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Oxygen concentration plays a key role in cell survival and viability. Besides, it has important 
effects on essential cellular biological processes such as cell migration, differentiation, prolif-
eration and apoptosis. Therefore, the prediction of the cellular response to the alterations of the 
oxygen concentration can help significantly in the advances of cell culture research. Here, we 
present a 3D computational mechanotactic model to simulate all the previously mentioned cell 
processes under different oxygen concentrations. With this model, three cases have been 
studied. Starting with mesenchymal stem cells within an extracellular matrix with mechanical 
properties suitable for its differentiation into osteoblasts, and under different oxygen conditions 
to evaluate their behavior under normoxia, hypoxia and anoxia. The obtained results, which 
are consistent with the experimental observations, indicate that cells tend to migrate toward 
zones with higher oxygen concentration where they accelerate their differentiation and pro-
liferation. This technique can be employed to control cell migration toward fracture zones to 
accelerate the healing process. Besides, as expected, to avoid cell apoptosis under conditions of 
anoxia and to avoid the inhibition of the differentiation and proliferation processes under 
conditions of hypoxia, the state of normoxia should be maintained throughout the entire cell-
culture process.

Keywords: Finite element modeling; osteoblasts; mesenchymal stem cells; cell migration; 
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1. Introduction

The processes of tissue regeneration and remodeling significantly depend on the 
mechanisms of cell migration, differentiation, proliferation and apoptosis. These 
mechanisms are regulated by a complex combination of mechanical,1–4 chemical,5–8 

thermal9 and electrical10,11 cues. For instance, during wound healing, a cascade of 
electrical, chemical and mechanical cues is produced.12–14 In the first stages of wound 
healing, those signals induce migration of certain cell types, such as fibro-blasts and 
endothelial cells, toward the wound zone. Sequentially, those cues guide the cells to 
promote the creation of new extracellular matrix (ECM), new blood vessels and 
to repopulate the wound with the appropriate cells, restoring the damaged tissue.

In general, cells have the ability to interact with their environment through 
mechanotaxis and chemotaxis, allowing them to recognize the stiffness and the 
topography of the environment as well as the presence of nutrients and different 
proteins. In the last two decades, great effort has been devoted to understand how 
the cell environment affects its decision of migration, differentiation, and 
proliferation.1,2,15–17 Some of these studies have made it possible to guide cell dif-
ferentiation through mechanical and chemical stimulation to a certain cell type. The 
use of these techniques, in conjunction with autologous induced pluripotent stem 
cells (iPSC), has opened a new range of possibilities in the treatment of many 
diseases. However, only a little knowledge of the regeneration process has been 
acquired and many cell behaviors are still unstudied. Thus, knowing and controlling 
the stimuli that govern cell behavior is the first step to improve the tissue 
regeneration process.

One of the major factors, and probably the most important, for tissue regener-
ation, is the lack of oxygen (hypoxia). During cell culture, the cell can experience a 
wide range of oxygen concentrations, which directly affect its viability. Cells that 
have a normal oxygen concentration (normoxia) can demonstrate normal activities 
such as migration, differentiation and proliferation.4,16–18 Depending on the cell 
type, there are different thresholds of oxygen concentration for the normoxia state. 
For instance, cartilage, which is an avascular tissue, has typical concentrations of 1–
6%14 while this range of oxygen concentration changes in the case of the bone to 6–
13%19 When this level falls, it causes a deficit between the available oxygen and that 
is necessary to maintain the activity of the cells. Under these conditions, it is 
considered that the cell is under hypoxic condition.14,20 Under hypoxic conditions,  
cell viability,21 prolifer-ation,22 differentiation,14 and cell migration22 may get 
affected. Although a worse situation is expected for the cells under hypoxia, some 
experiments have shown an enhancement in cell proliferation under certain hypoxic 
thresholds.7,21,22 For in-stance, under hypoxia, osteoblasts show a reduction in cell 
prolifera-tion,23 whereas in fibroblasts there is an increase in cell proliferation.24 In 
contrast, in both cases, an increase in cell apoptosis is also observed. These 
contradictory processes provide improved capacity for the cells to remodel their 
tissue. In the most
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dramatic case, when there is an almost total lack of oxygen, it is considered that the 
cell is under conditions of anoxia.20,23 In such a case, cells will trigger apoptosis.

Oxygen concentration in the ECM plays a key role in bone regeneration. At the 
first phase of bone remodeling, an oxygen gradient with a high shortage of oxygen 
concentration in the center of the fracture healing is generated. Bosgraaf et al.25 and 
Neilson et al.26 have demonstrated that the effect of a chemical gradient is able to 
induce and guide cell migration. However, it has been observed that the effect of 
hypoxia not only induces migration, but also affects the gene expression of cells. 
Steinbrech et al.23 and Warren et al.27 found that under hypoxic conditions osteo-
blasts, fibroblasts and endothelial cells express Transforming Growth Factors 
(TGFs) and Vascular Endothelial Growth Factors (VEGFs), which promote 
angiogenesis process. More recently, Wan et al.13 mentioned an improvement in the 
regeneration speed of bone tissues inducing hypoxia in osteoblasts.

