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Abstract Mechanical properties of a single cell and its
mechanical response under stimulation play an important
role in regulating interactions between cell and extracellu-
lar matrix and affecting mechanotransduction. Osteocytes
exhibit solid-like viscoelastic behavior in response to the
interstitial fluid shear resulting from tissue matrix defor-
mation. This study intends to quantitatively describe the
mechanical behavior of osteocytes combining in vitro exper-
iment and fluid-structure interaction (FSI) finite element
(FE) model. The cell is configured in the FSI FE model
using the observed data from quasi-3D images. Instead of
simply assigning the cellular viscoelastic parameters by sta-
tistical data, the mechanical parameters are determined by
an iterative algorithm comparing the experimental and the
computational results from the FE model. The viscoelastic
parameters of osteocytes are obtained as: the equilibrium
elasticity modulus k; = 0.15 £ 0.038 kPa, instantaneous
elasticity modulus (k1 + k2) = 0.77 £ 0.23 kPa, viscosity
coefficient n = 1.38 & 0.33 kPas. A novel index to quantify
the cell adhesion is also put forward. In addition, an interest-
ing competition phenomenon is revealed on the cell surface
concerning stress and strain, i.e., the place with high stress
has low strain and that with low stress has high strain. The
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proposed method provides a novel technique to study the
mechanical behavior of individual adherent cell in vitro. It
is believed that this quantitative technique not only deter-
mines cell mechanical behavior but also helps elucidate the
mechanism of mechanotransduction in various types of cells.
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1 Introduction

Osteocytes, mature bone cells embedded in mineralized bone
matrix, are under dynamic shear fluid in vivo and exhibit sig-
nificant viscoelastic behavior (Jacobs et al. 2010). Abundant
evidence has shown that osteocytes are the key mechanon-
sensor cells that directly regulate activities of bone-forming
osteoblast and bone-removing osteoclast (You et al. 2008).
Thus, osteocytes are critical to etiology and new treatments
for osteoporosis. One of the common loading mechanisms
on cells such as osteocytes is interstitial fluid shear result-
ing from tissue matrix deformation (Cowin and Telega
2003; Weinbaum et al. 1994). Such deformation introduces
mechanical stress and strain inside cell body, such as stretch
and compression, and may trigger the activation and trans-
duction of biochemical signals (Guilak 1995). Although the
fluid—structure interactions (FSI) at the cellular level appear
to be universal and may hold the key to unraveling the mech-
anisms of cellular mechanotransduction, they are poorly
understood (Anderson et al. 2006).

Knowledge of the structural and mechanical property of
the cell is necessary to study the spatial distribution and per-
forming process of the stress/strain in the adherent cell under
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shear flow (Hazel and Pedley 2000). Several traditional in
vitro techniques have been developed to determine the vis-
coelastic properties of various cells, including micropipette
aspiration (Baaijens et al. 2005; Evans and Yeung 1989;
Hochmuth 2000; Sato et al. 1990; Theret et al. 1988),
unconfined cell compression (Wu and Herzog 2006), cyto-
indentation (Koay et al. 2003; Shin and Athanasiou 1999),
atomic force microscopy (AFM) (Charras and Horton 2002;
Darling et al. 2006; Lulevich et al. 2006; Mahaffy et al. 2004;
Vargas-Pinto et al. 2015), magnetic bead rheometry (Bausch
et al. 1998), and optical traps (Guck 2005). However, cyto-
indentation, AFM and magnetic twist methods always apply
load locally by probes or beads; thus, the measured mechan-
ical properties only characterize the local nature of the cell.
As to micropipette aspiration, unconfined cell compression
and optical traps methods, although the entire cell is loaded,
there are external objects or energy interposed in the cell dur-
ing the measurement, which may alter the cell structure and
properties.

