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1. Introduction

Bone is a living tissue that under normal conditions regenerates
by itself. Nevertheless, when a defect exceeds a critical size, bone
regeneration can be induced through the implantation of a bioma-
terial in the diseased or damaged tissue region. This biomaterial
serves as a sca�old for cells to migrate, proliferate, di�erentiate and
synthesize new extracellular matrix. Within the characteristics of
engineered sca�olds, the architecture has an important role. An
appropriate porosity and interconnectivity are necessary to allow
cells to enter into the sca�old and to promote the formation of
a vascular network (angiogenesis); which supply cells with oxygen
and nutrients essential for their survival. In addition, the
mechanical environment plays a critical role in the biological
þ 34 934037181.
).
process. The sca�old mechanical properties need to be adequate to
withstand the mechanical loads at the implantation site and to
transmit the appropriate mechanical stimuli to the cells so that
they follow the desired di�erentiation pathway.

Several mechanoregulation theories relate the magnitude of
stress and strain present at the extracellular matrix and the inter-
stitial fluid velocity with the formation of bone, cartilage and/or
fibrous tissue [1–3] . Computational models based on Prendergast
et al. [3] theory have successfully simulated the time course of
tissue regeneration during fracture healing [4–7] . Additionally, this
theory has been used to predict tissue growth at bone/implant
interfaces [8] , in bone chambers [9,10] and in sca�olds for osteo-
chondral defect healing [11] . All these models used a di�usion
equation to describe the migration and proliferation of cells within
the regenerating tissues, assuming that cells attempt to reach
a uniform distribution. A random walk model was introduced by
Perez and Prendergast [12] to model specific cell proliferation using
a lattice modeling approach. This concept was used by Byrne et al.
[13] to simulate tissue growth within a regular sca�old, in order to



Fig. 1. Section of the sca�old used for the simulations. (a) Mesh of the interconnected pores used for FE models. (b) Lattice of the interconnected pores used for the cell activity
simulation.
investigate the e�ect of sca�old design variables like porosity,
Young’s modulus and dissolution rate, and by Khayyeri et al. [14] to
study tissue di�erentiation in an in vivo bone chamber.

In order to account for the role of angiogenesis during tissue
di�erentiation, Geris et al. [15] developed a mathematical model
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Fig. 2. Computational algorithm used to model cell di�erentiation and angiogenesis. The simulatio
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to simulate tissue di�erentiation where cell density is regulated
by the concentration of angiogenic factors. Checa and Prendergast
[16] proposed a mechanobiological model to simulate capillary
network formation and its e�ect on tissue growth in a bone/
implant interface using the lattice modeling approach. This model
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e) AND (Oxygen=yes) AND (Age>maturation age)
then cell=Osteoblast

ne) AND (Oxygen=no) AND (Age>maturation age)
then cell=Chondrocyte

If (S=cartilage) AND (Age>maturation age)
then cell=Chondrocyte

(S=�brous tissue) AND (Age>maturation age)
then cell=Fibroblast

If (S=Apoptosis) OR (S=Resorption)
then empty lattice point

n of vessel growth, cell migration, MSC proliferation, MSC di�erentiation and cell
echano-regulatory stimuli S a�ecting cells were computed using a finite element
e FE model were updated according to cell di�erentiation. The simulations finished



Table 1
Algorithm of cell di�erentiation and angiogenesis parameters.

ecnerefeRycneuqerf/etar/ytilibaborPssecorPepytlleC

MSCs In vivo tsagrednerPdnaacehC3.0noitazilaitini [17]
MSCs In vitro seeding initialization N (1.5,0.45)
MSCs Di�erentiation 0.3 Isaksson et al. [31]
Osteoblasts Apoptosis 0.15 Isaksson et al. [31]
Chondrocytes Apoptosis 0.1 Isaksson et al. [31]
Fibroblasts Apoptosis 0.05 Isaksson et al. [31]
MSCs Proliferation 0.6 Isaksson et al. [31]
Osteoblasts Proliferation 0.3 Isaksson et al. [31]
Chondrocytes Proliferation 0.2 Isaksson et al. [31]
Fibroblasts Proliferation 0.55 Isaksson et al. [31]

Oxygen di�usion distance 100 mm Carmeliet and Jain [32]
MSCs Fibroblasts Migration rate 30 mm/h Appedu and Shur [33]

tsagrednerPdnaacehC1.0noitazilaitinIsCE [16]

gnihcnarblesseVsCE

( 0
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1

i� ength C10
if 10 Clength C30
if 30 Clength

Checa and Prendergast [16]

ECs Vessel rate of growth

(
33=5Þ*S þ 33 if SC5

0 if SC5
Checa and Prendergast [16]

htiwnoitceridmodnaRhtworgfonoitceridlesseVsCE p ¼ tsagrednerPdnaacehC4.0 [16]
Previous direction with p ¼ 0.2
VEGF direction with p ¼ 0.4
includes individual cell processes like proliferation, migration,
di�erentiation and apoptosis and simultaneously uses consecu-
tive lattice points to represent capillaries. This model was also
applied to a simplified sca�old for bone tissue engineering [17] ,
relating the number of cells initially seeded into the sca�old to the
rate of vascularization and the penetration of the vascular
network. The e�ect of the mechanical load magnitude applied to
the sca�old on bone formati on and capillary growth was also
studied.

