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ARTICLE INFO ABSTRACT

Mechanotransduction—the process living cells sense and respond to forces—is essential for maintenance of
normal cell, tissue, and organ functioning. To promote the knowledge of mechanotransduction, atomic force
AFM microscope (AFM) force-indentation has been broadly used to quantify the mechanical properties of living cells.
FEM . However, most studies treated the cells as a homogeneous elastic or viscoelastic material, which is far from the
Contact mechanics real structure of cells, and the quantified mechanical properties cannot be used to investigate the inner working
mechanism of mechanotransduction, such as internal force distribution/transduction. Therefore, a new vis-
coelastic finite element method (FEM) model is proposed in this study to simulate the force response of living
cells during AFM force-indentation measurement by accounting for both the cell elasticity and viscoelasticity.
The cell is modeled as a multi-layered structure with different mechanical characteristics of each layer to account
for the depth-dependent mechanical behavior of living cells. This FEM model was validated by comparing the
simulated force-indentation curves with the AFM experimental data on living NIH/3T3 cells, and the simulation
error was less than 10% with respect to the experiment results. Therefore, the proposed FEM model can accu-
rately simulate the force response of living cells and has a potential to be utilized to study and predict the

Keywords:
Cell mechanotransduction

intracellular force transduction and distribution.

1. Introduction

Mechanotransduction—the continual process of sensing, transmis-
sion, and response to external mechanical stimuli of live cells—is es-
sential for maintenance of normal cell, tissue, and organ functioning,
such as proliferation, differentiation and tissue organization (Wozniak
and Chen, 2009; Mathieu and Loboa, 2012; Abu-Lail et al., 2006;
Amano et al., 1996; Liu, 2006; Moeendarbary and Harris, 2014). Un-
derstanding the basic working mechanism of mechanotransduction can
lead to breakthrough improvements in biochemical and biomedical
sciences and engineering. For example, it is suggested that the cure of
cardiac hypertrophy and heart failure leans on a comprehensive un-
derstanding of cardiovascular muscle mechanotransductive process
(Stansfield et al., 2014; Lyon et al., 2015), and proper mechanical sti-
muli can help to boost the mammalian adaptive immune system by
regulation of T-cell functions (Chen and Zhu, 2013; Previtera, 2014). To
understand the mechanical properties of cells and understand the in-
tracellular force transduction process, atomic force microscope (AFM)
indentation has been broadly used for living cell mechanical char-
acterization due to its superior capability of the precise force and lo-
cation control (Giridharagopal et al., 2012) compare to other
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experimental techniques, such as optical/magnetic tweezers (Gosse and
Croquette, 2002; Honarmandi et al., 2011; Polacheck et al., 2014), and
micropipette aspiration (Liu and Shao, 2014; Evans et al., 2005).
However, AFM indentation measurement, like all other experimental
approaches, can only quantify the cell deformation under various me-
chanical stimuli (Yan et al., 2017; Efremov et al., 2017)—the inner
working mechanisms by which living cell senses and responses to ap-
plied mechanical excitation still remains unclear.

To promote the understanding of the force transduction process in
living cells, finite-element method (FEM) has been implemented to si-
mulate the internal stress distribution and transduction in response to
the external mechanical stimuli. By defining the geometry and material
properties of the cell, the internal cellular force transduction can be
readily simulated subject to the given boundary conditions and ex-
citation profile. Baaijiens et al. created a 2D non-structural model of a
chondrocyte with homogenous elasticity to predict the cell's response
subjected to the micropipette aspiration (Baaijens et al., 2005). Caille
et al. developed a 2D structural model of an endothelial cell with
homogeneous incompressible hyperelasticity to achieve the mechanical
properties subjected to compression (Caille et al., 2002). Chen et al.
developed a 2D model for AFM nanoindentation on chondrocyte by
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treating the cells as a homogeneous viscoelastic material (Chen and Lu,
2012). Although the 2D models can help to simulate intracellular force
analysis to some extent, they cannot be applied to study the force dis-
tribution and/or transduction along the vertical direction, which is very
crucial for nanoindentation case studies. Therefore, Bursa et al. ex-
tended the 2D model to the nonstructural 3D model based on a smooth
muscle cell with homogeneous elasticity, in order to obtain the material
parameters by Mooney-Rivlin hyperelastic strain energy density func-
tion (Bursa and Fuis, 2009). McGarry and Prendergast developed six
idealized-shaped structural models, described as increasingly spreading
shapes, of chick embryo fibroblasts adherent to substrate, for the pur-
pose of verifying the availability of these models in evaluating the
cellular structural response to different compression, indentation, and
magnetic tweezers tests (McGarry and Prendergast, 2004). However,
none of these models have considered both the elastic and viscoelastic
behavior of cells at the same time nor have been validated with ex-
perimental results. Furthermore, the assumption of homogeneity and
use of idealized geometry in the 3D models are inconsistent with the
true properties of living cells—the heterogeneous multi-layered nature.
Without modeling the cell close to its true structure, it is nearly im-
possible to understand the force transduction process among different
cell structures. Therefore, a more realistic FEM model which considers
the actual shape and structure, as well as elastic and viscoelastic
properties of living cells, needs to be developed and be further validated
with experimental results to improve the understanding of mechan-
otransduction process.