This study proposes a novel approach combining cell flow
experiment and finite element (FE) modeling to noninva-
sively study the mechanical behavior of a whole cell under
fluid flow. The deformation of the osteocytic cell in fluids is
recorded by a custom-built dual microscope system named
quasi-3D microscopy (Baik et al. 2010), which is able to
capture two orthogonal planes of a cell simultaneously at a
high temporal resolution. Previous work has validated the
accuracy of this observation system (Qiu et al. 2012). An FE
model is established to numerically simulate the deformation
of an individual cell under shear flow. In the model, the cell
configuration is based on the observed data derived from the
microscopic images, as opposed to the assumption of a sphere
or semi-sphere (Baaijens et al. 2005; Zhao et al. 2009) with
statistical dimension or an half-space in the analytical solu-
tion (Sato et al. 1990; Theret et al. 1988). Instead of simply
assigning the cellular viscoelastic parameters using statistical
data from the literatures totally or partially, the parameters of
each sample cell are determined individually by an iterative
algorithm minimizing the deformation difference between
the observed data and the computational results from the FE
model, so that the cellular difference induced by biological
diversity could be sufficiently considered and reflected.

The contribution of this study is mainly composed of: (1)
the establishment of a fluid—structure interactive FE model
based on individual cellular data to study the unique mechan-
ical behavior of a particular cell; (2) the determination of the
viscoelastic properties of osteocytes using 3D FSI FE model
and fluid shear experiments under quasi-3D microscope; (3)
the proposal of an index to quantify the cell adhesion on
the basis of static friction coefficient; (4) the revelation of
an interesting ‘competition phenomenon’ between stress and
strain on the cell surface, i.e., the place with high stress has
low strain and that with low stress has high strain.
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2 Methodology
2.1 Framework

The main difficulty of modeling an adherent cell lies in the
estimation of the cellular viscoelasticity, which can be pre-
sented by three parameters in standard linear solid (SLS)
viscoelastic model, i.e., k1, k2, and 7. An iterative method
based on the experimental observation and finite element
model is thus established to obtain the accurate viscoelas-
tic parameters, the frame work of which is illustrated in
Fig. 1.

A custom-built quasi-3D observation system composed
of two microscopes (Baik et al. 2010; Qiu et al. 2012) as
illustrated in Fig. 2 is used to record the deformation of the
cell at different moment from both bottom view and side view.
The initial cell contour without shear fluid is firstly adopted
to construct a 3D numerical cell for FE model. Hence, unlike
most of the studies, in which the numerical cell is usually
simplified to a hemispheroid or semi-ellipsoid, the numerical
cell here is reconstructed on the basis of the real cellular
configurations.

A 3D fluid—structure interaction FE model is then estab-
lished using the numerical cell under the flow conditions
as in experiments. A group of estimated cellular viscoelas-
tic parameters is input to the FE model, and the calculated
load-deformation path is compared to the records from the
quasi-3D observation system. The group of viscoelastic para-
meters will be updated if there is a large gap between the
simulated deformation process and the experimental obser-
vations. The iteration stops until the load-deformation path
resulted from the FE model approaches the observations,
when the viscoelastic parameters of the cell are deter-
mined.

With the viscoelastic parameters of the adherent cell, the
force as well as the deformation of the cell under shear fluid
can be worked out by the 3D fluid—structure interaction FE
model.

2.2 In vitro experiments
2.2.1 Cell culture and cell flow chamber experiments

Osteocytic MLO-Y4 cells (Bonewald and Kato 2002) grow-
ing in culture media consisting of a-modified Eagle’s
medium (a-MEM), 5% fetal bovine serum, and 5% calf
serum, at 37°C in a humidified atmosphere of 95 % air and
5% CO; are selected in this study.

Syringe pump (New Era Pump Systems, Wantagh, NY)
and gas-tight syringe (Hamilton, Reno, NV) are used to pro-
vide steady laminar flow with a wall shear stress (WSS)
of 10dynes/cm? in a flow chamber with width of 700 um
and height of 550 pm, comprising a square glass micro-
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Fig. 1 Framework to determine
the force and deformation of an
adherent cell under shear flow
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Fig. 2 Schematic of a the quasi-3D microscope observation system and b cell flow chamber experiment

tube with a glass micro-slide inside. Cells are seeded on
fibronectin coated glass micro-slides for 20 min to ensure par-
tially adherent status as in vivo and at low density to reduce
the interaction between cells. Cells are stained before flow
starts with Alexa Fluor 594 wheat germ agglutinin plasma
membrane dye.