The mechanobiological model of Checa and Prendergast was
applied to a sca�old of regular geometry [17] , i.e. constant pore size
and pore distribution. However, depending on the fabrication
method, sca�olds do not usually have a controlled regular
morphology, e.g. Calcium Phosphate (CaP) based sca�olds, where
the macroporosity is achieved mixing the material with foaming
agents. In silico studies based on micro Computed Tomography (CT)
images of sca�olds have shown that the morphology of constructs
has an important influence on the local mechanical stimuli sensed
by cells attached to the internal walls of the material [18–22] .
According to the pore distribution the microscopic stimuli within
the material can be much higher or lower than the macroscopic
stimuli applied to the sca�old [22] .

The objective of this study was to investigate angiogenesis and
tissue di�erentiation within the pores of a CaP sca�old with
irregular morphology. To achieve this, the method presented in
Checa and Prendergast [16] was used to simulate the processes. We
hypothesized that the vascular network formed and the distribu-
tion of di�erentiated tissue are critically a�ected by the
morphology of the sca�old.
Table 2
Material properties used in the FE models.

Fibrous tissue a Cartilage a Imma

Young’s modulus (MPa) 2 10 1000
Poisson’s ratio 0.167 0.167
Permeability (m 4/Ns 10 14) 1 0.5 1
Bulk modulus grain (MPa) 2300 3700 13920
Bulk modulus fluid (MPa) 2300 2300 2300

a Lacroix et al. [5] .
b Lacroix et al. [19] .
2. Materials and methods

2.1. Material sample and computed reconstruction

A cylindrical section of 1 mm diameter and 0.6 mm height of a CaP based glass
ceramic sca�old with irregular porosity (21%) and morphology studied previously
[22] was used ( Fig. 1 ). The detailed methodology of computed reconstruction and
meshing was described in Sandino et al. [22] and is summarized in Fig. 2 . Briefly,
micro CT images of voxel size 7.8 7.8 12.2 mm3 were obtained to discretize the
porous space from the solid material phase. A 3D solid reconstruction was per-
formed using Mimics (Materialise, Belgium) and the mesh for the Finite Element
(FE) model was made using Patran (MSC Software, CA-USA). The FE mesh of the
section used in this study has 174,015 10-node tetrahedral elements in the solid
phase and 24,907 in the pore phase.

2.2. FE model and computation of mechanical stimulus

The mechanical stimulus regulating cell di�erentiation was defined as
S¼ g/a þ n/b, where g was the octahedral shear strain, n was the fluid velocity (in
mm/s), and a and b were empirical parameters equal to 0.0375 and 0.003 mm/s
respectively [3] . S was computed from the FE model using a poroelastic formulation
in Abaqus 6.8.3 (Simulia, RI-USA). Unconfined compressive strain in the sca�old was
simulated fixing the nodes at the bottom of the sample and applying displacement
to the nodes at the top. Null pressure at the outside of the interconnected pores was
imposed allowing fluid flow across the boundary.

2.3. Angiogenesis and cell di�erentiation algorithms

Angiogenesis and cell di�erentiation were simulated within the interconnected
pores of the sca�old. This domain was divided in equidistant points (lattice points)
forming an orthogonal grid. Each point represented the volume space that can be
occupied by one cell and its extracellular matrix. The distance between each point
was 10 mm. Cell activity was mimicked in the lattice points following Bernoulli
probability distributions; it means that an event occurred with a probability p or not
with a probability (1 p) [16] . A schematic flow chart of the methodology is showed
ture bone a Mature bone a Granulation tissue a CaP glass

6000 0.2 455 b

0.3 0.3 0.167 0.33 b

0 37 1 1
13920 2300 13920
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Table 3
Simulations performed using di�erent compressive strain magnitudes and MSCs
initialization modes.

Simulation Total compressive strain (%) MSCs initialization

1 0.5 In vitro seeding
2 0.5 In vivo
3 1.0 In vitro seeding
4 1.0 In vivo
in Fig. 2 and the parameters and probabilities used in this study are summarized in
Table 1 . Since the degradation rate of phosphate glasses is very slow (less than 2% of
weight in 80 days [23] ), sca�old degradation was not simulated and the mesh and
the lattice did not change. Each iteration represented one day.

