,/V ;< 10% o— |~ Standard
3 linear solid
MY ——

Bursa et al., 2006; Caille et al., 1998; Caille et al., 2002; Dahl et al., 2005; Deguchi N Bmﬁs—m o
et al., 2007; Guilak et al., 2000; Rowat et al., 2008: Ofek et al., 2009; Vaziri, 2007). LN Iaska
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Studying Method (FEM)

II. Computational model of Results:
cy’roskele‘ron effect:
Axial symmetric Simulations of Nucleus and
‘ sfructure ‘ cytoskeleton effects on:
: : (1) cell modulus based on the

Hertz's solution (conventional
indentation analysis);

e — —— (2)indentation contact radius;
Cytoplasm (p) and cytoskeleton (s) (3) Substrate stiffening effect;
Material: linear elastic material (4) Cell modulus after decoupling
E>>E,— E,=10~1000 E, the effects of contact radius

Geometry: has similar dimension and substrate stiffening.

as the last one with nucleus

VS - 6~12%Vce” Number': n= 3~6

Nebraska

Lincoln




11

Cell Property from Homogeneous Model

Eo: real cell modulus

=
w

=
(N
|

=
[EEY

[N

Normalized cell modulus: E/E,

Hertz solution

Normalized indentation displacement: 6/h

N

0802 004

For cell with homogeneous model:
4,2
- 3Pl
JR52
Problems:

(1) Hertz contact radius is less than
the computed one : aggy, > ap;

(2) Substrate interferes the
indentation stress field to stiffen
the cell.

Conventional solution:

Results:

Cell modulus is overestimated for
18%; about 10% from aggy > ao;
the rest from substrate
stiffening effect.

Nebraska
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Cytoskeleton effects

Cytoskeleton effect on cell modulus based on the Hertz solution

25T T T T T T T AT T |
uf [ o=1000, 200, 100, 50, 20,10 -] ' | Black: VyV,,=12%
| = | ' | Red ViV 6%
z = i
— -
3 -k
£ £
E 3
©
T T
£ E |
S S F :
pd
= | | E/E, = 100
1 6.02 — 0.04 — 0.06 | 0.08 — 0.1
o/h Normalized indentation displacement, 6/h
to Varying # and volume fraction of
/V, Z cytoskeleton,

— — uvEsTy ToF -
N | | Nebraska
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Cytoskeleton effects

Eoxa® — Contact radius effect: f, = (ayyn/Aperts)?

1.8 L L L L L 2T T T T T
B i ] B . ;: 0
.| a=1000, 2do, 100, 50, 20,10 | _ | Black: VilVeui=12%
- T | | B Red Vf/Vce”:6%
- B cl8 i -
016 | - ;
CD ©
= B (O]
;1'5 B 16
'-,;1.4 £
© S _ d
513 © Lar .- n=3 .
@ o |
c 5]
81.2 i S N ]
1.1 O :
| | E/E, =100 |
%).02 — 0.04 — 0.06 | | 0.08 — 0.1 doz 0-|04 — 0-:)6 — 0-:)8 — o1
Normalized indentation displacement, &/h Normalized indentation displacement, &/h
Varying cytoskeleton modulus, Varying # and volume fraction
with n=3 and V./V_,, = 6% of cytoskeleton,
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Cytoskeleton effects

14

Substrate stiffening effect scales with the stress at the bottom of cell ¢,

Substrate stiffening effect: fs-1/fsy-1=¢,/¢,4; f<o. £4o: homogeneous model;

15

= = = =
= N w B
T LI —— LI —— LI B

Substrate stiffening effect, f,

=
1 L

L L L L
- a = 1000, 200, 100, 50, 20,10

a = EJE,

0802

Normalized indentation displacement, 6/h

0.04 0.06 0.08 0.1

Varying cytoskeleton modulus,
with n=3.and Vs/Vce“ = 6%

N

2

T T T T T T T T T T
| Black: V/V,=12% ,
81.8 ,_ REd Vflvce“:r:G% t
= [ |
<5 i 1
2 6
E |
B |
E |
"(7')1.4
o |
9 B
"(7".)1.2
0 |
: |
N |t |
' . E/E, =100 ]
. . | . J . | . . . | c . . .
0.02 0.04 0.06 0.08 0.1