In order to enhance the understanding of the roles of different cues in the process 
of tissue regeneration, many computational models, with different approaches, have 
been developed.28–31 All these models are able to predict the general response of the 
cells to different received signals from their environment through the mechano, 
chemo, electro and thermotaxis. However, although many experimental studies 
infer the importance of the oxygen levels in tissue regeneration,12–14,23,27 to the best 
of our knowledge, there are no models that consider the effects of oxygen concen-
tration on cell migration, differentiation, proliferation and apoptosis. Therefore, the 
aim of this work is to develop a new numerical model to study the influence of 
oxygen concentration on cell migration, differentiation, proliferation and apoptosis.

2. Model Formulation

Recently, many advanced computational methods are developed to enhance the 
accuracy of the standard finite element method (FEM).32,33 These methods are 
established to improve the precision and stability of traditional methods. In con-
trast, they may increase the computational cost. As the proposed model does not 
have any convergence or stability problems and the objective is to get the results at 
a reasonable calculation time, the standard FEM is employed to consider cell 
migration, differentiation, proliferation and apoptosis of mesenchymal stem cells 
(MSCs) and osteoblasts. The model enables us to define different chemical and 
mechanical conditions in the ECM to evaluate the cell response.30,34–39

2.1. Cell migration

Cell migration is conditioned by the capability of the cell to interact with its mi-

croenvironment.40,41 The mechanical forces generated by the cell are a function of 
its internal stress, which is classified into active and passive stresses. Active stress, 
generated by the contraction of the actin and myosin II filaments, depends on a 
threshold of a maximum, "max, and a minimum, "min, internal strains of the cell.

1950064-3

mohamed
Nota adhesiva
Marked definida por mohamed

mohamed
Nota adhesiva
Marked definida por mohamed

mohamed
Nota adhesiva
Marked definida por mohamed



¾i ¼

Kpas"i; "i < "min or "i > "max;

Kact�maxð"min � "iÞ
Kact"min � �max

þKpas"i; "min � "i � ~";

Kact�maxð"max � "iÞ
Kact"max � �max

þKpas"i; ~" � "i � "max;

8>>>>>><
>>>>>>:

ð1Þ

where Kpas and Kact are the stiffness of passive and active elements, respectively, "i
is the cell internal strain at the ith node of the cell surface and �max is the maximum

stress generated by the actin–myosin filaments, and ~" being defined by

~" ¼ �max=Kact: ð2Þ

For simplicity, during migration, a constant spherical morphology of the cell has

been considered. For the calculation of the internal cell strain, we should define the

deformation in each node of the cell surface located in the cell-ECM interface due to

mechanosensing process. The sensing forces, which are exerted in each node of the

cell surface toward the cell centroid (Fig. 2(a)), allow the cell to probe its envi-

ronment. Hence, the strain in each node of the cell surface due to mechanosensing

(a) (b)

Fig. 1. Mechanosensing model. (a) The mechanical model of the actin–myosin machinery. Kpas is the 
stiffness of the passive elements of the cell, Kact is the stiffness of actin–myosin filaments and Ks is the 
ECM stiffness. fext and pcell are the external forces over the cell and the internal stress of the cell, 
respectively. (b) The stress exerted by the actin–myosin machinery, �act, depends on the contractile 
strain of the cell, "act. "min and "max are the minimum and maximum deformation of the actin–myosin 
filaments.

Passive stress, related to the strain of passive elements such as the cell membrane

and the cell cytoskeleton (CSK), is directly proportional to the strain and stiffness of
the cell's passive elements. To sense the mechanical properties of its ECM, the 
cell exerts some sensing forces, which stress the ECM. The resultant stress, in
turn, generates ECM strain. Therefore, the total stress transmitted to the ECM by
the ith
node of the cell-ECM interface, which is the summation of the active and the passive
stresses is given by

P. Urdeitx et al.
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process can be calculated as (see Fig. 2(b))

"i ¼
MiNi

OMi

; i ¼ 1 : n; ð3Þ

(a) (b)

Fig. 2. Schematic configuration of the cell. (a) Mechanosensing process in which the sensing forces are

exerted at each node of the cell surface toward the cell centroid. Feff , Fprot, Fdrag and epol are the effective

force, the protrusion force, the drag force and a unit vector in the direction of the movement, respectively.

(b) The cell is deformed due to mechanosensing process. The cell initial and deformed configuration are

shown in the solid and dashed lines, respectively. Therefore, the nodal traction forces can be calculated

based on the deformation of each node using Eq. (9).

Role of Oxygen Concentration in the Osteoblasts Behavior: A Finite Element Model

where "i, MiNi and OMi, represent the strain of the ith node on the cell surface, the 
displacement of the ith node in the sensing force direction due to mechanosensing 
process and the initial distance between the ith node and cell centroid, respectively. 
n is the number of nodes at the cell's surface (Fig. 2(b)). The variation of the 
de-formation among the nodes of the cell surface will contribute in the decision of 
the cell to migrate toward a determined direction based on the mechanosensing 
process. Here, we consider that the cell migrates toward the direction of the 
minimum internal deformation.