In this study, a FEM model is proposed to simulate the force re-
sponse of living cells during AFM indentation. The FEM cell model
consists a multi-layered structure, and its geometric size and material
properties were determined by cell image and indentation experiments
conducted by AFM, respectively. The proposed FEM model was vali-
dated by comparing the simulated force-indentation curves with the
AFM experimental data, and the simulation error was less than 10%
with respect to the experiment results. Therefore, the proposed model
provides a way of promoting an in-depth understanding of mechan-
otransduction.

2. Methods
2.1. Cell preparation

Primary mouse embryonic fibroblast cells (NIH/3T3) were seeded in
35mm tissue culture dish (Corning, NY, USA), and cultured in
Dulbecco's Modified Eagle's Medium (ATCC, Rockville, MD, USA) with
10% (V/V) calf bovine serum (Sigma-Aldrich, ST. Louis, MO, USA) and
1% (V/V) penicillin-streptomycin (Gibco, Grand Island, NY, USA).
Immediately after seeding, the cells were kept at 37 °C in a 5% CO,
incubator for 24 h. Then the dish was rinsed with the aforementioned
cell culture medium (warmed up to 37 °C) to remove dead and loosely
attached cells right before the AFM measurement. The cell viability was
guaranteed both before and during testing since only cells with normal
morphology (i.e., with cell membrane smoothly spread out on the
substrate (Clynes, 2012; Paul et al., 1970)) observed under the micro-
scope were measured during the experiment, and the AFM measure-
ment data were smooth without any sudden variations.

2.2. Atomic force microscope

AFM measurements were performed at room temperature on a state-
of-the-art biomechanical characterization system (BioScope Resolve,
Bruker Inc., CA, USA) which is integrated with an inverted optical
microscope (IX73, Olympus, Japan). The drive voltage, the piezo dis-
placement data, and the cantilever deflection of the AFM were acquired
using an NI PCle-6353 DAQ board (National Instrument, TX, USA) with
Matlab Simulink Desktop Real-Time system (Mathworks, MA, USA).

NIH/3T3 cells were probed in the aforementioned medium using a
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colloidal probe cantilever (Novascan, IA, USA) with a sphere radius of
2.5um and cantilever spring constant of 0.03 N/m (calibrated using
thermal tune approach (Hutter and Bechhoefer, 1993)). Before and
after the measurements, the relationship between the photodiode signal
and the cantilever deflection (the deflection sensitivity, S) was cali-
brated using force curves at a bare region of a silicon sample. Therefore,
the AFM probe-sample interaction force, F(t), was quantified as,

F(t) =k x Sxd(t), (€]

where k is the cantilever spring constant, and d(t) is the cantilever
deflection increase since contact is first established between the probe
and the cell. The indentation depth, §(t) was then quantified as,

§(t) =z(t) — d(®) (2)

where 2(t) is the height of the probe (i.e., the AFM piezo displacement)
with respect to its position at the initial probe-sample contact.

2.3. Finite element model

The process by which the AFM probe indented into the cell mem-
brane and underlying cytoskeleton was modeled. A 3D finite element
method (FEM) model was created using ANSYS 17.2. In this paper, the
measurements were presented as mean * S.D.

