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Abstract Successful tissue engineering and regenerative
therapy necessitate having extensive knowledge about mec-
hanical milieu in engineered tissues and the resident cells.
In this study, we have merged two powerful analysis tools,
namely finite element analysis and stochastic analysis, to
understand the mechanical strain within the tissue scaf-
fold and residing cells and to predict the cell viability
upon applying mechanical strains. A continuum-based multi-
length scale finite element model (FEM) was created to
simulate the physiologically relevant equiaxial strain expo-
sure on cell-embedded tissue scaffold and to calculate strain
transferred to the tissue scaffold (macro-scale) and residing
cells (micro-scale) upon various equiaxial strains. The data
from FEM were used to predict cell viability under various
equiaxial strain magnitudes using stochastic damage crite-
rion analysis. The model validation was conducted through
mechanically straining the cardiomyocyte-encapsulated col-
lagen constructs using a custom-built mechanical loading
platform (EQUicycler). FEM quantified the strain gradients
over the radial and longitudinal direction of the scaffolds
and the cells residing in different areas of interest. With
the use of the experimental viability data, stochastic dam-
age criterion, and the average cellular strains obtained from
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multi-length scale models, cellular viability was predicted
and successfully validated. This methodology can provide
a great tool to characterize the mechanical stimulation
of bioreactors used in tissue engineering applications in
providing quantification of mechanical strain and predict-
ing cellular viability variations due to applied mechanical
strain.
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1 Introduction

The biophysical and biomechanical milieu around the cells
govern the interplay between structural and molecular events
(Gasiorowski et al. 2013; Lopez et al. 2008; Costa et al.
2012; Mendez and Janmey 2012; Wang and Chen 2013). The
biophysical and biomechanical cues dictate cellular func-
tions including extracellular matrix (ECM) protein (Gupta
and Grande-Allen 20006), proliferation (Nam 2015), and dif-
ferentiation (Gupta and Grande-Allen 2006; Shimko and
Claycomb 2008; Altman 2002; Eyckmans et al. 2012), and
even apoptosis (Goga 2006; Gefen 2008). Researchers have
shown that excessive mechanical strain can induce irre-
versible cell damage (Chano 2000; Xu 2000) and induces
apoptosis (Goga 2006; Gefen 2008). In recent years, both
clinical (Moore 2000; Kurazumi 2014; Canseco 2015) and in
in vivo studies (Ibrahim 2012) have demonstrated the impor-
tance of mechanical strains exerted on myocardial tissue on
the survival of myocardial cells. Their findings suggest that
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mechanical unloading increases the viability of cells and high
circumferential strains on the myocardial tissue can lead to
a catabolic response in cell survival and have deleterious
effects on myocardial tissue regeneration.

To this end, it is important to gain a comprehensive under-
standing about the mechanical strain and stress within the
tissue-engineered constructs and resident cells upon mechan-
ical loading. Identifying strain and deformation states around
the ECM and cells and using this knowledge in predicting
cellular response are very important steps toward effective
tissue regeneration application. However, it is difficult to gain
a comprehensive understanding and to obtain quantitative
date about the mechanical stress and strain on and within the
tissue constructs and residing cells using only experimental
observations (Ma 2013). Thus, various analytical and numer-
ical methods have been introduced to the literature. In these
studies, cells have been modeled as inclusions embedded in
the matrix material.

One of the earliest analytical studies was conducted by
Eshelby (1957,1959) to understand how an applied stress
to the infinite homogenous isotropic elastic medium was
disturbed by inclusions. Mori and Tanaka (1973) further
generated analytical solution covering randomly distributed
inclusions with various geometries. A significant amount
of work has been done to expand homogenization theory
and apply it for composite materials (Torquato 2000; Mil-
ton 1988; Berryman and Milton 1988; Torquato and Rintoul
1995; Torquato 1991; Donev 2004; Torquato et al. 2000).
The foundation laid in composite materials was further uti-
lized in biological tissues and cell mechanics field. Zahalak
et al. (2000) described how to relate the active and pas-
sive mechanical properties of cells to the overall mechanical
response of bio-artificial tissues. Elson and his group (Asnes
2006; Marquez 2005) identified limitations of Zahalak study
and merged his model with Eshelby solution (Eshelby 1959,
1957) to provide an improvement to the accuracy of pre-
dictions of cell stiffness in bio-artificial tissue constructs
(Marquez 2005).

In addition, other researchers have conducted studies to
predict the mechanical responses of tissue constructs and the
residing cells under complex mechanical loading conditions.
For instance, Thomopoulos et al. (2011) used 2D linearly
elastic FEM to characterize the stress mode and the transition
from compressive and tensile regions of a collagen cell-
encapsulated construct under static and cyclic loads. Legant
et al. (2010) used fluorescent beads dispersed around cells
in a hydrogel matrix and measured their displacements and
then developed finite element models to compute the cellular
tractions that caused the bead displacements. Multi-length
scale approach is extensively used to predict mechanical
responses at both tissue (macro-scale) and cell scale (micro-
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scale) (Guilak and Mow 2000; Baer 2003; Lai et al. 2013;
Breuls 2002; Aghvami et al. 2013).

Moreover, multi-scale FEM was also used to incorpo-
rate pore pressure and fluid dynamics especially for cartilage
and intervertebral disk (IVD) tissue (Guilak and Mow 2000;
Baer 2003; Kim et al. 2008; Cao et al. 2011; Ohsumi 2008;
Ahmadzadeh 2015). For instance, Ahmadzadeh et al. (2015)
developed a poroelastic FEM that predicted the dependence
of Poisson’s ratio and fluid expulsion on large applied strain
during tensile loading. Also, fiber modeling was incorporated
in multi-scale models to account for the material’s anisotropy
(Ma 2013; Lai et al. 2013; Aghvami et al. 2013; Zhang
2013a,b; Wang 2014; Abhilash 2014; D’ Amore 2014). Wang
et al. (2014) introduced a new constitutive law to model
fibrous matrices and showed that fiber alignment and cell
anisotropy are critical to long-range force transmission in
the matrix. Abhilash et al. (2014) presented a model that
can capture the fibrous matrices remodeling mediated by the
cells.