Three main forces, from three different sources, have been considered in this 
model to define the migration process. Therefore, assuming that the contribution of 
the cell inertia is negligible compared with the other forces due to the microscale 
problem, the force equilibrium reads

Feff þ Fprot þ Fdrag ¼ 0; ð4Þ 
where Feff , Fprot and Fdrag are the effective traction force, protrusion force and drag 
force, respectively. Feff includes the contribution of the oxygen concentration and 
the mechanical effects on the cell traction force generated by the cell’s internal
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strains as shown in Eq. (5). The presence of an oxygen gradient in the ECM induces

the polymerization of the actin–myosin fibrils guiding the direction of the pseudo-

pods toward the higher oxygen concentration. This results in a direct effect on

the polarization direction of the cell that tends to migrate toward zones of higher

oxygen concentration.42 Therefore, it can be considered that the variation of the

oxygen concentration modifies the migration direction without modifying the force

module as

Feff ¼ jjFnet
tracjjð�mechemech þ �o2eo2Þ; ð5Þ

where �mech and �o2 
represent the effectiveness of each signal with respect to the

other. To keep the magnitude of Feff of the same order of the traction force, the 
variables �mech, and �o2 

should be defined such that �mech þ �o2 
¼ 1. Therefore, if 

one of them is more intensive than the other, it will have a higher effect on the
effective force. Moreover, emech and eo2 

are unit vectors in the direction of oxygen 
and mechanical gradients. In the case of oxygen gradient, the unit vector can be 
defined through its respective gradient as

eo2 ¼
r½o2�
jjr½o2�jj

; ð6Þ

where r is the gradient operator and ½o2� is the oxygen concentration.
The unit vector corresponding to the mechanotaxis can be calculated by the sum of 

the traction forces applied at all the nodes of the cell located in the cell-ECM
interface. Nodes with less deformation, in module, will experience a greater 
traction force. However, due to the direction of the exerted nodal traction forces (see
Fig. 2(a)), the direction of mechanotaxis polarization (direction of the lowest cel-
lular deformation) will correspond with the opposite direction to the resultant
traction forces, Fnet

trac, as

emech ¼ � Fnet
trac

jjFnet
tracjj

: ð7Þ

The resultant traction force, Fnet
trac, is calculated by the summation of the traction

forces applied at each node as

Fnet
trac ¼

Xn
i¼1

Ftrac
i ; ð8Þ

where n is the number of nodes located on the cell surface and Ftrac
i is the nodal

P. Urdeitx et al.

traction force, which is proportional to the cell internal stress, �i, obtained by 
Eq. (1). This force is the contribution of the internal actin–myosin machinery of the 
cell. It is transmitted to the ECM through the cell adhesions of the integrin fami-

ly.43,44 As long as we have discretized the cell body by finite elements, we have to 
define traction forces at each node of the cell surface. These forces are directly 
proportional to the cell surface, S and internal stress of the cell at each node of the 
cell surface,
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�i, given by

Ftrac
i ¼ �iS�ei; ð9Þ

where ei is a unit vector passing from the ith node located on the cell surface toward 
the cell centroid, and � is a dimensionless parameter that represents the adhesive-
ness of the cell , which can be calculated by

� ¼ knr ; ð10Þ 
where is a constant representing the concentration of ligands, k is a binding 
constant and nr is the resultant of the number of available receptors at the front nf 

and back nb of the cell.
The protrusion force Fprot is a random force generated by the polymerization of 

actin filaments inside the cell.41,45 This random polymerization generates extensions 
of the cell membrane through which the cell is able to create new binding points to 
the ECM that induce movement in that direction. Both the direction and the 
modulus of this force are defined randomly, but its modulus is always less than cell 
traction force Eq. (11).29

Fprot ¼ �jjFtrac
net jjerand; ð11Þ

where � is a randomly generated number between 0 � � <  1, and erand is a random 
unit vector that defines the direction of the protrusion force.

The drag force Fdrag is an opposing resistance force to the cell movement due to 
the viscosity of the medium in which the cell migrates. This force is directly pro-
portional to the cell velocity and it depends on the viscoelastic properties of the
ECM.29,34,46 In Stokes' regime, the drag force can be simplified as the drag force on a 
sphere of radius r moving at a velocity v in an ECM with a viscosity �.29

jjFdragjj ¼ 6�r�v: ð12Þ

As the drag force, which is calculated by Eq. (4), opposes the cell movement, we

can define the polarization direction of the cell (direction of the migration) by

epol ¼ � Fdrag

jjFdragjj
: ð13Þ

Likewise, the cell velocity modulus, through Eq. (12), is given by

v ¼ jjFdragjj
6�r�

: ð14Þ

Therefore, the cell translocation at each time t can be calculated from the cell

speed obtained in Eq. (14) by

d ¼ vtepol: ð15Þ

Role of Oxygen Concentration in the Osteoblasts Behavior: A Finite Element Model

1950064-7



Fig. 3. Cell interaction. The xi and xj vectors are the centroid position vectors of the ith and jth cells,

and xij � 2r is the distance between two cell centroids. The common nodes (such as n1 : n4) lose the

ability to experiment the ECM.