2.3.1. Cell image and FEM design

The AFM probe (i.e., the bead indenter) was modeled as a rigid
sphere with the radius of 2.5 um as its real shape. The FEM cell model
consists of three layers: the semi-ellipsoid outer layer represents the cell
membrane and underlying cytoplasm; the middle layer represents the
cell nucleus which has a similar spreading shape as the cytoplasm with
a distance of 0.1 um from the substrate; the inner layer ellipsoid re-
presents the cell nucleus, which is the hardest part of a cell. The FEM
model of the probe-cell contact system is illustratively shown in Fig. 1.

Ten different NIH/3T3 cells seeded in cell culture dishes were im-
aged using contact mode AFM in the aforementioned cell culture
medium at room temperature to determine the geometric size of the cell
for the proposed FEM model. The AFM topography image allowed us to
directly quantify the 3D size of NIH/3T3 cells. As an example shown in
Fig. 2, the shape of NIH/3T3 cells attached to the cell culture dish could
be approximated as a semi-ellipsoid. The ten imaged cells had a length
of 60.1 + 42um, a width of 13.2 + 2.7um, and a height of
6.3 = 1.5um, respectively. The nucleus had a length of
11.3 = 2.1 pum, and a width of 10.5 = 1.3 um. The size of the nu-
cleolus was estimated as 2.3 = 0.9 um in length, and 1.7 * 0.6 um in
width based on captured optical images of the cells (see Fig. 2 for an
example of one cell).

Therefore, according to AFM and optical images, the cell in the FEM
model was approximated as a semi-ellipsoid with the height of 6 um,
the major axis of 30 pm, and the minor axis of 6 um. The second layer
(the nucleus) of the FEM was modeled as a semi-ellipsoid with the
height of 5.4 um, the major axis of 6 um, the minor axis of 5.4 pym, and
the distance of 0.1 um from the substrate. The inner layer (nucleolus)
was an ellipsoid with the major axis of 3 um, and the minor axis of
2 um.

2.3.2. Material properties

The cell model and the indenter were treated as an isotropic elastic-
viscoelastic body and an isotropic elastic body, respectively.
Specifically, the cell is treated as an elastic body along the normal di-
rection, and as a viscoelastic body (e.g., generalized Maxwell solids)
along the shear direction. As the AFM sphere indenter was made of
Si0,, it was thus treated as a linear elastic and isotropic continuum with
the Young's modulus of 70GPa, and the Poisson's ratio of 0.24
(Yeganeh-Haeri et al., 1992). For simplicity, the Poisson's ratio of the
cell was chosen as 0.37 for all the three layers as used previously (Bursa
and Fuis, 2009; Shin and Athanasiou, 1999). As shown in previous
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Fig. 1. (A) The finite element model designed in ANSYS; (B), (C), and (D) are the top view, the major-axis view, and the minor-axis view of the FEM model,

respectively.
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Fig. 2. An example of AFM topography image of a NIH/3T3 cell seeded on a
cell culture dish.

studies that living cell elasticity is depth-dependent (Sedef et al., 2006;
Chung and Mansour, 2014), the cell model was assumed to have dif-
ferent Young's modulus at each layer, which were determined using an
elastic contact model (e.g., the Hertz model) and the data from AFM
force-curve measurement measured at a low indenting velocity (i.e., the
elastic behavior of the cells is dominant) (Liu, 2006; Moeendarbary and
Harris, 2014). The viscous property of the cell was quantified by fitting
the force-relaxation measurement results using the Prony series model.
The details of how to quantify the cell material properties are presented
below.

(i) Quantification of the Young's modulus—elastic model. To quantify
the Young's modulus, living cells are conventionally treated as an iso-
tropic elastic body, such as in the Sneddon model or the Hertzian
model, depends on the indenter shape (Bursa and Fuis, 2009). As the
Young's modulus of the spherical indenter is at least three orders higher
than that of living cells (70 GPa vs. a couple of kPa), also, the strain
level was less than 20% in the cell, the Young's modulus of NIH/3T3
cells can be readily quantified using the thin-layer Hertz model at a low
indenting velocity as (Faria et al., 2008; Chen, 2014):

F(O) = s S0 ()

a- 3

where r=2.5um is the equivalent radius of the spherical bead,
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v = 0.37 is the Poisson's ratio of the cell. f;(X) is the geometrical cor-
rection factor which is given by,

2 4a2
LOO=[1- 22X+ X2

4al 2
- 0 (e + X3
16 372
150 (o 4 )XY @
and,
X< Jré(t)
Tk )
where h is the cell height,
_ 1.2867 — 1.4678v + 1.344202
0 1-v (6)
and,
B, = 0.6387 — 1.0277v + 1.5164v?
0 1-v ™