In addition to FEM, stochastic concepts have been used
to study complex systems in biology and medicine (Uphoff
2016; Le-Thi-Thu 2016; Singh et al. 2015; Sehl 2015; Heldt
etal. 2015; Graw 2015; Chaudhuri et al. 2015). For instance,
Sehl et al. (2015) used stochastic models to predict cancer
stem cells transitions in order to improve the response to
therapeutics. Also, Heldt et al. (2015) showed that there is
cell-to-cell variability in virus infection through stochastic
models. Furthermore, multi-length scale models were used
to study the mechanics as well as to provide a stochastic
prediction of cell damage due to mechanical strain (Yan et al.
2010). Multi-length scale modeling has proved to be a very
useful tool in the tissue engineering field since it can provide
a comprehensive understanding of the mechanics of tissue-
engineered constructs.

The objective of this study was threefold (1) to create
a continuum-based multi-length scale finite element model
(FEM) simulating the physiologically relevant equiaxial
strain exposure on a cell-embedded tissue scaffold, (2) to
calculate strain transferred to a collagen tissue scaffold and
residing cells with various physiologically relevant equiax-
ial strains, and (3) to predict cell viability under various
equiaxial strain magnitudes using stochastic damage anal-
yses. Region-specific variations in the predictions of cellular
strains are investigated using the models developed in the cur-
rent work. This study provides a framework for the prediction
of cell viability upon applying a certain mechanical stimu-
lus. The mechanical stimulus studied in the current work is
a mechanical strain. It is also noted that the same method
has the potential to be applied to study the effect of other
mechanical stimuli such as hydrostatic pressure and shear
stress on cell viability.
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2 Materials and methods

2.1 Equiaxial strain application to cell-embedded
collagen scaffolds using EQUicycler

To study the effect of mechanical equiaxial strain on cell
viability, an innovative custom-built mechanical loading plat-
form called EQUicycler was used (Elsaadany et al. 2016).
The EQUicycler is able to apply equiaxial strain to cardiomy-
ocyte cell-embedded collagen constructs with pre-defined
strain and frequency. It consists of four major components:
(a) eccentric cam mechanism mounted on a rotating shaft,
(b) moving plate housing silicon posts, (c) deformable sili-
con post circulated with a cell-embedded collagen construct,
and (d) motor mechanism. The EQUicycler system configu-
ration is shown in Fig. 1. Briefly, the EQUicycler’s working
mechanics are as follows. An electric motor rotates the shaft
with pre-defined frequency. The rotation drives an eccen-
tric cam mechanism to create the vertical displacement of
a moving plate, where silicone posts reside. A fixed plate,
located above the moving plate, causes the silicon posts to
compress longitudinally, which expands the posts in the cir-
cumferential direction. The expansion of the silicone posts
in the circumferential direction applies equiaxial mechanical
strain to cell-embedded collagen rings, which surround each
post. The global equiaxial strain level is controlled by the
in-house designed cam profile while the applied frequency
is controlled through the supplied voltage.

In this study, the EQUicycler was utilized to apply three
different equiaxial strains (4, 8, and 16%) to the cardiomy-
ocyte cell-embedded collagen construct. The equiaxial strain

Deformable
Silicone Post

Fixed Plate

. Rotating
: ‘ Shaft
Motor P:ér-shab‘:d
Cams
Base

Fig. 1 Schematic view of the EQUicycler mechanical loading platform
depicting its major components including an electric motor, an eccentric
cam mechanism, moving and fixed plates, and the deformable silicone
post

range was selected based on the range of physiological
equiaxial strains exerted around the myocardium (Gupta
and Grande-Allen 2006; Guan 2011). Prior to mechanical
loading, human cardiomyocyte cell-embedded collagen scaf-
folds were prepared. Briefly, human cardiomyocyte cells
(AC10) were first cultured in DME-F12 (1:1, Hyclone, Ther-
moFisher, USA) media with 12.5% FBS (Hyclone, Ther-
moFisher, USA) and 1% penicillin/streptomycin (Hyclone,
ThermoFisher, USA). Upon confluence, cells were harvested
and encapsulated within the collagen Type-I solution with
10% cells/ml seeding density. For this study, 2.5 mg/ml col-
lagen Type-1 (Corning, ThermoFisher, USA) solution was
prepared according to the manufacturer’s protocol. AC10
cell-encapsulated collagen scaffolds were then deposited
around the silicone post and incubated overnight. Next day,
scaffolds were exposed to various equiaxial strains (4, 8,
and 16%) for 3h with 1 Hz frequency using the EQUicycler.
Unstrained (0%) scaffolds were used as control group.

It should be noted that the term ‘equiaxial strain’ as used in
this study is based on the assumption of having full axisym-
metric models. The strains in the radial and circumferential
directions, in a cylindrical coordinates system, will be equal
around the axis of symmetry. In the literature, the term
equiaxial is sometimes interchangeable with equibiaxial for
axisymmetric models.