P. Urdeitx et al.

2.2. Cell interaction

When two or more cells are interacting simultaneously with the ECM, we should 
calculate strains, forces and velocity for each one as we have shown for one cell 
previously. If some cells are close enough to each other, the strains in the ECM 
caused by the activity of a cell will influence the calculation of the other one. In this 
way, the cells have the ability to feel each other through the mechanosensing 
mechanism.

During the migration process, we have to ensure that the limits between the cells 
are maintained in such a way that the interference of the cells with each other is 
prevented. As a constant spherical morphology of the cell is considered, we can 
simply calculate the distance between two cells as

xij ¼ xj � xi; ð16Þ
where xi and xj correspond to the position vector of the centroid of the ith and jth
cells, respectively. It must always be fulfilled that jjxijjj � 2r for any pair of cells to 
prevent their interference (see Fig. 3).

When two cells are in contact, their cell membranes adapt to each other main-

taining tangential contact between them in such a way that they are not able to 
extend pseudopods in the inter-contact area to interact with the ECM.53,54

1950064-8



Therefore, it has been considered that the in-contact nodes do not exert sensing 
forces to sense their ECM. It is worth to note that although there is no sensing force 
on these nodes, the cells will send out traction forces in these nodes as well.36

2.3. Cell differentiation, proliferation and apoptosis

The cell, through its interaction with the ECM, is able to recognize the conditions of 
its environment. In the current model, the equations that relate this process to the 
mechanical and chemical stimuli, described in the previous section, have been 
employed. These conditions have the potential to alter the cellular gene expression, 
guiding cell differentiation, proliferation and death processes. In this section, the 
processes of proliferation, differentiation and apoptosis are integrated into the 
previous model.

Since the discovery of stem cells, many works have been developed to understand 
what triggers the differentiation of these cells in different phenotypes. Nowadays, it 
is known that cell differentiation is promoted, among other stimuli, by a combi-

nation of mechanical and chemical factors that are present in the ECM. Engler 
et al.4 studied the effects of matrix stiffness on the differentiation of the MSCs. They 
observed that the cells showed neurogenic markers in ECMs with stiffness similar to 
that of soft tissues (0.1–1 KPa), in ECMs of intermediate stiffness (8–15 KPa) 
appeared myogenic markers, and in stiff ECMs, similar to bone tissues (25–40 KPa), 
the cells had osteogenic markers. In ECMs with high stiffness, during the 
mechanosensing process, the cell undergoes a lower internal deformation, while 
in softer ECMs, the cell undergoes a higher internal deformation. These 
generated internal cell deformations are able to drive the cell destination.

Thus, in the current model, differentiation has been considered as a cellular re-
sponse to the mechanical stimulus, which is related to the level of internal deformation 
of the cell. From the equations described in the previous section, it is possible to obtain
the mechanical deformation of each node, �i, projecting the corresponding nodal 
deformation tensor of ²i in the polarization direction of the cell (Eq. (13))

°i ¼ epol : ²i : e
T
pol: ð17Þ

It is worth noting that cell differentiation is not an instantaneous process, but it

depends on the received signal during cell maturation that regulates cell fate.55,56

Thereby, we consider the mechanical signal as a time-dependent signal during the

cycle of cell maturation. Thus, the cell internal deformation in the cell polarization

direction can be defined at time t by

°ðx; tÞ ¼
Xn
i¼1

°i; ð18Þ

where �ðx; tÞ represents the level of the cell mechanical signal at time t.

The maturation cycle reflects the time that the cell needs to recognize and adapt

itself to the new environment in such a way to be able to differentiate into the

Role of Oxygen Concentration in the Osteoblasts Behavior: A Finite Element Model
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proper cell type. This cycle establishes the minimum time from which changes in

the cell gene expression can be observed, and is partially dependent on the level of

mechanical stimulation experienced by the cell.31 Wu et al.57 studied the differ-

entiation of chondrocytes under different loading states. They observed that the

time needed for cell differentiation varied for cells cultured under different loading

conditions. In this model, a linear relationship has been assumed between the

maturation time and the mechanical stimulus. Therefore, the maturation time of

each cell will be defined by

tmatð�; tÞ ¼ tmin þ tp�ðx; tÞ; ð19Þ
where tmatð�; tÞ is the time required by the cell to maturate, tmin is the minimum

required time and tp is the time proportionality of the mechanical stimulus �ðx; tÞ.
To represent the maturation level of each cell during the time, t, the Maturation

Index (MI) is defined as

MI ¼
t

tmat

; t � tmat;

1; t > tmat:

8<
: ð20Þ

The decision of the cellular phenotype adopted by the cell depends on the level of

mechanical stimulus experienced by the cell during its maturation. For the different

cellular phenotypes, their corresponding thresholds would be defined based on the

mechanical characteristics of the tissue in which they live.36 For example, osteo-

blasts, which basically reside within hard ECMs (30–45 kPa), only undergo low cell

deformations.3,4

On the other hand, cellular apoptosis is the process by which the cell is able to

trigger its own death in a controlled way.58 This mechanism can be activated in-

dependently by each cell when detecting adverse situations for its integrity. For

example, it has been observed that certain mechanical conditions cause the ex-

pression of proteins that trigger cellular apoptosis.59 Likewise, it has been observed

that the level of oxygen maintains a close relationship with cell survival, being able

to trigger apoptosis under anoxia.7,21,60 For this reason, the activation of apoptosis

has been considered by both mechanical stimulation, through the mechanical signal,

and by the chemical stimulus, through anoxia. Therefore, in this model, the cell will

undergo apoptosis if � � �apop or ½o2� � ½o2�anox, where �apop is the mechanical

stimulus causing the cell death and ½o2�anox is the upper limit of the anoxia.