2.2.2 Image acquisition

The images of individual osteocytes are captured simultane-
ously by two microscopes in the quasi-3D microscope system
introduced by Baik et al. (2010), as shown in Fig. 2. This sys-
tem consists of an upright microscope and an inverted one,
and a mirror is aligned at 45° in the light path of the upright
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microscope to obtain side-view image, while the inverted
microscope gets regular bottom-view image of the same cell.
Fluorescent images with a resolution of 0.215 pwm/pixel can
be captured at a frequency of 12 Hz, and then processed by
digital image correlation techniques to determine the dis-
placement of the cell contour.

2.3 3D fluid—structure interaction FE model

The assumptions below are set in the fluid—structure cou-
pling finite element model: (1) osteocyte is a homogeneous,
isotropic, and incompressible viscoelastic continuum; (2)
only the passive deformation of osteocyte is analyzed with-
out consideration of any active force; (3) the hydrodynamic
properties of culture medium are equivalent to those of the
water at room temperature; and (4) the environmental tem-
perature is constant since the experiment is finished within a
few minutes.

2.3.1 Cell reconstruction

Cell images in flow chamber are obtained in two perpendic-
ular directions by the quasi-3D microscopic system. After
image enhancement, the bottom and side outlines of the cell
on every frame can be identified, and the 3D configurations
of the cell can be reconstructed by a lofting algorithm based
on cellular convexity assumptions. Microscopic observations
show that the overall configuration of bone cells is quite
close to ellipsoid, falling into the category of convex struc-
tures. Thus, the transition area from side to bottom outline
also accords with the convexity characteristics. The recon-
struction of cellular 3D configuration by bottom-view and
side-view images is indicated in Fig. 3.

The white lines in Fig. 3a, b represent cell contours
detected in the deformation process by digital image corre-
lation algorithm. Subsequently, cell contours are smoothed
and initialized by MATLAB (MathWorks, Natick, MA), and
fitted by spline function in Slidworks (Dassault Systemes,
Concord, MA), as shown in Fig. 3c. The cell contour is finally
lofted into 3D structure in Solidworks, as in Fig. 3d.

2.3.2 Structure model

Previous studies demonstrate that adherent cells exhibit vis-
coelastic properties (Bausch et al. 1998; Evans et al. 1984;
Ward and Pinnock 1966; Yamada et al. 2000). The cell is thus
assumed to be deformable with isotropic and homogeneous
viscoelastic properties, which is characterized by an incom-
pressible finite strain model (Haider and Guilak 2000; Jones
etal. 1999). The relaxation shear modulus G (¢) of the model
is represented by a one-term Prony series:

G(t) = Goo + Gre PVt (1
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Fig. 4 Schematic of a standard linear solid (SLS) model and b the
boundary condition for fluid model

The parameters of Prony series can be derived from three
parameters in standard linear solid (SLS) viscoelastic model,
i.e., k1, kp, and 7, as illustrated in Fig. 4a.

2.3.3 Fluid model

The properties of the fluid medium are assumed to be
equivalent to water at room temperature, i.e., an incom-
pressible Newtonian fluid having a dynamic viscosity of
0.89 x 1073 Pa - s and density of 997 kg/m>.
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Reynolds numbers (R,) are calculated for the channel
region using the formula

Re="— )

where v is the mean velocity and L is the hydraulic diam-
eter of the chamber, which is assumed to be as high as the
chamber, i.e., 550 wm. The mean velocity is 57 mm/s when
WSSis 10 dyn/cmz, and the calculated R, is around 35, indi-
cating laminar flow and helping to determine the calculation
domain.

2.3.4 Boundary conditions

The boundary conditions agree with those in the experiment.
The local CFD domain is 700 pm x 550 pm x 200 pm, cov-
ering the cell deformable domain, which is adherent to the
bottom of the chamber, as shown in Fig. 4b. The flow is
unidirectionally in X-direction with parabolic velocity at the
entrance and free of pressure at the exit.