2.2 Multi-length scale finite element modeling

Multi-length scale finite element modeling (FEM) was
utilized to investigate the region-specific strain gradients
within the cell-embedded collagen construct in both macro-
scale and micro-scale with the equiaxial strain application.
Figure 2 demonstrates the schematic of the silicon post,
cell-embedded collagen scaffolds and one of the represen-
tative areas of interest along with the coordinate system in
global, macro- and micro-scales. The cell-embedded colla-
gen construct was simulated as a homogenous material in
the global and macro-scale models. Embedded cells were
modeled as randomly distributed in the collagen matrix in
the micro-scale model. The interface between the cells and
collagen matrix was assumed fully bonded, and the cells
were modeled as spherical inclusions in the collagen matrix.
Furthermore, nine areas of interest (300 pm x 300 pm)
within the collagen were defined to simulate the region-
specific multi-cellular micromechanical environment. The
nodal coordinates and displacements of these nine areas were
output from the macro-scale analyses. Mapping functions
were generated from the output of the macro-scale model
using Mathematica software (Wolfram Research, USA) to
be used as displacement-controlled boundary conditions for
micro-scale analyses. The mapping functions were generated
in the following steps: (1) under each applied strain, nodal
outputs were requested for the coordinates and displacement
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(A) (Global-Scale) B)

Protrusion (®10) 4 mm

Base (®15)

Fig. 2 a Schematic view of the silicone post and cell-embedded col-
lagen constructs around the post in the global scale. The silicone post
consists of a base and protrusion with 15 and 10 mm diameters, respec-
tively. b Schematic view of the collagen construct representing the

components along the four edges of each area of interest in
the macro-scale models; (2) a mathematical code was used to
generate interpolation functions for the displacement compo-
nents as functions of the nodal coordinates for all four edges
of each area; (3) these interpolation functions for the dis-
placements were used as prescribed displacement boundary
conditions at the micro-scale model. Thereby, the nodes that
have the same position in both the macro- and micro-scale
models have the same deformation under the same load. The
mapping functions were defined as a boundary condition in
ABAQUS. Each of the four edges in the micro-scale model
has two boundary conditions in the two major coordinates
(radial and longitudinal).

For all micro-scale models, random cell distributions were
generated using a custom written code in Mathematica.
FEM models were created and solved using ABAQUS. The
average circumferential strain within an individual cell was
calculated using Eq. (1):

N i i
D=1V
N .
iz V'
where ¢y is the average circumferential strain of each cell, N

is the number of elements in each cell, v’ is the volume of
element i, and sé is the circumferential strain of element i.

€]

g =

2.3 Geometry and meshing

For global scale and macro-scale models, the silicone
post and cell-embedded collagen scaffolds were considered,
respectively. The silicone post, where the cell-embedded col-
lagen scaffolds reside, is composed of two cylinders, the base
and the protrusion (Fig. 2). The cylindrical base’s diameter
is 15 mm with a 2 mm height. The protrusion diameter is
10 mm with an 8 mm height. Cell-embedded collagen scaf-
folds were deposited around the protrusion. The collagen
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macro-scale. The coordinate system is given for the construct, where
R is radial and Z is longitudinal coordinates. ¢ Schematic view of the
randomly distributed cells within a representative area of interest

scaffold had a 10 mm inner diameter and a 14 mm outer
diameter with a 4 mm height. For micro-scale model, areas
of interest were squares of 300 wm sides. Nine cells per
each area of interest were incorporated to provide 10 cell/ml
cell density used in the experimental study. The cell diam-
eter was assumed to be 20 pwm. The number of cells in the
micro-scale model was sufficient to simulate the interactions
between cells (Yan et al. 2010). For all the models, a 6-node
modified quadratic axisymmetric triangle, hybrid with lin-
ear pressure (CAX6MH) elements, was used to allow large
nonlinear deformation of both hyperelastic and viscoelastic
material models. Finer meshes were incorporated around the
contact regions for the macro-scale models and around the
cells in the micro-scale models. The macro-scale model had
a total of 11,334 elements divided as 4692 elements for the
silicone post and 6642 elements for collagen constructs. For
the micro-scale models, the average number of elements was
10,125 elements with at least 81 elements per cell.

2.4 Material properties

The silicone post was modeled as an isotropic hyperelas-
tic material based on Ogden material parameters obtained
from mechanical testing and nonlinear curve fitting. The
Levenberg—Marquardt optimization algorithm incorporated
in Mathematica was used to minimize the nonlinear least
squares function. The confidence interval of the model
parameters and predicted variables was set to 95%. Compres-
sion testing of the silicone posts (n = 6) was conducted using
a bench top mechanical testing machine (Electroforce 3200,
Bose, USA) with a 100 N load cell. Stress—strain curves were
fitted to Ogden model. The strain energy for Ogden model is
expressed in terms of the principal stretches A; as:

U= 268 18 a8 - 3) )
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where u;, o; are temperature-dependent material parame-
ters. The initial shear modulus for the Ogden form is given
as o = Yorey .

Collagen matrix was modeled as a viscoelastic material
because collagen exhibits time dependency under load-
ing. At physiological loading conditions, a viscoelastic
model is a reasonable approximation to capture the time-
dependent behavior of collagen. The stress relaxation curve
was obtained from Pyrse et al. (2003) and fitted to Prony
series model via nonlinear curve fitting using Mathematica
according to Eq. (3):

N t
o (1) =09 {ge +Zgie[‘ff]] 3)

i—1

where oy is the initial stress, and opg, = o,is the equilib-
rium stress. g; and 7; are material parameters, and N is the
number of Maxwell elements whent — o0. The viscoelastic
parameters (g; and ;) of collagen were obtained from stress
relaxation tests (Pryse 2003) and nonlinear curve fitting to
the Prony series model.

Embedded cells were modeled as a Neo-Hookean hyper-
elastic material (Lopez et al. 2008). Based on literature data
(Liu 2012), Young’s modulus for the cells was 296 Pa. Since
the cells were assumed to be incompressible, the Poisson’s
ratio was set to 0.5. The Neo-Hookean hyperelastic model is
modeled in Abaqus with the governing strain energy density
function given as:

— 1 2
U=Cio(Ti=3)+ o (79 -1) @)
D,
where Cjo and D; are temperature-dependent material
parameters that correlate with the elastic Young’s modulus
(E) and Poisson’s ratio (v) as follows:

2 E
=2Cy9; Ko = —;Cio = ——— and
Mo 10; K0 D 10 101 an

6(1—2v)

D =——= 5
1 z (5
71 is the first deviatoric strain, J¢ is the elastic volume ratio,
Lo 18 the initial shear modulus, and Ky is the bulk modulus.