2.4. Mesenchymal stem cells (MSCs) and endothelial cells (ECs) initialization

Two di�erent cases of MSCs initialization were simulated. In the first case, called
in vitro seeding, an in vitro MSCs seeding previous to the sca�old implantation was
assumed, consequently MSCs were attached to the walls of the material at the
beginning of the simulation. In the second case, called in vivo colonization, no
previous in vitro seeding was performed, then it was assumed that MSCs were
initially located at the outside of the interconnected pores.

At the beginning of the simulation, each lattice point at the surface of the
sca�old, or at the outside of the interconnected pores according to the case, had
a probability for locating a cell. In the first case, this probability was based on the
mechano-regulatory stimulus S corresponding to the lattice point and had a normal
distributionwith mean 1.5 and variance 0.45. These mean and variance were fixed so
that the mean value of the initial number of MSCs corresponded to an in vitro
seeding efficiency of 40% [24] . In the second case, the probability was 0.3. Initially,
every MSC had a maturation age of 1 and it was increased by 1 each iteration.

For both cases of MSCs initialization, ECs were located at the outside of the
interconnected pores; each unoccupied lattice point had a probability of 0.1 of
locating a cell.

2.5. MSCs di�erentiation

Every MSC with a maturation age higher than 5 di�erentiated with a certain
probability. If a cell di�erentiated, the phenotype was assigned according to the
mechano-regulatory stimuli S corresponding to the specific location of the cell.
When S corresponded to osteoblastic di�erentiation, oxygen supply was taken into
account. If there were one or more ECs within the surrounding space corresponding
to the oxygen di�usion distance around the MSC, the cell di�erentiated into an
osteoblast. Else, it di�erentiated into a chondrocyte.

2.6. Cell apoptosis

Any osteoblast, chondrocyte or fibroblast located in a lattice point whose
mechanical stimulus did not support that cell phenotype led to apoptosis with
a probability p. Additionally, if the stimulus S was higher than 6, the cell became
apoptotic.

2.7. Cell proliferation

Every cell proliferated with a probability p. If a cell proliferated, mitosis occurred
and the cell was replaced by two daughter cells. The new cells occupied two points
selected at random within the original location and its empty neighbouring
locations.
Fig. 3. Evolution of cell distribution over time in a cross section at the center of the sample in simula
pores at the periphery of the sample. At the end of the simulation osteoblasts were predicted in
2.8. Cell migration

Every MSC and fibroblast migrated; it means that they moved to any empty
point beside them. The new position was selected at random. If there were no
unoccupied neighbouring locations then migration stopped. Since osteoblasts and
chondrocytes are less motile, migration was not simulated.

2.9. Angiogenesis

Blood vessels were represented as a continuum sequence o� attice points
occupied by ECs. For the angiogenesis process, the direction and the rate of growth
of each vessel, and its probability of branching were defined. The direction of growth
was assigned according to three cases. In the first case the direction was assigned
randomly, in the second case the direction was the same than the previous growth
direction and in the last case the vessel grew towards the region with the highest
concentration of chondrocytes under a mechanical stimulus corresponding to
osteoblasts (representing the VEGF influence). The rate of growth was defined as
a function of the mechanical stimulus at the front of the vessel. The probability of
branching was assigned according to the length of the vessel. Each vessel grew
according to its defined variables. Functions and probabilities are shown in Table 1 .

2.10. Material properties

After each iteration, the element material properties (Young’s modulus, Pois-
son’s ratio and permeability) were computed as an average of the properties for the
tissue phenotypes predicted in the lattice points within the element in the last 10
iterations [4] . Material properties are shown in Table 2 .

2.11. Simulations

In order to study the e�ects of the total strain magnitude and the MSCs seeding
mode on the tissue formation process, four cases were simulated, varying the
compressive strain (0.5% and 1%) or varying the initial cell seeding ( in vitro and
in vivo ), see Table 3 .

3. Results

The growth of vessels and cell di�erentiation over time in
a cross section through the center of the sca�old for the simulation
1 (0.5% of total compression and in vitro MSCs seeding) is shown in
Fig. 3 . Most of the capillaries started growing from the periphery of
the sample at iteration 1 and were blocked by the walls of the
sca�old, with only a few vessels branching. Therefore, pores located
at the surface of the sample were well vascularized but pores at the
center were not. MSCs proliferated and started filling the sca�old
during the first iterations. A rapid di�erentiation of cells into
osteoblasts and chondrocytes was predicted between iterations 10
and 20 when the first stem cells achieved the maturation age. At
iteration 20 the pores were filled with MSCs, osteoblasts and
chondrocytes. At iteration 30 most of the stem cells had di�eren-
tiated and after 100 iterations the dynamics of proliferation,
di�erentiation, and apoptosis was stable.