2.3.5 Fluid-structure interaction (FSI) algorithm

In the FSI model, it is the cell membrane that acts as the fluid—
solid interface, allowing the exchange of data (i.e., forces
and displacements) between the fluid and solid domains. The
coupled simulation adopts the staggered iteration approach
(Bathe 2009). Fluid equations are firstly solved to get the fluid
stress tensor, which then acts on the fluid—solid interface,
resulting in cellular deformation. Such deformation relays
back to the fluid domain, and the fluid equations are recalcu-
lated for next iteration.

3 Results
3.1 Cell creep behavior

The adherent cell presents typical viscoelastic deformation
under the fluid shear stress in the experiment. Compared
with other area, the deformation on the top of the cell is the
most significant, where the load-deformation path at the flow
direction is shown in Fig. 5a. The steady shear flow is trig-
gered on at the instantaneous moment #y and turned off at the
equilibrium reaching time #;. The flow lasts for 120 s, cov-
ering cellular instantaneous and equilibrium response. Three
subgraphs (i, i, iii) beside the curve in Fig. 5a show the spe-
cific side-view configuration of the cell at the corresponding
moments. A sharp deformation can be observed at #y, named
initial jump. The deformation gradually accumulates under
fluid flow and reaches equilibrium state at 71. After the flow is
off at 71, the cellular deformation gradually recovers. It has to
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Fig. 5 a Viscoelastic response of cell deformation and b the loading
profile of the flow
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Fig. 6 Comparison of topological information among the recon-
structed 3D cell, dis plate, semi-sphere, and sphere

be illustrated that throughout the entire deformation process,
the cell adheres to the base steadily without any debonding.

3.2 3D cell configuration

Figure 6 shows the topological information of the recon-
structed 3D cell, described by the relationship between the
surface area and the volume of the cell. The black, red, and
blue dash lines in Fig. 6 represent disk plate (the diameter
is set as ten times of the height, i.e., h = 0.1D), semi-
sphere, and sphere, respectively. The eight sample cells fall
in between spherical and hemispherical, and has big dispar-
ity with disk plate, which represents completely adhesive
state. It is a validation that the sample cells in experiments
are in the state of partial adhesion. The volume of MLO-Y4
osteocyte cell is 4023 4 1487 um?> with the surface area of
1377 + 366 wm? (Mean & STD, n = 8).
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Fig. 7 Displacement—time curves of three sample cells (a—c¢) from experiment and FE simulation in the iteration process to determine cellular

viscoelastic parameters

3.3 Determination of viscoelastic parameters

The creep behavior presented in Fig. 5 has demonstrated
that the cell can be regarded as viscoelastic material. Three
sample cells are then randomly selected to reproduce the in
vitro experiments within much shorter time, 20s, to deter-
mine the viscoelastic parameters, using the iterative method
introduced in Sect. 2.1 based on the experiment in Sect. 2.2
and FE model in Sect. 2.3. The flow only lasts for 10s for
it is neither too long to induce unnecessary interference nor
too short to cover up cellular viscoelasticity. The largest dis-
placement of the three sample cells during their deformation
are 1.5, 2.5 and 1.3 pm, respectively, as shown in Fig. 7. The
calculated displacement curves with the initial trials have
a big deviation to the experimental results, as presented in
the first column in Fig. 7. Continuous iterations finally fix

@ Springer

a set of viscoelastic parameters, which makes the displace-
ment curves consistent with the experimental ones, as shown
in the last column in Fig. 7. The viscoelastic parameters of
the osteocytic cell are: the equilibrium elasticity modulus
ki = 0.15 £ 0.038 kPa, instantaneous elasticity modulus
(k1 + ko) = 0.77 & 0.23kPa, k» = 0.62 £ 0.14 kPa, creep
characteristic time 7, = 11.30£2.34 s, viscosity coefficient
n = 1.38 £0.33kPas.