2.5 Loading and boundary conditions

For the macro-scale model, the silicone post base was fixed
in the longitudinal direction while the lateral surface was
fixed in the radial direction. The load application point was
fixed in all degrees of freedom except the load direction.
Kinematic coupling was used to connect the load applica-
tion point and the upper surface of the silicone post. The
boundary conditions simulated the exact conditions enacted

Load

Representative Area of
Interest

AAAAAAAAN

Fig. 3 Schematic view of the imposed loading and boundary condi-
tions

1.2

0.8 1
0.6 1

0.4 4

Normalized Load

0.2 4

0 05 1 15 2
Time (Sec)

Fig. 4 Representative profile of two loading—unloading cycles gener-
ated using EQUicycler. These profiles were used in experimental and
FE models

by the EQUicycler. The loading and boundary conditions are
illustrated in Fig. 3. The radial and longitudinal coordinates
are reported in a normalized form as R and Z, respectively.
The normalized radial coordinate is obtained by dividing
the radial coordinate (r) by the outer radius of the collagen
construct (r,) while the normalized longitudinal coordinate
is obtained by dividing the z-coordinate by the total height
of the collagen construct. Frictionless contact was specified
between the silicone post and the collagen construct based on
experimental observation. The load was applied in a cyclic
manner with 1 Hz frequency. The loading profile was defined
by the cam mechanism of the EQUicycler, and it was sinu-
soidal for one-third of the loading—unloading cycle. Figure 4
demonstrates the representative loading—unloading profile
used in EQUicycler. The loading profile used in FEM mod-
els exactly reflected the cam profile used in the EQUicycler
system. In Fig. 4, the load was given in a normalized fashion
by dividing the applied load by the maximum applied load
at the respective analysis point.

@ Springer
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2.6 Viability study

A cell viability study was conducted using various equiax-
ial strains to validate the computational model and provide
input for stochastic analysis. Following mechanical load-
ing, scaffolds were assessed for cell viability using an
alamarBlue assay (Life Technologies, USA). Briefly, AC10
cell-embedded collagen scaffolds were incubated with 20%
alamarBlue solution for 2h. Then, media was collected to
measure fluorescence using a microplate fluorometer (Wallac
1420, PerkinElmer, USA) at 565/585 nm excitation/emission
wavelengths. The fluorescence values were converted to cell
counts using a calibration curve generated by encapsulating
a varying number of cells in collagen scaffolds. Four samples
(n = 4) were used for each of the strain groups and control
group. The viability percentage was calculated by dividing
the number of cells from equiaxially strained scaffolds by the
number of cells from unstrained scaffolds (control group).
The mean cell viability value for the control group was used
to normalize the cell viability results for all the experimental
groups of the viability study.

2.7 Stochastic damage prediction

To predict cell viability under various applied strains,
stochastic analysis and cell damage criterion were used. The
stochastic analysis was conducted based on the average cellu-
lar strains obtained from multi-length scale FE analyses and
the experimental viability studies. In the stochastic analysis, a
damage criterion was applied for cells experiencing mechan-
ical strains as previously described (Yan et al. 2010). Briefly,
corresponding mechanical strains at the cellular level can be
determined via the multi-length scale analysis for applied
global loading. The cellular strains are then compared with
a damage criterion at the cellular level to predict whether
cells survived or damaged. The damage criterion is defined
as a critical strain function I' (L E) ¢ritical that is obtained from
experimental observations of the cell viability variation per-
centage with applied mechanical strain. Equations 6—8 show
how the critical strain function and predicted cells viability
are obtained using stochastic principles.

F(LE)crilical
/ PDF (I'(LE)eet) AT (LE)een = Paia (6)
0
d,; = 0, 0=<r (LE)cell <TI (LE)critical )
p 1  Otherwise
. 1 N
Ppredlct =1— ﬁ dei (8)
i=1

where LE ¢ is the logarithmic circumferential strain obtai-
ned for each cell in the micro-scale models, PDF (I" (LE)ce1)
is the probability distribution function of the strain, Pyi, is
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the percent viability. dp;, a viability parameter, is determined
from Eq. (6). In the current study, I" (LEce) = (LEcen)® is
used with o = 0.15. We used the experimental 16% equiax-
ial strain viability data to obtain the critical strain function
that was used in the stochastic analyses. A summary of the
methodology followed in the current work is provided in
Fig. 5.

2.8 Statistical analysis

One-way analysis of variance (ANOVA) tests were per-
formed with Fisher’s least significant difference (LSD) post
hoc for multiple comparisons between the different groups.
The minimum number of samples for both experimental and
control groups was four (n = 4). The data are reported as
the mean =+ standard deviation. Statistical significance was
defined as p < 0.05 or if stated otherwise.

3 Results

3.1 Material properties of the silicone posts and
collagen constructs

The stress—strain data of the silicone post were obtained
using conventional compression testing. Ogden parameters
obtained from compression testing are listed in Table 1.
These parameters were used in multi-scale FEM. Nonlin-
ear curve fitting of compression testing data to the Ogden
model was conducted using Mathematica. Figure 6 demon-
strates the stress—strain curves from mechanical testing and
FEM models. There is an agreement between the stress—
strain data obtained from mechanical testing and FEM for
the strains of less than 20%. Therefore, the model can be
further incorporated into multi-length scale modeling of the
collagen constructs.

For collagen, the stress relaxation curve obtained from
Pyrse et al. (2003) and the fitted curve are shown in Fig. 7.
A summary of the Prony series parameters defining the vis-
coelastic collagen behavior is provided in Table 2.