Consider the depth-dependent elasticity of living cells (Liu, 2006;
Moeendarbary and Harris, 2014), we propose to quantify the Young's
modulus of the cytoplasm and nucleus separately. Based on the shape of
the sphere indenter, we assumed that the probe-sample contact area
was semispherical given the indentation depth used in this study did
not exceed the radius of the indenter. Since the distance between the
nucleus and the substrate was negligible compared to the height of the
cell, so was the thickness of the cell membrane, it is reasonable to
consider the cell as a three-layered structure during the AFM indenta-
tion process: the membrane + cytoplasm layer (or cytoplasm layer), the
nucleus layer, and the nucleolus layer as showing in Fig. 3.

To quantify the Young's modulus of these three layers, the NIH/3T3
cells were indented at a very slow speed (0.08 um/s) with an indenta-
tion depth much larger than the thickness of cytoplasm. So that during
the indenting process, the stress of the cell within the probe-sample
contact region was uniformly distributed and the cell was at steady
state (Mijailovich et al., 2010). The third layer (nucleolus) is a very
dense fibrillar component inside the nucleus, and its size is much
smaller than the cell height and the thickness of the cytoplasm (Shaw
and Brown, 2012). Compare the size and stiffness of the third layer with
the first and second layers, the deformation of the nucleolus caused by
AFM indentation is treated as negligible (Shaw and Brown, 2012).
Therefore, the uniform distribution of intracellular stress yields,
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(8

where L is the stress uniformly distributed within the probe-sample
contact region, E, is the Young's modulus of cytoplasm, E,, is the Young's
modulus of the nucleus, and E._, is the combined Young's modulus of
cytoplasm and nucleus. Ax; and Ax,, [; and [, are the displacement and
thickness of cytoplasm and nucleus, respectively, as showing in Fig. 3.
The thicknesses of [; and I, were specified according to the geometrical
size of the designed model, and the displacements were quantified
based on the AFM force-curve measurement. The Young's modulus of
cytoplasm (E.), and the combined Young's modulus (E._,) were ob-
tained from the AFM force-curve experiments at small and large in-
dentation depths, respectively. Specifically, E. was determined using
the measured force and indentation when the indentation was small
enough so that the deformation of the nucleus is negligible (i.e., Ax,=0
and & = Ax;), then when the indentation was big enough to deform
both the cytoplasm layer and the nucleus, E._, could be quantified
since § = Ax; + Ax,. Note that the contact area A could be quantified
readily using § as the indenter was an ideal sphere. Then the Young's
modulus of the nucleus (E,) was quantified using Eq. (8).

(ii) Quantification of relative moduli and relaxation time—Viscoelastic
model. To describe the viscoelastic behavior of NIH/3T3 cell—the dy-
namic nature of living cells, a linear viscoelastic model, i.e., the Prony
series model, was adopted (Sedef et al., 2006; Chung and Mansour,
2014).

Specifically, the living cells are treated as the generalized Maxwell
solids, which consists of Newtonian dashpots and Hookean springs (Del
Nobile et al., 2007; Kaliske and Rothert, 1997). Therefore, the shear
modulus, G(t), can be quantified from the force-relaxation measure-
ment, i.e., the AFM probe rests on the cell after indentation (Sedef et al.,
2006), as

3Es()A —v)
85vs AV, ravs 1 (Xvs) (9)

where F,4(t) is the probe-cell interaction force during the relaxation
process, 8,5 was the cell indentation at the beginning of the relaxation
process. f1(X,s) is the geometrical correction factor which is given by,

G(t) =

2 4a2
fi(Xvs)z [1 - %Xvs + ”_20ng
dag 3 dx? 3
= 2 (@ + TSR

2
+ 150 (ad + TB)X ] 10)

1D

where ag and f3 are given as Egs. (6) and (7), respectively. According to
the generalized Maxwell model, the relaxation modulus can be further
expanded using the Prony series (Chung and Mansour, 2014), as

N =t
G(t) = Golow + ), e ]

= 12)

where G is the instantaneous modulus, i.e, Go = G()|t— 0. a.. is the
normalized infinite modulus, o; is a material related relative moduli
constant, and 7; is the material relaxation time constant. In this study,
we considered the one-term Prony series bellow, i.e., N = 1, which has
been proven fit the force-relaxation data of living cells fairly well
(Chung and Mansour, 2014; Darling et al., 2006).