3.4 Mechanical stimulation and response

The 3D numerical cell is constructed with the microscopic
topology information and the viscoelastic parameters. The
fluid—structure interaction FE model is used to analyze the
interaction between cell and flow under different WSS. The
WSS of the venules of human beings is about 10 dyn/cm?
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Table 1 Calculated fluid mechanical stimulation on the surface of adherent cell by FE model

Vm(mm/s) Re WSS Maximum pressure

Minimum pressure

Maximum shear stress

(dyn/cmz)
Value Normalized Position (%) Value Normalized Position (%) Value Normalized Position (%)
(dyn/cm?) value (dyn/cm?) value ——— (dyn/cm?) value _
Xr Zr Xr Zr Xr Zr

30 8 2.6 12.8 4.9 —-72.5 794 —12.5 —4.8 67.8 83.6 14.8 5.7 21.2 994
50 14 45 21.2 4.7 —-72.5 795 214 —4.8 67.8 83.6 24.9 5.5 21.2 99.3
127 35 10.0 50.2 5.0 —-72.5 79.5 —60.0 —-6.0 67.8 83.6 62.2 6.2 21.2 99.3
200 54 17.3 81.8 4.7 —89.9 62.0 —106.0 —6.1 67.8 83.6 103.5 6.0 21.2 994
300 81 27.5 123.0 4.5 —89.9 62.0 —181.6 —6.6 67.8 83.6 159.7 5.8 21.2 99.3

The origin of coordinates is at the geometric center of the adherent surface of the cell, and the coordinate axis is as shown in Fig. 4b; Xr is the ratio
between coordinate X and the cellular half-length, and Zr is the ratio between coordinate Z and the cellular height; normalized value is the ratio
between local pressure or shear stress and the WSS; ‘=’ means in the negative direction or negative pressure

(Koutsiaris 2015; Koutsiaris et al. 2007); thus, the cellular
mechanical characteristics under different WSS conditions
are studied, as shown in the third column in Table 1.

3.4.1 Mechanical stimuli on the cell flow interface

Normal pressure and shear force are two perspectives to
investigate the force on the cell. The force on an adherent cell
with moderate size (length in X direction = 19.90 pm, height
in Z direction = 14.84 uwm) under different flow velocity is
studied, as shown in Table 1 and Fig. 8.

Table 1 presents the calculated value of the maximum and
minimum pressure, and maximum shear stress, as well as the
corresponding positions under different WSS. It can be seen
that the pressure and shear stress on the cell are basically
within 4-7 times of the WSS from Table 1. Figure 8 shows
the pressure and shear stress distribution on the surface of
the cell. Both the pressure and shear stress in Fig. 8 have
been normalized (divided by WSS). The pressure and shear
stress along the central section line of the cell in the flow
direction are extracted and shown as black curves in Fig. 8b,
d, respectively. The green curves represent the projection of
the black curves on XZ plane, essentially the central section
line of the cell. The red ones in the bottom plane represent the
normalized pressure in Fig. 8b and normalized shear stress
in Fig. 8d.

The extremum pressure on the cell approximately dis-
tributes in the center of the upstream side and downstream
side, respectively, as shown in Fig. 8a. The position with
extremum pressure almost remains the same under different
flow intensity, as given in Table 1. The pressure along the
central section line has a distribution similar to sinusoidal
variation, as the red curve shown in Fig. 8b. The maximum
shear stress appears at the top of the cell for all the WSS stud-
ied, as given in Table 1. Low shear stress (<0.45) appears at
the bottom of the cell, forming a surround band, as shown
in Fig. 8c. The distribution curve of the shear stress along

the center section line of the cell surface is analogous to a
downward parabola, as the red one in Fig. 8d.

The traction force at the mesh node in FE model is the
integral value of pressure and shear stress on the cell flow
interface with the magnitude of pN (1072 N). Although
such nodal traction force depends on the uniform size of
the meshes on the interface, it can indicate the force distribu-
tion. Figure 9a—c shows the magnitude and distribution of the
nodal traction force at different directions. The nodal traction
force along the flow direction is dominant compared to that
in other two directions.