3.2 Region-specific strain gradients in macro- and
micro-scale models

Representative circumferential strain contour from macro-
scale models is shown in Fig. 8. The strain contours showed
that applying compression strain on the silicone post was
transferred into equiaxial circumferential strain in the co-
llagen constructs. The maximum strain was at the interface
silicone due to the non-frictional contact relation imposed
between the two materials. The strain gradually decreased
toward the free edge. Furthermore, micro-scale model strain
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Fig. 5 Flow chart of the FEM multi-scale modeling and stochastic prediction of cell viability after applying circumferential strain on collagen

cell-embedded constructs

Table 1 Ogden model

- i o wi (MPa)
parameters used for silicone
posts 1 —2.43 0.106
2 1.52 0.004
3 —1.51 —0.015
250 —FEA Experimental
200 4
=
& 150+
w
w
£ 1004
&
@
50 4
0 T T T T T T 1
0% 5% 10% 15% 20% 25% 30% 35%
Strain

Fig. 6 Stress—strain curves obtained from both compression mechan-
ical testing of the silicone posts (n = 6) and FEM model

contour is presented in Fig. 9 for one of the areas of interest
located at the lower left part of the collagen construct under
both 4 and 16% global strains. It is seen that the same radial

140

—o— Experimental @ Prony Series

120
100
80
60

Stress [Pa]

40

20

L] L] 1
1000 1500 2000

Time (Sec)

L]
0 500

Fig. 7 Stress relaxation curves for 2.5 mg/ml Collagen from experi-
ments (Pryse 2003) and nonlinear curve fitting

Table 2 Viscoelastic Prony

. 1 8i Ti

series parameters used for

collagen constructs 1 0.0009 0.08
2 0.4045 0.136
3 0.1289 84.49
4 0.0001 290.5
5 0.0151 350.1
6 0.1206 1145
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Fig. 8 Representative
circumferential strain contour of (LE;;E% o,
a macro-scale model that depicts +1.731e-01
. . +1.586¢-01
the local strain experienced by +1.442e-01
+1.297¢-01
the collagen constructs under +1.153e-01
global 16% equiaxial strain 1o
+7.1976-02
+5.752¢-02
+4.308¢-02
+2.864¢-02
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A) (B)
LE, LE33
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Fig. 9 Representative circumferential strain contours of two micro-scale models at the same position (R = 0.21, Z = 0.23) under a global 4%
(a) and 16% strain (b). The strain contours depict the local micro-strains experienced by the cells

gradient observed in the macro-scale model is also noticed
at the micro-scale model.

3.3 Average cellular strain as a function of position

For an applied global load, statistical analysis was conducted
for the average strain results from multiple cells in order to
characterize the effects of random distribution and locations
of multi-cellular models. The data were fitted to a normal dis-
tribution; the mean and standard deviation were determined.
We observed that the mean values of average cellular strains
vary in radial and longitudinal directions. Figure 10 demon-
strates two representative probability distribution functions
(PDF) for the cellular strains as a function of radial direc-
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tion at the same longitudinal location (Fig. 10a) and as a
function of longitudinal direction at the same radial location
(Fig. 10b). As observed in Fig. 10a, there is a difference in
the distributions of the circumferential strain with the radial
direction obtained at the same longitudinal coordinate. Quali-
tatively, distinctive average and scatter of the cellular strains
can be observed from the three distributions presented in
Fig. 10a. For longitudinal directions, PDFs are similar for
Z = 0.50 and Z = 0.77. However, for the areas of inter-
est, closer to the bottom edge of the collagen (Z = 0.23)
construct, the PDF is shifted to the left because of the global
deformation that occurred at the junction of the silicone post
protrusion and the base (Fig. 8). The PDF results demon-
strate the changes in cellular strain in radial and longitudinal
direction.
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Fig. 10 Distribution of the circumferential strain experienced by the
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Fig. 11 Average cellular strain variation for a global 8% strain with
both radial and longitudinal coordinates

The results from micro-scale models are presented in
Fig. 11 and are used to conduct a quantitative analysis of
the variations in cellular strain in regard to location; micro-
scale strains under 8% global strain were selected to show
a representative variation over both radial and longitudinal
directions in order to confirm the obtained conclusions from
the PDFs data. The summary confirms the radial gradient of
the circumferential strain and insignificant variation over the
longitudinal direction. Moreover, changes in average cellu-
lar circumferential strain as a function of radial location for
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the same longitudinal coordinate (a). However, there was no significant
difference between the strains at L = 0.5 and L = 0.77 at the same
radial coordinate (b)

four different applied equiaxial strains (4, 8, 12, and 16%) are
shown in Fig. 12a. The data given in Fig. 12a demonstrate that
for all applied strain groups, average circumferential strain
exerted on cells decreased with the increased radial location.
For instance, for 16% applied equiaxial strain, cells located
at the R = 0.21 region experienced average circumferential
strain of 14% while the ones located at R = 0.50 region
exposed circumferential strain of 12.2% and cells located
at R = 0.79 region experienced strain of 10.7%. All aver-
age circumferential strains of cells along the radial direction
were statistically different (p = 0.01) for the same applied
equiaxial strain. As also observed from Fig. 12a, for 16%
global strain, there is almost 12 and 33% strain attenuation
at R = 0.21 and 0.79, respectively, compared to 20 and 40%
strain attenuation at the same position for 4% applied global
strain. A comparable trend of strain attenuation is observed
for 12 and 8% global strains. Additionally, to summarize the
changes in average cellular strain as a function of longitudi-
nal location, Fig. 12b confirms that average cellular strain did
not change with the longitudinal location for all the global
strain groups. For the same applied equiaxial strain groups,
there was no statistical difference in the average strain of cells
for different normalized longitudinal location (p > 0.01).
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3.4 Stochastic prediction of cells viability

Stochastic analysis and damage criterion were used to pre-
dict the cell viability as a function of applied equiaxial strain.
The average cellular strain results obtained from micro-scale
FEM along with the experimentally obtained cell viability
results were utilized as inputs for the stochastic analysis.
In the cell viability study, three different equiaxial strains
(4, 8, and 16%) were applied to the cell-embedded colla-
gen constructs and cell viability was measured. Figure 13
demonstrates the cell viability as a function of applied strain.
As shown in Fig. 13, the cell viability decreases with respect
to the increased applied strain. Compared with the control
group (0% applied strain), cell viability decreases by 3, 8,
and 15% for 4, 8 and 16% applied strains, respectively. Sta-
tistical analysis showed that viability for 8 and 16% applied
strain groups was significantly different from control groups.
Also, the 8% applied strain group was significantly different

100% -

90% A

80% -

- J l l
0% 4% 8%

Equiaxial Strain

Cell Viability

I
i

16%

0% A

Fig. 13 Effect of mechanical equiaxial strain on cell viability as
obtained by the alamarBlue assay. Increasing circumferential strain
caused a decrease in cell viability. Asterisk denotes statistical differ-
ence from the control group (0% strain), dagger denotes statistical
difference from 16% strain group, and doubledagger denotes statisti-
cal difference from 4% strain group (P < 0.05)

from both the 4 and 16% applied strain groups. Yet, there was
no statistical difference in viability between the 4% applied
strain group and the control group.