G(t) = Gylotey + 71 (13)

Gy, the instantaneous shear modulus, was obtained at the beginning of
the force relaxation curves (i.e., G(0) = Gy at t = 0). Therefore, ac-
cording to Eq. (13), a.. + a; = 1. Then, the viscoelastic parameters of
NIH/3T3 cell, a.., a;, and 7;, were obtained by fitting the relaxation
modulus quantified from Eq. (9) using Eq. (13).

2.3.3. FEM conditions

Since the substrate (cell culture dish) was much harder than the
cells, the basal surface of the cell was constrained to zero displacement.
We also assumed that no relative displacement existed between the
layers inside of the cell (no-slip condition). The probe-cell interaction
force was limited to repulsive tension only (no tractions forces), and
stable-probe sample contact was assumed throughout the force mea-
surement process (McGarry and Prendergast, 2004), i.e., the apical
surface of the cell (membrane) was in complete contact with the AFM
tip. The cell surface that was not in direct contact with the probe was
prescribed to zero stress and the side edges of the domain were free to
move.

The connections of different material layers were set as bonded, and
the default triangle elements were used to discretize the cell membrane
and underlying cytoskeleton (the first layer). The shape checking
method of the generated elements was set to be aggressive mechanical.
Elements of 0.8 um were used for the spherical tip model and 0.4 pm
was the maximum for the three-layered cell model. The mesh was
chosen by systematically reducing its size until the results were in-
dependent of element size.

3. Results
3.1. Young's modulus

To quantify the cell elasticity, NIH/3T3 cells were indented at the
velocity of 0.08 um/s with a targeted indentation depth of 1 um. This
operation was repeated five times (each time on a different cell), and
the obtained force-indentation curves are shown in Fig. 4. The reason of
choosing such a slow indentation velocity is to ensure that the in-
tracellular stress was uniformly distributed and the elastic behavior
dominated the cellular mechanical response during the indenting pro-
cess—to satisfy the condition of the Hertz model and the assumption of
Eq. (8), respectively. Then each force-indentation curve was fitted using
the corrected Hertz contact model (Eq. (3)) to quantify the Young's
modulus. To be consistent with the FEM model, the force-indentation
curve was divided into two segments to quantify the Young's modulus
of the cytoplasm E. and the cytoplasm-nucleus combined Young's
modulus E._,. The separation point of the curve segments was
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Fig. 4. The error bars represent the AFM force-indentation curve
range for all the five measurements (for the indentation depth of
1 um). Each force-indentation®? curve was divided into two parts
to quantify E, and E,_,. The intersection point (§= 0.625 pm) of
the curve segments was determined to achieve the best fitting
results using the corrected Hertz contact model (with an RMS
fitting error of 0.56 % ~ 4.97% for the five measured curves). The
blue part is used to obtain E, = 83.77 + 14 Pa for the cytoplasm
layer, and E._, = 253.7 *= 31.8 Pa was quantified through curve
fitting the red segment. For comparison, the average curve of the
AFM measurement (in green) was also fitted as a whole using the
corrected Hertz contact model (in orange), which led to an RMS
fitting error of 16.79%.

operation was repeated five times (each time on a different cell). In
order to get the cell viscoelastic parameters, the shear modulus curve
was obtained using Eq. (9), and then fitted with the one-term Prony
series (N =1 in Eq. (12)). According to the relaxation curves, we
quantified that Go = 145 + 20.555 Pa. This yielded a fitting result of
a; = 0.6108 * 0.095 (relative moduli) and 7; = 5.56 + 0.07 s (re-
laxation time) (see Fig. 7). The mean values of a; and 7; were adopted
as the relative moduli and relaxation time, respectively, for all layers of
the cell in the FEM.