Based on experimental observations,3,4,61 we assume that MSCs (m) are able to

differentiate into osteoblasts (s) under certain mechanical and chemical conditions.

Consequently, the process of MSC differentiation and apoptosis related to me-

chanical signals, oxygen concentration and MI can be represented by

Cell state¼
s �low < � � �ost and ½o2� � ½o2�hyp and MI¼ 1;

No cell differentiation Otherwise;

(

ð21Þ

P. Urdeitx et al.
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where �low and �ost are the minimum and maximum mechanical stimulus for the
differentiation of osteoblasts, while ½o2�hyp is the upper limit of hypoxia. It should be 
noted that small strains exerted cyclically on a typical cell might cause fatigue
apoptosis59 that we have not considered here.

The ECM is not only able to govern the processes of cellular differentiation but 
also plays a key role in the proliferation.55 A cell is able to feel that it is in a favorable 
situation for growth and proliferation. For example, in a plate cell culture, cells 
proliferate until they reach coalescence, at such point, they stop proliferation.62 As 
we commented before, the cells, through mechanotaxis, are able to recognize that 
they are surrounded by other cells, so that they stop the proliferation processes. In 
contrast, in the case of tumor cells, it has been observed that this mechanism fails, 
causing uncontrolled growth of the cells.63,64 In an opposite situation, such as when 
cells are subjected to high strains, small cyclic strains or anoxia, cells are able to 
detect that they are in a harmful situation to their own integrity, triggering 
cellular apoptosis.59,65

When an injury occurs in a tissue, part of the cell population in the affected area 
dies and must be replaced by new cells during tissue regeneration. Cell proliferation 
is the mechanism by which cells are able to increase their population. An adult cell is 
able to duplicate its genetic content and, through the mitosis, divide itself to create 
two new cells. Thereby, the proliferation capacity of a cell depends on the degree of 
maturation of that cell. Although the mechanisms that regulate cell proliferation 
processes are still unclear, it has been observed that it depends on the mechanical 
stimuli experienced by the cell.44,67,68 Thus, cell proliferation occurs when a certain 
threshold of mechanical stimuli is sensed by the cell. In the same way, it has been 
observed that the level of oxygen that the cell experiences plays a key role in this 
process, being able to increase or even inhibit cell proliferation.7,14,21,27 Therefore, 
the cell proliferation related to mechanical stimulus, oxygen concentration and MI 
can be expressed by

Cell proliferation ¼
1 mother cell ! 2 daughter cells � � �prol and ½o2� � ½o2�hyp

and MI ¼ 1

No cell division Otherwise;

8><
>:

ð22Þ
where i 2 fm; sg and �prol

i is the mechanical stimulus that defines the proliferation

limit of the ith cell.31

Once the proliferation is activated, the positions of the new two cells: x
ð1Þ
daut and

x
ð2Þ
daut, are defined as

x
ð1Þ
daut ¼ xmoth;

x
ð2Þ
daut ¼ xmoth þ 2rerand;

ð23Þ

where xmoth is the position of the mother cell and erand is a randomly defined unit

vector.

Role of Oxygen Concentration in the Osteoblasts Behavior: A Finite Element Model
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Fig. 4. The computational algorithm of the modeling of cell behavior divided into two parts: Cell

mechanics and cell fate.

P. Urdeitx et al.

3. Finite Element Implementation

For the implementation of the model, the commercial finite element software 
Abaqus69 has been used through a user-defined element subroutine (UELM). The
studied ECM, where the cells are included, has dimensions of 400 � 200 � 200 �m,

meshed with a total of 16,000 regular hexahedral elements, with a total of 18,081 
nodes. Each cell has been discretized from the ECM with 24 nodes on its surface (see 
Fig. 2(a)) and have constant spherical morphology. The calculation algorithm of 
this model is described in Fig. 4, and the properties used to calculate the mechanical 
behavior of the cells and the ECM are enumerated in Tables 1 and 2.

4. Numerical Examples

The purpose of the present model is to evaluate the effects of oxygen concentration 
on cell behavior. As observed, in experimental studies,20,70,71 the oxygen concen-
tration not only regulates the cell survival but also plays a key role in cell differ-
entiation, proliferation and migration. For instance, osteoblasts under hypoxic 
conditions show a dramatic reduction in cell proliferation.12 Using the present model, 
we will study the effects of the variation of oxygen concentration on cell

1950064-12



behavior to improve the current procedures of cell culture. For this aim, three

numerical examples have been designed in which the effect of oxygen concentration,

in a controlled environment, on cell behavior has been studied. In the first example,

cell behavior is studied in a confined ECM without an oxygen supply. In this case,

the cells consume the oxygen until it runs out (anoxia). In the second example, cell

behavior is studied in a medium with a homogeneous and constant oxygen con-

centration (normoxia). Finally, in the third example, an oxygen gradient in the

ECM is considered, simulating a bioreactor with oxygen supply located on one side

of the ECM.