Based the statistical characterization of the average cellu-
lar strains corresponding to an applied strain, a sample with
total N cells (N = 7.5 x 10°) can then be generated, in
which each cell has a randomly generated strain value. The
sample size was selected to match the number of cells in the
collagen constructs used in the experimental cell viability
study. Combining the cell viability data and the damage cri-
terion, the critical strain function can be determined, which
can be utilized to predict the cell viability for different applied
strains. Figure 14 shows both predicted cell viability values
for applied strains from 0 to 16 % with 0.5 increment and
experimentally obtained cell viability values for 0, 4, 8, and
16%. 1t is seen that the predicted cell viabilities capture the
trend observed experimentally and are within the range of
experimental data.

4 Discussion

The objective of the current study was to apply a methodol-
ogy to predict the cell viability in tissue engineered constructs
subjected to equiaxial strains. Initially, we subjected colla-
gen cardiomyocyte-embedded constructs to equiaxial strains
using a custom-built mechanical loading platform designed
in our laboratory. Subsequently, we experimentally evalu-
ated the viability variation of the encapsulated cells due to
mechanical strain using the alamarBlue assay. Also, for sim-
ulation purposes, we generated multi-length scale FE models
to obtain the strain gradients and strain values at the tissue
level (collagen, macro-scale) and the cellular level (micro-
scale). The variation of strain values due to the position of
several areas of interest that cover the whole collagen con-
struct was obtained and investigated. Moreover, using the
experimental viability study and stochastic models, adamage
criterion was obtained based on the cellular strain variation
acquired from micro-scale models. That damage criterion

Fig. 14 Cells viability e Experimental ——Prediction
determined experimentally by 100% -
alamarBlue assay and predicted
by stochastic analysis. The 95% -
stochastic analysis models .
successfully predicted the cells = 90% -
viability after applying :é'
circumferential strain S 85% A

7

Y

20% -
0% T T T T T T T T
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was then used to predict the viability and compared to exper-
imental results for validation purposes.

Acquiring mechanical properties for the materials invol-
ved in our models was a necessity as a preprocessing part
of building these models. As a hyperelastic material, sil-
icone posts were subjected to uniaxial compression tests
in order to obtain the Ogden hyperelastic material param-
eters. Stress—strain curves were obtained for six samples
(n = 6). Using nonlinear curve fitting algorithms along
with the stress—strain data, Ogden hyperelastic material mod-
els were obtained. The Ogden hyperelastic material model
(Gasser et al. 2006; Holzapfel et al. 2000) showed agree-
ment with the experimentally obtained stress—strain curves
for the range of physiologically relevant strains investigated
in the current work (Fig. 6). Collagen hydrogels are poroe-
lastic and biphasic materials, and the majority of their weight
is water. Collagen viscoelasticity is governed by the fibrillar
structure and interaction between fibrils and the fluid content
of the matrix (Neel 2006). Stress relaxation testing is used to
simulate collagen viscoelasticity and to obtain the viscoelas-
tic material parameter (Pryse 2003; Xu et al. 2013). Since
we were applying the mechanical strain in a cyclic fashion, it
was crucial to consider the time dependence viscoelasticity
of collagen. Stress relaxation test results were obtained from
Pyrse et al. (2003) and then fitted to Prony series viscoelastic
material model using nonlinear curve fitting codes to obtain
the collagen’s viscoelastic material properties (Fig. 7).

In our models, quasi-static analyses were conducted using
Visco step in Abaqus. Two hundred loading—unloading
cycles were applied, and the output strain components were
investigated. The number of cycles was defined based on the
cyclic analysis results shown as supplementary data. Follow-
ing identifying the cyclic mechanical loading parameters, we
investigated the variation of circumferential strain as a func-
tion of position for both macro- and micro-scale models.
Initially, we examined the macro-scale models that included
the contact interactions between two different material mod-
els (silicone and collagen) (Fig. 8). The strain contour of
the macro-scale models showed that collagen was deformed
equiaxially due to frictionless contact interaction between
silicone and collagen. The deformation of silicone due to
compression loading at the top surface caused equiaxial strain
on the collagen constructs. The applied load resulted in a cir-
cumferential strain gradient on the collagen constructs that
had a maximum at the interface and a minimum at the free end
of the collagen. Furthermore, we investigated strain contours
of all the micro-scale models. There was similar circumfer-
ential strain gradient the radial direction in the micro-scale
models. In order to account for that variation over the radial
direction, the location of each cell in the nine areas of inter-
est was randomly specified. Since it was assumed that the
cells are fully bonded to the collagen matrix, it was expected
to see similar patterns of strains for the cells compared to

the matrix. The strain contours of the cells followed the
macro-scale contours gradients. The cellular strain magni-
tudes varied significantly based on the position of the area of
interest in the collagen construct.