3.3. Finite element modeling results

1.2 \ ‘ ‘
w B300 = FO=4f, 00ErS(1)**/3(1v)
1200 — F(t)=4f,00F, Vr8()*2/3(1v?) .
535 = F(t)=4f,(XEVr&(t)¥?/3(1-v?) i
0.8 - >c3 % 100 | —Average of five measurements B
. 2 H
=
£06
S
204 .
02 .
0 == o
L 1 L 1 1 1 L
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
&2 (Hma/z)
(A) (8)
100 460]
95 440
90 420
& 85 & 400
w” 8o wi3g0
75 360
70 340
65 320

Fig. 5. The quantified Young's modulus: (A) of the cytoplasm layer
E,. = 83.77 * 14 Pa, (B) of the nucleus E, = 395 + 50.67 Pa. n = 5.

determined to achieve the best fitting results with an RMS fitting error
(0.56 % ~ 4.97% for the five measurements) of Hertz contact model for
the entire curve. Based on the height of the cell and nucleus size chosen
in the FEM, E. = 83.77 + 14Pa and E._, = 253.7 = 31.8Pa was
quantified (see Fig. 4). Then E, = 395 *= 50.67 Pa (nucleus) was
quantified using Eq. (8). The quantified Young's moduli are shown in
Fig. 5. These quantified Young's moduli match the results from previous
studies on AFM micro-indentation of NIH/3T3 cells fairly well (Nawaz
et al., 2012; Guilak and Mow, 2000; Guilak et al., 2000). Specifically, as
reported by Kamm et al. (2000) and Nawaz et al. (2012) (Nawaz et al.,
2012; Guilak et al., 2000), the Young's modulus of cytoplasm was about
100 Pa, and the Young's modulus of the nucleus was about 400 Pa. So
the Young's modulus values in our experiments concur with the pre-
vious sources. Furthermore, fitting the average force indentation curve
(the average of the five measurements) as a whole led to an RMS fitting
error of 16.79%, which demonstrated that for the chosen targeted in-
dentation, the cells should be treated as a heterogeneous material when
estimating the Young's modulus.

As the measured Young's moduli were validated by previous results,
the mean values of E, and E,, were adopted as the Young's modulus of
the first and second layers of the proposed FEM model, respectively.
Since it's very challenging to quantify the elasticity of the nucleolus, the
upper range of E,—450 Pa was used as that of the inner layer in the FEM
model. Actually, given the size of the nucleolus is about 10% of the
nucleus, it is expected that the Young's modulus of the inner layer
would not affect the FEM model analysis much.

3.2. Relative moduli and relaxation time

To quantify the cell viscoelasticity, NIH/3T3 cells were indented at
the same velocity of 0.08 um/s until the indentation depth of 1 um was
reached, and the bead indenter was held at the corresponding position
for 11 seconds to get the force-relaxation curve (see Fig. 6). This

112

To validate the proposed FEM, the force-indentation curves gener-
ated from FEM simulation were compared to those obtained from the
AFM indentation experiments under the same measurement conditions.

For the better demonstration of the validity of the proposed FEM,
the indenting velocities and indentation depths used for validation were
intentionally chosen differently from those used for the cell mechanical
property quantification. For FEM simulation, the probe-cell contact
interface was set to deform at a velocity of 0.1 um/s until three dis-
placements were reached: 0.7 ym, 1 pm, and 1.2 pm. When the contact
interface displacement (i.e., cell indentation) was specified in the FEM,
the model computed the probe-cell interaction force based on the
specified probe and cell material properties, accordingly. The FEM si-
mulation results at the targeted indentations are shown in Fig. 8. The
AFM indentation measurements were performed using the same in-
denting velocity and targeted indentation depths, and for each depth,
the measurement was repeated five times with each time on a different
cell. The FEM force-indentation curves were shown and compared to
the average AFM measurements under each condition in Fig. 9. The
FEM force vs. indentation curves match the AFM indentation mea-
surement results well. Specifically, the entire force-indentation curves
of the FEM were close to the experiment results under similar indenting
conditions: the RMS relative difference of the entire force-indention
curve between the FEM result and the AFM indentation data was 6.67%
(with respect to the AFM measurement result) at the indentation of
0.7 um, the FEM force-indentation curve at the targeted indentation of
1.0 um was 8.46% different with respect to the AFM measurement at
the same indentation depth, and the RMS difference between the FEM
force-indentation curve and the AFM indentation experiment data was
9.72% different (with respect to the AFM measurement) for the in-
dentation of 1.2 um. Consider the material property measurement un-
certainty, the FEM simulation results match the AFM experiment results
fairly well.