4.1. Cell behavior within a confined ECM

In the first numerical example, 10 MSCs have been randomly seeded in a confined

ECM with a uniform stiffness of 45 kPa, which is suitable for the MSCs to be

differentiated into osteoblast phenotype.4,72 Each cell has the ability to migrate

within the ECM due to a combination of mechanical and chemical stimuli.

Table 1. Mechanical parameters of the model.

Parameter Description Value Ref.

� ECM Poisson ratio 0.3 47, 48

� ECM viscosity 1000Pa�s 29, 48

Kpas Stiffness of the passive elements of the cell 2.8 kPa 49

Kact Stiffness of the actin–myosin machinery 2.0 kPa 49

"max Maximum strain of the cell 0.9 36, 50

"min Minimum strain of the cell �0.9 36, 50

�max Maximum contractile stress exerted by the actin–myosin

machinery

0.1 kPa 51, 52

kf ¼ kb Binding constant at the front and the rear of the cell 108 mol�1 29

nrf Number of available receptors at the front of the cell 1:5� 105 29

nrb Number of available receptors at the back of the cell 1:0� 105 29

Concentration of the ligands at the rear and the front of the cell 10�5 mol 29

tmin Minimum time needed for cell proliferation 4 days 31, 49

tp Time proportionality 200 days 31, 49

Table 2. Mechanical stimuli bounds that define the thresholds of the model.

Parameter Description Value Ref.

�low Lower bound of cell mechanical signal leading to osteoblast

differentiation

0.005 31, 66

�ost Upper bound of cell mechanical signal leading to osteoblast

differentiation

0.04 31, 66

�prol Maximum mechanical signal to cell proliferation 0.2 31

�apop Cell mechanical signal leading to cell apoptosis 1.0 31

½o2�hyp Upper limit of hypoxia 6.0% 12, 19

½o2�anox Upper limit of anoxia 1.0% 19, 20

Role of Oxygen Concentration in the Osteoblasts Behavior: A Finite Element Model
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Simultaneously, as explained above (see Fig. 4), they have the ability to differen-
tiate, proliferate and die. To study the effect of different levels of oxygen concen-
tration on cell behavior, a confined ECM in which the oxygen progressively decays 
during the assay, due to the cells’ consumption, is considered. For this purpose, we 
have started with an initial oxygen concentration of 13%. In this case, the oxygen 
concentration falls progressively, passing through different levels of hypoxia until it 
reaches anoxia. During this process, the cell response, such as differentiation and 
proliferation, as well as apoptosis, are studied.

In the first phase of this example, cells were existing under normoxic conditions
(6–13%19,73). While the cells are exposed to these concentrations, they show normal

activity. For instance, MSCs received adequate mechanical (�) and chemical (½o2�) 
stimulus during the maturation inducing them to differentiate into osteoblasts12,14

and then proliferate.20,23 Therefore, as it is shown in Fig. 5(a), after five days of 
cells in culture, the cells started to differentiate into osteoblasts. During the suc-
cessive days, all cells have been differentiated into osteoblasts effectively and 
subsequently began to proliferate. After 27 days, the concentration of oxygen falls 
below the limit of normoxia, leaving the cells exposed to hypoxic conditions. Under 
these conditions, the cells stop the proliferation process (see Figs. 5(b) and 8) 
maintaining the same number of cells. Due to the dramatic drop in oxygen con-
centration at the 40th day, most of the osteoblasts go through the process of 
apoptosis (see Fig. 5(c)).

4.2. Cell behavior within an ECM with a uniform oxygen
concentration (normoxia)

The second numerical example has been designed to study the effect of long expo-
sures to normoxic conditions on cell behavior. To this end, a constant oxygen 
concentration has been maintained throughout the experiment. This numerical 
example would be equivalent to the culture of the cells in a medium with controlled 
oxygen perfusion, which is the usual scheme in which the cells are maintained.20,60,70 

In this environment, we aim to carry out a more detailed study of the influence of 
normoxia on the processes of differentiation and proliferation of the cells. As  
mentioned before, MSCs have the ability to differentiate into different specialized 
cell types. The decision to differentiate into one cell type or the other, as well as the 
decision to not differentiate, is dictated by the capacity of the cell to recognize its 
environment. The cell can detect the rigidity of the ECM or the presence of external 
loads, as well as chemical cues, such as oxygen concentration or the presence of 
certain proteins in its environment. These stimuli can guide cell differentiation. In 
this case, we have applied the same mechanical conditions of the first case, but now 
we have considered constant normoxia oxygen concentration. As long as the con-
centration of oxygen stays above the limit of hypoxia (½o2�hyp), the cells will be able 
to differentiate and proliferate in the proper way.
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(b)
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(c)

Fig. 5. Cell behavior within a confined ECM (see also video 1). Initially, 10 MSCs are randomly located 
within a confined ECM with a uniform stiffness of 45 kPa, free boundaries, and initial oxygen concentration 
of 13%. (a) After five days of cells in culture, the first MSC is maturated and differentiated into osteoblast as 
a response to its proper internal deformation (mechanical stimulus). (b) The MSCs continue the process of 
differentiation until all cells convert to osteoblast. Within the normoxia threshold, the osteoblast pro-
liferates if the maturation is satisfied and the internal deformation is appropriate. (c) All osteoblasts go in 
the apoptosis process due to the catastrophic drop of oxygen concentration below anoxia threshold.