Our cellular strain results differ from the exact solutions
presented in Eshelby (1957, 1959) and Mori and Tanaka
(1973). Eshelby (1957, 1959) and Mori and Tanaka (1973)
have studied the matrix with embedded inclusion to under-
stand how an applied stress or strain, uniform at large
distances, is disturbed by these inclusions. The analytical
solutions from Eshelby suggested that if the inclusions are
ellipsoids, then the strain inside the inclusion is uniform.
Mori and Tanaka’s analytical solution suggested that average
stress is uniform in the matrix regardless of the shape and
position of inclusions. The discrepancy between our result
and the analytical solutions can be attributed to the assump-
tions used in their models and the role of cell—cell interaction
incorporated in our models. For instance, the Eshelby prob-
lem assumed an inclusion embedded in an infinite elastic
body and the uniform solution was only valid if the inclu-
sion is elliptical in shape. Mori and Tanaka’s findings did
not depend on the shape and position of the inclusion, but
it was assumed that the inclusion was in an infinite matrix.
In our models, cells (inclusions) were randomly distributed
within the finite matrix, and cell—cell interaction affects the
strain within the cells. In fact, strain amplification in the
cells within the artificial tissues has been studied extensively
using more sophisticated FEA models than presented in this
study.

For instance, Safran and his colleagues (De et al. 2008;
De and Safran 2008) studied cells subjected to dynamic
stresses. Their results suggested that cell orientation is a
strong function of the Poisson’s ratio of the matrix when
cell activity is governed by the matrix strain. They have
presented a comprehensive response of cells embedded in a
gel-like elastic medium to external stress. The theory in that
work covered the forces arising from the deformation of the
matrix as well as forces due to the internal regulation of the
stress fibers and focal adhesions of the cell. They calculated
the time-dependent response of both the magnitude and the
direction of the active forces exerted by the cells. Elson and
his colleagues (Wakatsuki 2000) studied various connective
tissue models populated with cells. Willie et al. (2006) stud-
ied cardiac fibroblasts-embedded collagen construct under
cyclic mechanical stretch and compared cell stiffness results
with the viscoelastic model. Their results showed that the
trends in cell stiffness did not fit simple viscoelastic models
previously proposed, and suggest possible strain-amplitude-
related changes during the cyclic stretch. Their findings also
suggested that strain fields vary on multiple spatial scales
(macroscopic and microscopic) and cell—cell and cell-matrix
interaction affect the strain distribution within the matrix and
change the matrix properties.
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To quantify average cellular strain and its change with the
location within the collagen construct, FE models were run
with 4, 8, 12, and 16% applied global strain values. Initially,
the scatter of cellular circumferential strain values was plot-
ted as a PDF, assuming a normal distribution, by the average
cellular strain calculated using Eq. (1) and the standard devi-
ation. Two representative PDFs were obtained (Fig. 10). The
two graphs show the effect of the radial position (Fig. 10a)
and longitudinal position (Fig. 10b) on the distribution of
the cellular strains under 16% global strain. As expected, we
did see the significant difference between the distributions
of cellular strains over the radial coordinate; however, only
one distribution was not different out of the three reported
distributions over the longitudinal direction. The distinct dis-
tribution at Fig. 10b is for the area of interest located very
close to the junction of the silicone post base and a protru-
sion (R = 0.21 and Z = 0.23). This can be explained by the
strain contours presented in Fig. 8 in which we see that the
macro-scale circumferential strain values are at a minimum
in this area compared to the areas of more positive longitu-
dinal coordinates. Thus, we could predict the cellular strains
follow the same trend. The same finding can be obtained
from Fig. 11 in which we presented a representative sum-
mary of the average cellular strains under global 8% strain
with the variation along both longitudinal and radial coordi-
nates. Furthermore, the summary of the whole FEM study
of micro-scale cellular strains is presented in Fig. 12. This
graph compares the effect of global strain and both radial
and longitudinal position on the strain value experienced
by the cells. Figure 12a shows that there was lesser strain
attenuation percentage over the radial direction compared to
lower levels of the highest global strain (16%). On the con-
trary, Fig. 12b demonstrates that there was not any strain
attenuation over the longitudinal direction at the same radial
position.

In this work, we have employed a damage criterion based
on the maximum circumferential strain rather than using
strain energy-based criterion because it was demonstrated
by Yan et al. (2010) that it provided a better prediction
of cellular viability compared to experimental results. The
average cellular strain at all the areas of interest under 4,
8, and 16% global strains was used against the critical
strain obtained using experimental viability and stochastic
analysis.

For the experimental viability study, the mechanical load-
ing platform, EQUicycler, was used to apply predetermined
equiaxial strain on collagen cardiomyocyte-encapsulated
constructs. The cell line (AC10) used is derived from adult
human ventricular cardiac tissue (Davidson 2005) and was
used as a model cell line to undergo equiaxial strain because
of the similar mechanical environment in the human heart.
The strain values and loading parameters were chosen to
mimic physiologically relevant strains and the frequency of
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human cardiac tissue. Upon applying the mechanical load,
cells viability was slightly compromised due to increasing
strain values. The cell viability for 4% strain was not dif-
ferent from control group (no strain). However, there was
statistically different decrease in viability up to almost 15%
for the highest applied strain (16%) as shown in Fig. 13.

Figure 13 demonstrates that cardiomyocyte viability
decreased with the increased mechanical strains applied to
cell-embedded collagen constructs. These results conform
to previously published results that reported that mechani-
cal strains can induce heat shock response that is indicative
of cell damage (Chano 2000; Xu 2000). Also, the mechani-
cal strain was associated with cell death either by apoptosis
(Goga 2006) or necrosis (Gefen 2008). The magnitude, rate,
and duration of loading have different effects on cell via-
bility depending on the tissue origin and cell phenotype. For
instance, the strain magnitude has dissimilar effects on osteo-
cyte viability (Noble 2003) while cell death was strain-time
dependent for a skeletal muscle tissue-engineered scaffold
(Gefen 2008). Moreover, Barbee (2006) studied the effect of
both the strain magnitude and strain rate on vascular smooth
cell injury or cell death. They demonstrated that increasing
the strain magnitude as well as strain rate was associated with
increased cell damage.