Normalized indentation displacement, 6/h

Varying # and volume fraction
of cytoskeleton,
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Cytoskeleton effects

Decoupling the effects of E-Efff f.: cytoskeleton effect
substrate and contact radius: 0ls'a’s Eo: cytoplasm modulus
1.2 — T T BT T T T T T T
. : W [ Red: Vy/V=6%
5 g— !
133 11F - S 1.2
2 E
£ 1 E
8 E 3
@ =
N 1 - qN) 1.1
T =
= £
o =
1 (@)
= a=EJE, | Z
080z — 0.234 — o.z)e — o.:)s — o1 8.0z
Normalized indentation displacement, &/h Normalized indentation displacement, &/h

Varying cytoskeleton modulus,
with n=3 and VS/Vce” =6%

N

Varying # and volume fraction

of cytoskeleton, _
Nebiaska
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Nucleus effect

Normalized cell modulus: E/Eo

-
o

s Cy“o Used in exp. -
6| __/
— A i R
L la=1,2 48, 16 i
2 — —
8.02 ‘ ‘ ‘ 0.234 ‘ I ‘ 0.:)6 ‘ ‘ ‘ 0.68 ‘ ‘ ‘ 0.1

Nucleus effect based on Hertz's solution

— T T T T T T T T T
| Volume fr'ai:‘rion V,/Veen = 10% |
- o =E./E

o =8 , ; Used in exp

Gét meTric model™ (axial symmetrT)

Neglect cell |
—strface curvature

i/ Lot 762 8, 808,10%

Normalized cgl modulus: E/
=
3

L L L I L L L I L L L I L L L
8.02 0.04 0.06 0.08 0.1

Normalized indentation displacement: 6/h Normalized indentation displacement: 8/h

N

The effect of nucleus modulus

The effect of nucleus volume fraction

Nebraska
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Nucleus effect

F.: nucleus effect

Heterogeneous model: E=Eyf f.f, E,: cytoplasm modulus

VT 7 T T T ] VT 7 1 1 ]
IR a= Enu/Ecyi/to B=10% 4 ok p= Vnu/Vcelli o =8 -
8 5 - s -

- b 1 =, < 0

g =24,816] ' w2’4’6’8’10/°

2 6 - A - 8 6 : —

E 1 £ f T

n 5 _: L 5 N :

> ] w °F

QO ] >

O 4 41 QD 4t

> 1 8 } -

= 1 Z s} :
2 — —f 2 F —f
1 . | | | — 1 . | . \: . | . . . | N —
0.02 0.04 0.06 0.08 0.1 0.02 0.04 0.06 0.08 0.1

<

Normalized indentation displacement, &/h

The effect of nucleus modulus

Normalized indentation displacement, o/h

The effect of nucleus volume fraction

Nebraska
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Cytoskeleton effect on indentation stress o,

G.:Gzz/Ep —4
Cytoskeleton
0.01 .
i 006 with the same
-0.13
10.20 Vs/Vp=67%
-0.27
0.34 ns=3
-0.41
055 Modulus increases
-0.62
R * E /E,=100 MU E./E,=1~1000

Nebraska
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Nucleus effect on indentation stress c,,

6'26../E Nucleus with
e the same

g 422
§§§§: V, /V.,=10%
8?&25 Modulus increases

E/E,=2~16

-0.475
-0.5375
-0.6

Nebraska
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Indentation stress c,, Animation

Animation of o, Without nucleus
(1)Pure cytoplasm

(2)With cytoskeleton
Vs/Vce||=6%, ES/EP= 100

(3)With nucleus
Vn/Vce"=8°/o, a=8

o =8 Voi/Vee=87% Lincoln
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Conclusions

. Cell mechanical properties are strongly dependent on the measuring
method. Under spherical indentation, cell modulus can be significantly
increased with a stiffer nucleus; while cell modulus is not sensitive with
the cytoskeleton.