In the aforementioned research, the Poisson's ratio was assumed as
0.37. Theoretically, the value of Poisson's ratio could affect the simu-
lation result. According to the previous studies, the reported Poisson's
ratios of living cells are mostly between 0.35 and 0.45 (Trickey et al.,
2006). Therefore, to verify the effect of different Poisson's ratio values
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Fig. 6. (A) The AFM force-relaxation curves when the initial indentation depth was 1 pm. The blue bars denote the force data range of the five measurements. (B) The
shear modulus curve obtained using (A) and Eq. (12) (the star curves) of the five force-relaxation measurements, and their Prony series fitting results (solid lines).

on the proposed model, five Poisson's ratios (e.g., 0.35, 0.37, 0.39, 0.41,
0.45) were applied to the material parameter of the model. The probe-
cell contact interface was set to deform at a velocity of 0.1 pum/s until
the displacement was reached. As an example, for the targeted in-
dentation of 1.2 um, the RMS relative differences of the entire force-
indention curve between the FEM result and the AFM indentation data
were 8.43%, 9.72%, 10.12%, 10.53%, and 10.24% at the Poisson's ratio
of 0.35, 0.37, 0.39, 0.41, 0.45, respectively, as shown in Fig. 9. The
standard deviations of the force at each chosen indentation point during
the entire indenting process for the five Poisson's ratios were all less
than 4.3E — 05 nN, and the deviation errors with respect to the average
simulation results at those indentations were less than 16% (see Fig. 9).
According to this sensitivity test result, the Poisson's ratio ranges from
0.35 to 0.45 does not affect the FEM simulation result significantly.
Therefore, it is reasonable to choose the Poisson's ratio of the cell as
0.37 in the FEM model.

4. Discussion

The results have demonstrated that the proposed FEM simulation
matches the AFM indentation experimental data very well. The pro-
posed FEM takes the heterogeneity, e.g., depth-dependent elasticity, of
living cells into account by modeling the cell as a multi-layered elastic-
viscoelastic structure. The Young's modulus of different parts of the cell
was quantified by dividing the experimental measured force-indenta-
tion curve into segments and fitting each part using the corrected Hertz
contact model (Faria et al., 2008), which led to more accurate material
property estimation for the proposed FEM. Indeed, larger fitting error
(16.79%) could be induced when fitting the force-indentation curve as a
whole (homogeneous assumption), as shown in Fig. 4. Since under the
given experiment condition (slow indenting velocity and large in-
dentation depth), the thin-layer Hertz model is adequate to describe the
mechanical behavior of living cells during the slow indentation process
(Faria et al., 2008), the above large fitting error is indeed a result of the
homogeneous assumption of cells. Therefore, the multi-layer model we
proposed is validated. According to Kamm et al. (2000) and Nawaz
et al. (2012) (Nawaz et al., 2012; Guilak et al., 2000), the cell nucleus

(A)
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% S 06!
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(with a Young's modulus of 400 Pa) is four times harder than the cy-
toplasm (with a Young's modulus of 100 Pa). In this study, the average
Young's modulus of cytoplasm and nucleus quantified were 83 Pa and
390 Pa, respectively, which compared well with the reported values,
thus, led to a relatively small difference between the FEM simulation
results and experiment data.

As revealed in this study and literature, the cells are depth-depen-
dent in terms of mechanical properties (Faria et al., 2008; Mollaeian
et al., 2018). This depth-dependent mechanical behavior of living cells
is likely caused by the material heterogeneity, such as the difference of
mechanical behavior of the cell components (e.g., membrane, cytos-
keleton), and organelle distribution inside the cytoplasm at the dif-
ferent depths. To account for the significant difference of structural
components in affecting the cellular mechanical behavior, the living
cell in the proposed FEM was divided into three layers. Based on our
simulation results, the differences in elastic properties of each compo-
nent significantly affected the force-indentation relation obtained.
During the indenting process, a small jump was always observed when
the indentation was around 0.5um for each simulation, and it was
noticed that the slope of force-indentation changed greatly after this
jump, especially for the indentation depth of 1.2 pm. This can be ex-
plained by the difference of the material properties between the cyto-
plasm and nucleus. At the beginning of the indentation process, most of
the probe-cell interaction force was created by the cytoplasm, together
with the cytoskeleton and the cell membrane, so that the slope of the
force-indentation curve was much smaller than the latter part, in which
the effect of the nucleus (with a much bigger Young's modulus) became
more significant as the increase of the indentation depth. Therefore, the
simulation results concurred with the experimental results that the
slope of the force-indentation curve (represents the cell stiffness) in-
creased as the indentation increase due to the pronounced effect of the
cell nucleus.