The results presented in Fig. 13 can be explained by the
possible intracellular mechanisms triggered by the excessive
strain exposure beyond the cells adaptive capacity. Numerous
studies investigated the mechanisms behind the mechani-
cally induced cardiomyocytes apoptosis (Liao 2003, 2005;
Pimentel 2001). One of the most studied mechanisms is
increased intracellular Ca™2 levels associated with excessive
mechanical stretching. Studies showed that mechanical load-
ing increased the intracellular Ca*? level in cardiomyocytes,
and this leads to cardiomyocytes apoptosis. Liao (2003) stud-
ied the link between mechanical load-induced cell stretch
and cardiomyocytes apoptotic pathway. Their results sug-
gested that Ca™ signaling participates essentially in the early
stage of stretch-induced apoptosis. Another important fac-
tor in mechanical strain-induced cell damage is the reactive
oxygen species (ROS). Pimentel (2001) demonstrated that
periodic stretch-induced the oxidative stress associated with
increased intracellular ROS level in cardiomyocytes, which
leads to apoptosis. Apoptosis through death receptor signal-
ing was also associated with excessive mechanical strain.
Liao (2005) demonstrated the involvement of death recep-
tor signaling in mechanical stretch-induced cardiomyocyte
apoptosis. They proved that mechanical overload activated
death receptor-mediated apoptotic signaling. Additionally,
excessive mechanical loads can lead to membrane disrup-
tion that can lead to necrosis depending on the severity of the
damage (Barbee 2006; Vlahakis and Hubmayr 2000).

For the stochastic analysis, the average cellular strain
obtained from FEM was compared with the critical strain
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values. If the average strain value experienced by a specific
cellis higher than the critical strain, the cell is considered non-
viable. The total number of non-viable cells is then compared
to the total number of cells, and ultimately predicted viability
is calculated. A total of nine areas of interest were selected at
different locations of the collagen construct. For each area,
nine cells were embedded based on random distribution. For
an applied strain, the cellular strain results obtained via the
multi-scale FE analysis were used for statistical character-
ization. The generated PDFs capture the effects on cellular
strains from random cell distribution, cell—cell interaction,
cell-collagen interaction, and strain gradients within the
collagen construct. These distribution functions allow for
generating cellular strains for a sample of 7.5 x 10° cells
in the stochastic analyses. Furthermore, a linkage between
the globally applied strain and cell response is established
by combining the multi-scale FE analysis and the cell dam-
age criterion. The predicted cell viabilities agree well with
the experimental values as shown in Fig. 14. The viability
predictions reported in this study were obtained using the
critical strain function calculated from the 16% strain exper-
imental data. However, the stochastic predictions were not
dependent on the experimental viability-dependent critical
strain function. The stochastic predictions of cell viability
can be reproduced if the critical strain function was calcu-
lated using the 4% or 8% experimental data. The authors
compared the predictions obtained using the critical strain
functions determined from the 4, 8, and 16% strain exper-
imental data and found minimal differences among these
predictions that are stochastic in nature and subject to prob-
abilistic variations. While the predicted results are in the
range of the experimental data, the variations in the predicted
results are rather small in comparison with the experimental
data. This difference may be attributed to additional ran-
dom effects that are not incorporated in the current study, for
example, variation in mechanical properties of cells and cell
dimensions.

The computational models utilized in the current work
have several assumptions that implied limitations in the
study. For instance, the materials used in the models were
assumed to be isotropic. Also, the non-affine nature of the
reconstituted collagen (Chandran and Barocas 2006) was not
incorporated in the present study. The collagen matrix was
represented by using the simple viscoelastic Prony series
material model. Additionally, the cells in the micro-scale
models were assumed to be homogenous and fully bonded
to the matrix. While the current study is the first step to char-
acterize the mechanical loading system, it is recognized that
more accurate strain field solutions can be obtained by incor-
porating more complicated material models for the collagen
matrix such as fiber orientation-based constitutive model
(Sacks 2003), the adaptive quasi-linear viscoelastic model
(Nekouzadeh 2007), and fibril network-based model (Chan-

dran and Barocas 2007). Another limitation of the models in
the current work is the use of axisymmetric micro-scale mod-
els. Images of the tissue constructs show that cells appear to
be mostly spherical and randomly distributed in 3D within
the collagen matrix. While the assumption of axisymme-
try in the macro-scale models for the samples is acceptable,
the axisymmetry in the micro-scale models is considered a
limitation. To reduce the effect of this limitation, the cell
distributions were randomized in all the micro-scale models.
However, multi-cell 3D models are a more accurate represen-
tation of the tissue constructs at the micro-scale. The current
models can also be improved by incorporating transitional
pericellular matrix interfaces between the cells and the col-
lagen matrix as well as subcellular compartments such as the
nuclei. By doing so, there will be more detailed information
that will explain the molecular and structural changes that the
cells undergo due to equiaxial strain application. Moreover,
since collagen, the most abundant protein in mammals and a
natural polymer, can polymerize into a hydrogel form under
certain pH and temperature conditions, the study of its pore
pressure and permeability (biphasic model) under specific
mechanical loading will provide more understanding of the
construct mechanics and its effect on cellular and subcellular
activities.

5 Conclusion

The EQUicycler was used to apply physiologically relevant
equiaxial strain to collagen cardiomyocyte-embedded tissue-
engineered constructs. Upon applying the equiaxial strain, a
viability study revealed that the cell viability was affected by
the applied strain. Multi-length scale FEM was used to quan-
tify the strain variations in the tissue level (macro-scale) and
the cellular level (micro-scale). Comprehensive strain infor-
mation from FEM provided an in-depth understanding of
how the applied equiaxial strain was transferred from the sil-
icone post to the collagen scaffolds and consequently to the
encapsulated cells. Average cellular strains were obtained
from FEM and used along with a stochastic damage crite-
rion to predict cell viability. The stochastic analysis utilized
the average strain values from FEM and merged with damage
criterion to predict the cell viability. Stochastic predictions
of viability agree with the experimental data. This study pre-
sented a systematic approach to quantifying cellular strains
upon equiaxial global strain and predict the cell viability due
to that strain.
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