Therefore, as in the previous case, 10 cells were seeded randomly within an ECM
with a stiffness of 45 kPa. In this example, a constant oxygen concentration of 21%
has been considered during the experiment. In a similar way to the previous case, we
can observe that some MSCs are differentiated into osteoblasts after five days (see
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Fig. 6(a)). In the consecutive days, once the cells reach the appropriate level of

maturity, they continue to differentiate. On day 10, it can be seen how all the cells

have differentiated (see Fig. 6(b)). Subsequently, the cells begin to proliferate until

the end of the experiment. Because there is no decrement in the oxygen level,

(a)

(b)

(c)

Fig. 6. Cell behavior within an ECM with a uniform oxygen concentration (normoxia) (see also video 2).

In the beginning, 10 MSCs randomly reside within an ECM with a uniform stiffness of 45 kPa and free

boundaries. It is assumed that there is a uniform oxygen concentration of 21% within the ECM. (a) After

five days, several MSCs differentiate into osteoblast as a response to the appropriate internal deformation

and the maturation. (b) MSCs continue the differentiation process and each osteoblast proliferates if the

maturation is satisfied and the internal deformation is appropriate since the oxygen concentration does

not drop below the normoxia threshold. (c) Osteoblasts concentration after 40 days.

P. Urdeitx et al.
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proliferation is only limited by the mechanical conditions of the environment. Fi-
nally, on day 40, it is observed that there is a great concentration of cells in the 
center of the ECM where they sense less internal deformation (see Figs. 6(c) and 8).

4.3. Cell behavior within an ECM with oxygen gradient
(from anoxia to normoxia)

In the third case, different levels of oxygen concentration have been considered 
creating a gradient of oxygen concentrations in x-direction, which changes from 
anoxia to normoxia. In this scenario, the cells tend to migrate to zones of higher 
oxygen concentration to ensure their viability. Within this profile of oxygen con-
centration, anoxia, hypoxia and normoxia conditions will occur at the same time but 
in different zones of the ECM. In this way, it is possible to study cell behavior in 
these three regimens depending on the location of the cell. Cells in the area under 
conditions of anoxia will trigger apoptosis while cells on the opposite side of the 
ECM, where they are under normoxic conditions, will differentiate and proliferate 
properly. Between the two extremes, under conditions of hypoxia, the cells will tend 
to migrate toward higher oxygen concentration, activating differen-tiation and 
proliferation when they cross the threshold of hypoxia. Volkmer et al.,73 performing 
a static analysis on a bioreactor, observed these cell behaviors by sub-jecting the 
culture to a gradient of oxygen concentrations between 0% and 21%. They 
observed that in zones under conditions of anoxia, the cells triggered apoptosis 
while in the area with high concentrations of oxygen the cells are 
accumulated.

As in the previous cases, 10 MSCs have been randomly seeded within an ECM with a 
stiffness of 45 kPa. An oxygen concentration of 0% has been considered in the

plane at x ¼ 0 (X0) while a concentration of 21% has been considered in the opposite 
plane at x ¼ 400 �m (X400), establishing a linear gradient of oxygen concentration 
along the x-direction. At the beginning of the simulation, the cells that are close to
the X0 plane could trigger apoptosis due to the low oxygen concentration, 
depending on its initial position. During the simulation, one of the cells migrates

toward the X0 plane, due to the effects of the protrusion force, causing cell apoptosis 
(see Figs. 7(a) and 8). Generally, the cells tend to migrate toward the
X400 plane, due to the effect of chemotaxis, where the concentration of oxygen is 
maximum. This is consistent with the experimental results.73–75 On day 5, most of 
the cells are in the normoxia zone after having migrated from their initial position 
(see Fig. 7(b)). As in the previous cases, after five days, the cells begin to differ-
entiate into osteoblasts. During the following days, the cells end up differentiating 
themselves as they reach zones of normoxic conditions. Once all the cells are near to
the X400 plane, the cells migrate close to the plane without moving away. The 
proliferation of cells near the plane causes a high concentration of cells in this part of 
the ECM, while the rest of the ECM remains empty (see Fig. 7(c)). At the end of the 
40 days of the experiment, the cells reach the highest population (see Fig. 8) in the
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(c)