. The Hertz contact radius can introduce much larger error that it in the
homogeneous model. The substrate stiffening effect is also much
stronger in the heterogeneous model.

. Based on the conventional indentation analysis, with V,/V.,, = 2~10%,
E./E, = 2~16, the nucleus effect can cause the cell overall modulus to vary
in the range of 1.18~7.8 times. After correcting the effects of contact
radius and substrate, it increases by as high as 6 times.

. Based on the conventional indentation analysis, with V./V_,, = 6~12%,
E,./E, = 10~1000, the cytoskeleton effect can cause the cell overall

modulus to vary in the range of 1.3~3.6 times. After correcting the
effects of contact radius and substrate, it increases by only 15%.

Nebraska
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Future Works

Consider the real cell shape, like the partial ellipsoidal shape;
Introduce the real 3D simulations.

Consider the real nucleus shape, like ellipsoidal shape;
Introduce the cytoskeleton into the 3D cell model;

Comparing cell properties determined under different method:
tensile, compression, magnetic twisting and AFM indentation.

Nebraska

Lincoln
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Conventional indentation analysis

g
. AFM

Spherical indentation

Dynamic Load

[o2]
o

Displacement

Time

Dynamic loading profile

Qausistatic indentation :

4E«/_52

3 1-v?

Elastic model: P=

Viscoelastic model:

d| 5(t—s)2

311/

P(t)=

E"(w
= = COS ¢ 1_(V2) -

sin
AO 2a ¢

5(t)=0,+Adsin(at), P(t) = P, + APsin(at+¢)

]_! ! Lincoln
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Homogeneous cell model

Geometric model: Material model: Computatiq model:
Indenter />R ﬁ_,WE\ZM_
Cell ; r ) O— i O
Rigid S Y /YR
substrate i
constrained Standard linear solid e

S | " Geometric effect: “ /" Not valid

'~ Cell indentation: ‘; >Indenter tip size | The Hertz model

" (1) Indenter tip size: R=1~40um; |y gl radius | 8<<h, 6<<R

'~ (2) Cell radius: r=10~20um; I->>Cell thickness _»

- (3) Cell thickness: h=5~10um; (substrate) e ax+RS

' (4) Rigid Substrate; | - :
(5) Deep indentation; 6=0.5~ 1um Substrate stlffenlng P _4 Eﬁf
e effect i 3 1-v

Conventional indentation analysis is not valid for biological cell measurement.

INepraska.
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Contact radius effect on cell indentation behavior

Numerical simulations of cell indentation behavior

0-10NNNINNNINNNINNNIIII 2-5IIIIIIIIIIIIIIIIIYIIIIXNIIIII
- 1 [ o e (d/a) h=5pm ah=10% :'
¥t Numerical solution [ Vv dp/dsizah=sum
i 0.08 |- S | om (4a) h=10um /
o B . =
s I With corrected < [ ~*dp/ds/2ah=10um
O N . ] 8 =
5 | contact radius 1 & 2 !
L o i
c 0.06 | -1 O D
9 = 7 — | :
g | R
s | 15 |
o B ] ©
£ A -
3 0.04 |- 15
N i 1 & 15}
S i 1 %9 i
S I 1 £
= B 1 o N
Z 0.02} 4 ©
B R=4pum 7 B Filled Symbol: r=20um
i \ h=5um i Unfilled Symbol: r=10um
0.00 r . - .1 -, . .1 ., . .1 ., . 1 T BN BN SN BN SR
0 2 4 6 8 10 0 0.5 1 1.5 2 2.5 3