The sum of the nodal traction force on the entire cell flow
interface is the flow resultant force, the magnitude of which
is determined by the interaction between flow and cell with-
out dependence on the mesh size. The normalized flow force
is defined as the ratio between the flow resultant force and
the cell weight. Figure 9d presents the relationships between
the normalized flow force and the WSS, indicating that nor-
malized flow force has a positive linear correlation to WSS.
With the WSS of 10 dyn/cm?, equivalent to that in capillaries
of human beings, the flow dragging force is almost 85 times
of the cell weight in the flow direction and 3.98 times in the
gravitational direction. The resultant force in flow direction
is significant dominant compared to that in other two direc-
tions.

The relationship between static friction force F' and nor-
mal pressure N can be expressed as F = u-N where u is
static friction coefficient. Analogy to mechanical friction, the
1 between the cell and the fibronectin coated base under five
WSS conditions are thus worked out to be 27.3, 25.9, 21.4,
20.1, and 18.0, respectively.

3.4.2 Intracellular strain
Figure 10 shows the distribution of intracellular strain from

FE analysis, including three normal strain components in
Fig. 10a—c and three shear strain components in Fig. 10d—f.
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The distance between two cutting sections is 4 wm. The shear
strain component £ is largest among the six strain compo-
nents, about one order higher than others. The maximum £,
is distributed on the upstream and downstream sides of the
adherent area, where the flow shear stress is almost zero as
illustrated in Fig. 8c of Sect. 3.4.1. The E, in the center of
upstream and downstream surface as well as on the top of
the cell is much smaller. It can be learned from Sect. 3.4.1
that the normal pressure in the center of the upstream and
downstream surface is highest, and the shear stress on the
top of the cell is also higher than other areas. These contra-
dictory phenomena indicate that the stress and the strain of
the adherent cell have interesting competitive relations.

4 Discussion

In this paper, a method coupling in vitro experiment and
fluid—structure interaction FE model is proposed to determine
the viscoelastic properties of an adherent cell under shear
flow and characterize the corresponding mechanical stimuli
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and the intracellular deformation. The cellular deformation in
vitro experiment is recorded by a quasi-3D microscopic sys-
tem. The experiment proves that the cell can be represented
by viscoelastic materials. A 3D numerical cell is recon-
structed on the basis of the observed cellular configuration
instead of an ideal assumption of semi-sphere or sphere in the
literature. Considering the fluid characteristics and bound-
ary conditions, an FSI FE model is established. A group of
viscoelastic parameters are input into this FE model to cal-
culate the cellular deformation, which is compared to the
experimental results. These parameters will be updated if the
calculated deformation is greatly deviated from the observed
results. Such iteration continues until the deviation is satis-
fying, when the viscoelastic parameters are determined. The
established FSI FE model with the these parameters is then
used to analyze the mechanical stimulation and response of
the cell under different flow intensity.

Compared with traditional techniques measuring cellu-
lar mechanical properties, such as AFM, magnetic twist,
micropipettes, and optical tweezers, the method presented in
this study is nonlocal, noninvasive, and also close to the phys-
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iological conditions in vivo; cellular responses under shear
flow are the mechanical behavior of the entire cell instead
of a particular local part; no external objects such as probes,
beads, or pipettes are used to apply loads onto the sample
cells; last but not least, the force is applied naturally to the
cellular surface by fluid flow, the process of which is similar
to the physiological interaction between osteocytes and their
microenvironment.

Researches on the mechanical properties of osteocytes
are relatively rare. Previous studies reported the elastic
constant of MLO-Y4 round but partially adherent osteo-
cytes is below 1kPa by AFM (Bacabac et al. 2008). In
our previous work, the modulus of the same kind of cell
is 0.49 £ 0.11kPa based on an computational optimiza-
tion method (Qiu et al. 2014), the objective function of
which is conducted by cell deformation configuration. In
this study, the instantaneous modulus of partially adherent
MLO-Y4 osteocytes is 0.77 £0.23 kPa, close to our reported
data but with much lower computational cost. In addition
to the instantaneous modulus, we also studied the elastic
modulus in equilibrium state (K; = 0.15 £ 0.038 kPa)
and the creep characteristic time (t, = 11.30 & 2.345),
which reflects cellular viscosity coefficient (n = 1.38 +
0.33kPas).