Fig. 7. Cell behavior within an ECM with oxygen gradient (from anoxia to normoxia) (see also video 3). 
Initially, 10 MSCs randomly reside within an ECM with a uniform stiffness of 45 kPa and free boundaries.
It is assumed that at x ¼ 0 oxygen concentration is zero while the surface at x ¼ 400 �m is subjected to an
oxygen source of 21%. This difference produces an oxygen gradient in the direction of the x-axis. Oxygen

gradient actively directs MSCs toward the maximum oxygen concentration at x ¼ 400 �m. The pro-
trusion force randomly directs one MSC toward the surface with minimum oxygen concentration causing
its death on the first day (a). MSCs directionally migrate to higher oxygen concentration. Once the cell 
reaches the region with normoxia, if the cell is maturated enough, they differentiate into osteoblasts (b). 
Finally, osteoblasts tend to keep the position as close as the surface with maximum oxygen concentration 
and proliferate (c).
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Fig. 8. Cell number versus time within an ECM with a uniform stiffness of 45 kPa and with a different 
control of the oxygen concentration. The results show that, in the confined ECM, the cell has the lowest 
rate of cell proliferation while they have the highest proliferation rate within an ECM with uniform 
oxygen concentration. (see also videos 1, 2 and 3).

zone with normoxia conditions, keeping close to the plane of the maximum con-
centration of oxygen all the time. Because this plan is unconstrained, osteoblast 
senses higher internal deformation, which in turn decreases the proliferation rate.

5. Conclusions

Oxygen is an essential element for cell development. Several studies have revealed 
that oxygen plays a key role in tissue regeneration. Different thresholds of oxygen 
concentration effectively influence cell survival and viability.60,73 Besides, it has also 
been shown that oxygen concentration has an important influence on the differen-
tiation of MSC, being a key factor in the identification of tissues. Thereby, MSC 
differentiation and proliferation, as well as osteoblast proliferation and migration, 
can be guided through their stimulation through different thresholds of oxygen 
concentration.14,76 Therefore, oxygen should be considered as a key stimulus in 
the regulation of the processes of differentiation, proliferation, migration and 
apoptosis.

In this work, a 3D computational model has been developed and employed to 
study the cell response to the alterations of the oxygen concentration during cell 
culture. The model takes into account the different biological processes of the cell in 
culture, such as cell migration, interaction, differentiation, proliferation and apo-
ptosis. In the presented model, the mechanical and chemical stimuli that the cell 
experiences are included simultaneously. Using this model, we can get closer to the 
understanding of the effect of the ECM properties on cell behavior. The obtained 
results are qualitatively in line with the experimental studies.4,19,20,60,71,73,77 The 
model has been shown to be able to give consistent results under different oxygen
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conditions. Here, we should emphasize that by means of numerical simulations, we 
can improve the experimental results, saving time and costs. Besides, we can 
achieve a better understanding of cellular behavior, the role played by the ECM and 
the stimuli that the cell receives from its surrounding. Such models can be an 
effective tool for interpreting, corroborating and providing new insights and con-
clusions of great utility for cellular research. For this purpose, three numerical 
experiments have been designed and developed. Many interesting results and con-
clusions have been obtained. As expected, it has been observed that cells within a 
confined ECM show low cell proliferation, while the cells in the ECM with 
homogeneous normoxia conditions show the highest cellular proliferation. Besides, it 
has observed that, while normoxia conditions are maintained in the ECM, the cell 
number within confined and homogeneous ECM are mostly similar (see Fig. 8). 
These two cases also present the same tendency of cellular migration, where the cells 
tend to migrate to the center of the ECM forming an accumulation. In the absence of 
a chemical gradient, the cells respond mainly to the rigidity of the ECM through 
mechanotaxis. Therefore, they migrate toward the center of the ECM, where they 
feel more fixed and undergo less internal deformation than near to the free 
boundaries. Comparing the migration tendencies of the second and third cases, it can 
be con-cluded that the effects of chemotaxis, produced by the oxygen gradient, have 
greater weight in the migration of the cells. It has been noted that the cells tend to 
migrate toward the plane with the highest oxygen concentration and remain close to 
it. As this plane is an unconstrained plane, nearby cells undergo a greater internal 
deformation, which results in slower maturation of the cells and consequently 
decreases the cell proliferation. It should also be noted that the direction of cells 
migration is not completely controlled by chemotaxis, but they also present an 
irregular migratory behavior. This irregular behavior in migration is due to the 
combination of protrusion forces and cell–cell interaction. Both effects of hypoxia 
and anoxia have been shown in the case of the confined ECM and in the case of the 
gradient of oxygen concentration. Thus, under hypoxic conditions, we observed 
inhibition of cell proliferation and differentiation. As observed in the last example, 
under anoxic conditions, the cells trigger apoptosis.

Taken together, the results of the model presented here and the earlier experi-
mental observations show that oxygen concentration plays a significant role in 
controlling cell behavior. Accordingly, the present 3D numerical model can suc-
cessfully predict essential aspects of cell migration, interaction, maturation, dif-
ferentiation, proliferation and apoptosis during regenerative events. We believe that 
the present model provides one-step forward in computational methodology to si-
multaneously consider the different features of cell behavior in the presence of 
mechanotactic and chemotactic cues. Although more sophisticated experimental 
studies are required to calibrate this model quantitatively, general aspects of the 
results discussed here are qualitatively consistent with documented experimental 
findings.
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