Normalized Indentation Depth, &/h (%) Normalized Indentation Tip Radius, R/h

Contact radius effect on cell

Indentation force-displacement relationship indentation behavior

Underestimating contact radius - Overestimating elastic modulus 130%

INepraska
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Substrate stiffening effect on indentation behavior of cell

Von Mlses i i i i I i i i i I i i i i I i i i i I i i i i I i i
Stress 3 oe Pwu/P h=5um
(kPa) | v v dp/ds/2a h=5um

L om Pe/P h=10um
12.0 dP/d5/2a h=10um
11.0
10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

N
4]

ot

Overall Correction Factor, f,;
N

=
&

B Filled Symbol: r=20pum
1 Unfilled Symbol: r=10um —
Tg L L L l L L L L l L L L L l L L L L l L L L L l L L L L u
0 0.5 1 15 2 2.5 3

Normalized Indentation Tip Radius, R/h

Overestimation of cell properties using

ah =2.0% ah =3.5% conventional analysis

Von-Mises stress of cell indentation

Underestimating Neglecting — Overall overestimation | . -
contact radius Substrate stiffening of E of 200% ka
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Heterogeneous cell model

*~ Rigid tip
43
a Cytoplsma
‘ ‘/V ' Ecyt01 Heyto
&9 “Cell nucleus Nucleus
777777777777 Enuuunu
Vnu ~ 1O%Vcell
Heterogeneous cell model gl
we Computational model
WA ' The effects of nucleus on:
Cytoplasm, nucleus: SLS model ' (1) Indentation displacement -
| contact radius relationship;
Nucleus: stiffer, more viscous . (2) Substrate effect; ,
En = E+E,=3~15E,,, H4w~2Heyo

E Whether or not cell properties can be determined from conventional analysis. % ?
L
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Nucleus effect on indentation behavior

3 — 1 T 1 1 T T T T 1.4 L L DL I !
| 0=E/Eey R=4um | | /o R=4um |
_ | - Linear Fitting |
e Dynamic a=4 | i FEM A
® Dynamic a=1 ~
25 y (X,:16 ﬁw\&,\w — 13

N

=
=

RN
o
Nucleus Stiffening Effect, f,,
[EEY
N

Normalized Elastic Modulus, E_,/E_,,

1 2 4 6 8 10
Normalized Indentation Displacement, 5/h Normalized Indentation Displacement, 3/h

Conventional Indentation analysis based After removing substrate effect and

on Hertz model: correcting contact radius:

Ecai=2.6 E. 0 If E,,=16E,, at 6/h=10% Ecer=1.3 Eqypo if E;=16E 4,

Convention analysis can cause much higher overestimation of cell modulus from
heterogeneous structure.

TIL [T



31

Substrate effect of Heterogeneous Model

Homogeneous

Substrate stiffening effect scales with the stress at the bottom of cell ¢,

Contribution from aggp > apt f=(apen/ag )3.

Substrate stiffening effect: f./fo=e./e0;  f<o. €o' homogeneous model;

8

|
T |
— I - —
E ViulVeei=10% i fso—l.og | _\Vnu/\/cell_%' 4,6, 8, 10%
I T
, | |
-’ | — |
S || a=2,4,8,16 | ‘—.n\ |
5 o | 2 —
. | | =, |
~ | = |
SIS P | " 1 — |
ot k i = |
o1 |
|
| |
|

| o=8
0 - ‘ : ‘ L ‘ ‘ ‘ ‘ 0 - -

1
0 001 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Normalized Indentation displacement Normalized Indentation displacement
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Current and planed work

Building cell model to simulate the blast response at cellular level based on
both experiments and numerical simulations:

»Cell mechanical behavior under compressive loading
»Response time of cytoskeleton remodeling
»Cell mechanical behavior under global loading

Cell

Flat indentation Substrate compressive loading

< Y
N

Global + compressive loading
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