Through this study, osteocytes (<1kPa) are found to be
softer than osteoblasts (>1kPa) (Darling et al. 2008) with

smaller elastic modulus. Previous studies have demonstrated
that osteocytes are evolved from osteoblasts by burying itself
in lacunae within the bone matrix (Guilak and Mow 2000).
It implies that some changes might occur to the cytoskele-
ton of the osteoblasts after being embedded in bone mineral
to improve its sensitivity to extracellular stimulations. Fur-
thermore, another interesting thing is that the mechanical
properties of osteocytes and chondrocytes (<1 kPa) (Trickey
et al. 2000) are ranged in the same level although they
belong to different organizations. Osteocytes and chondro-
cytes have similar external mechanical environment, i.e., they
are embedded in bone lacuna and cartilage lacuna, respec-
tively. Thus, the cellular mechanical properties might have
strong correspondence with the external microenvironment
of cells.

According to the calculated results from FSI FE model,
the flow dragging force on the cell is about 85 times of the cell
weight under the WSS of 10 dyn/cm?, and the corresponding
static friction coefficient is over 20. It is one order higher than
the friction coefficient between pure surfaces of inorganic
materials under high-vacuum state. The biological binding,
focal adhesion, between the cell and the substrate must be
the reason for such high friction coefficients. The approach
proposed in this study also provides an accurate method to
quantify such bonding strength using experiments and FE
models.

@ Springer
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Fig. 10 Distribution of intracellular strain

Identification of whether the cellular response is a strain-
activated or stress-activated mechanism under fluid flow
appears difficult since it is hard to acquire stress and strain
simultaneously. De et al. (2008) discussed whether the cel-
lular orientation responds to strain or stress of the matrix,
and reported that the cellular orientation is a strong func-
tion of the Poisson’s ratio v of the matrix when cell activity
is governed by the matrix strain, while if cell activity is
governed by the matrix stress, the orientation depends only
weakly on v. McGarry et al. (2005) tested the hypothesis that
bone cells respond differently to 0.6 Pa fluid shear stress and
1000 e substrate strain stimulation because of the qualita-
tive and quantitative differences of the cellular deformation.
Our study highlights the distribution properties of the stress
and strain of MLO-Y4 osteocytes under fluid flow in vitro.
A significant phenomenon is that the distribution of stress
on the cell is inconsistent with that of the intracellular strain.
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The highest shear stress is found at the top of the cell as
shown in Fig. 8c, while the highest intracellular strain dis-
tributes at the upstream and downstream interface between
the cell and the substrate as in Fig. 10d. Based on the assump-
tion that cell could sense the extracellular mechanical signals
more easily from the membrane domain where the signals
are the strongest, there might exist two mechanical signaling
channels. One is sensitive to stress from apical region to the
nucleus area, and the other is sensitive to strain from the bot-
tom of the cell to the nucleus area. This provides a unique
perspective to understand the mechanisms of mechanotrans-
duction particularly for the partially adherent cells under fluid
flow.

The current FSI FE model combined with experiments
provides a quantitative approach to determine cell mechani-
cal properties and illustrate general features of the stress and
strain distributions of adherent cells under fluid flow. Poten-
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tial limitations of this study are mainly concerned with the
numerical model, in particular the representation of a single
cell as homogeneous and isotropic continuum. Future stud-
ies could enrich the model with certain crucial details, such
as cell nucleus, cytoplasm, cytomembrane, and primary cilia
(Jacobs et al. 2010). Furthermore, a certain degree of vis-
coplastic behavior has also been observed in our experiments
rather than completely viscoelastic property, which can also
be taken into account in the future. It is believed that this
work not only quantifies the cellular mechanical character-
istics with higher accuracy but also helps to elucidate the
mechanisms of mechanotransduction for various adherent
cells.
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