It has been observed that a slightly bigger difference existed be-
tween the FEM simulation and AFM experiment at the indentation
depths of 1 pm and 1.2pm compared to the 0.7 ym result. This in-
creased measurement difference is because the viscoelastic properties of
the cell quantified from the AFM relaxation measurement (with 1pm

(€
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Fig. 7. The quantified viscoelastic parameters: (A) The instantaneous shear modulus Gy, = 145 *= 20.555 Pa, (B) The relative moduli a; = 0.6108 =+ 0.095. (C) The

relaxation time 7; = 5.56 * 0.07 s. n = 5.
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Fig. 8. Cell Deformation (indentation) distribution of the FEM model with the targeted indentation of: (A) O um, (B) 0.7 pm, (C) 1 um, and (D) 1.2 ym.

initial indentation) were used for all three layers in the FEM model.
This approximation didn’t affect the 0.7 pm simulation results much as
at a small indentation depth (i.e., small intracellular strain) the elastic
behavior of the cells was more dominant. However, for the indentation
depth of 1 um and higher, the material heterogeneity in viscoelasticity
may need to be considered. This argument can be verified by Fig. 9,
where the simulation curves were very close to the AFM experiment
data when the indentation was small, and the difference between these
two increases gradually with the indentation. However, living cells are
complex active materials after all, it is impossible to generate a simu-
lation model to match the real living cells perfectly. The approximated
three-layered semi-ellipsoid cell shape, the AFM indentation measure-
ment uncertainties, as well as the measurement condition variation
(e.g., temperature, CO, level) can all lead to the difference between the
simulation results and the experiment data observed in this study.
Considering these facts, the less than 10% simulation difference de-
monstrated that the proposed FEM model is accurate enough to simu-
late the mechanical behavior of living cells at low indenting velocity
and can be used for biomechanical analysis of cell behavior under
matching mechanical loading conditions.

0.6 ) 1
AFM measurement range

— Averaged AFM force-indentation curve

==Simulation result

(B)

AFM measurement range

==Simulation result
0.5

Force (nN)

— Averaged AFM force-indentation curve

We have noticed that the simulation results were very sensitive to
the indenting velocity. It is of importance to note that the material
property estimation in this study (see Egs. (3) and (12)) was under the
assumption of uniformly distributed intracellular stress (i.e., slow in-
denting velocity). Therefore, for FEM simulation of cell mechanical
behavior under high speed loadings, a different material property es-
timation approach needs to be established. As shown in previous studies
(Moeendarbary et al., 2013; Mollaeian et al., 2018; Ren et al., 2013),
living cell mechanical behavior is also loading velocity/frequency de-
pendent due to the viscoelastic nature of the cells, therefore, the vis-
coelastic heterogeneity cannot longer be ignored under these condi-
tions. Furthermore, it has been shown that poroelastic behavior is
dominant during the force relaxation measurements immediately after
high-speed indentation (Moeendarbary et al., 2013; Mollaeian et al.,
2018), therefore, the proposed FEM can be further improved by in-
cluding the material poroelastic property, especially for the cytoplasm
layer.

Fig. 9. Comparison of the FEM simulated force-indentation
curve with the AFM experiment results at the targeted in-
dentation of (A) 0.7 um, (B) 1um, and (C) 1.2 pym. The blue
error bars denote the data range of the AFM experimental
results, the green curve is the averaged force-indentation
curve of the experimental results. (D) The RMS FEM simula-
tion error with respect to the averaged experiment curve. (E)
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5. Conclusion

A new FEM model was proposed in this study to account for the
depth-dependent mechanical behavior of living cells. The geometric
size of the three-layered FEM cell model was determined by using AFM
topography images, and the mechanical properties of the cell layers
were quantified using AFM indentation measurement by accounting for
both the cellular elasticity and viscoelasticity. The proposed FEM was
validated by comparing the simulated force-indentation curves with the
experimental AFM data, and the simulation error was less than 10%
with respect to the experiment results for all of the tested conditions.
Considering the measurement uncertainty, the proposed FEM model
was quite accurate in terms of simulating the force response of living
NIH/3T3 cells. Therefore, the proposed FEM has a great potential to be
implemented for intracellular force transduction and distribution si-
mulation to promote further understandings of mechanotransduction.
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