The evolution of the e�ective Young’s modulus during the
simulation and the mechano-regulatory stimulus S (as opposed to
tissue type in Fig. 3 ) influencing each lattice point at the first and
last iterations are shown in Fig. 4 . At iteration 1 it was not possible
tion 1 (0.5% of total strain and in vitro MSCs seeding). Vessels grew mainly in the
the vascularized pores and chondrocytes in the non-vascularized ones.



Fig. 4. (a) E�ective Young’s modulus (Reaction force/Area $Strain) of the sample over time. (b) Mechano-regulatory stimuli S a�ecting cell di�erentiation in a cross section at the
center of the sample at iterations 1 and 100 in simulation 1 (0.5% of total strain and in vitro MSCs seeding). When di�erentiated cells started filling the pores, the e�ective Young’s
modulus increased and the mechano-reculatory stimulus distribution became uniform.
to find a direct relation between pore size and stimuli, since
simultaneous stimuli corresponding to bone, cartilage and fibrous
tissue were calculated in most of the pores. Then cells started
di�erentiating, therefore the sti�ness of the sample started
increasing. Throughout the simulation the e�ective Young’s
modulus increased from 26.44 MPa to 41.14 MPa and most of the
mechanical stimuli predicted were those of bone formation (70% of
pore volume). Although most of stimuli corresponded to bone
formation, di�erent types of tissue were predicted within the pores
of the sample ( Fig. 5 ). 70% of pore volume corresponded to bone
stimuli but, because of the lack of oxygen, only 40% of the cells in
this pore volume di�erentiated into osteoblasts. At the end of the
simulation 40% of the pore volume was filled with osteoblasts, 40%
with chondrocytes and 3% with fibroblasts. Osteoblasts were pre-
dicted in the pores located at the periphery of the sample (well
vascularized regions), whereas chondrocytes were predicted in the
internal pores (poor vascularized ones) and fibroblasts were pre-
dicted in the narrow regions where there was a high fluid flow.

The vascular network formation was not very sensitive to the
MSCs seeding mode. Similar distributions of vessels were predicted
whether an in vitro seeding or an in vivo colonization was simu-
lated. The MSCs seeding mode did not have either an evident e�ect
on the distribution of tissue at the end of the simulation. Never-
theless, when previous in vitro seeding was simulated, the cells
migrated and proliferated faster thanwhen in vivo colonizationwas
simulated.

For the magnitudes of mechanical strain studied (0.5% and 1% of
total deformation), there was not a noticeable e�ect on angiogen-
esis. Similar vessel networks were observed in both cases of strain.
Nevertheless di�erent types of tissues were observed within the
Fig. 5. Contribution of angiogenesis and mechano-regulatory stimuli to cell di�erentiation in sim
(a) Vascular network. (b) Stimuli distribution. (c) Cell distribution. (d) Frequency of osteoblasts, chon
regulatory stimuli a�ecting cell di�erentiation at the end of the simulation. 70% of the pore volum
the pore volume was filled with osteoblasts.
pores of the sample according to the mechanical strain applied
(Fig. 6 ). When 0.5% of deformation was simulated osteoblasts were
predicted in well vascularized regions and chondrocytes in poor
vascularized ones. When the total strain was increased to 1% of
deformation, chondrocytes were predicted in both, internal and
external pores. In the case of high stain (1% of deformation) 11% of
the pore volume was filled with osteoblasts, 59% with chon-
drocytes, and 8% with fibroblasts. In this case the E�ective Young’s
modulus of the sample increased only to 28.19 MPa, instead of
41.14 MPa (when 0.5% of deformation was imposed).
4. Discussion

In this work we set out to investigate vascularization and tissue
formation inside a CaP sca�old of 21% o� nterconnected porosity
with irregular morphology. It was predicted that sca�old walls
blocked blood vessel growth and consequently, most of the vessels
did not reach the center of the sample and a vascular network was
mainly formed in the external pores. Therefore, when a compres-
sive strain of 0.5% was applied, 70% of the pore volume was under
a mechanical stimulus favorable for bone formation; however,
because of the lack of oxygen in some regions, MSCs di�erentiated
into chondrocytes instead of osteoblasts and only 40% of bone was
formed. In the sca�old with regular morphology studied by Checa
and Prendergast [17] full vascularization was achieved and conse-
quently cell di�erentiation depended mainly on the mechanical
stimuli. This di�erence suggests that in terms of the architecture of
the samples, it is necessary to ensure a structure that not only has
high porosity and interconnectivity, but also that the space
ulation 1 (0.5% of total strain and in vitro MSCs seeding) after 100 iterations.
drocytes and fibroblasts predicted compared with the frequency of mechano-
e was influenced by bone stimuli but, because of the lack of oxygen, only 40% of



Fig. 6. E�ect of the compressive strain and the MSC initialization mode on the distribution of di�erentiated cells after 100 iterations. (a) Cell distribution when 0.5% of deformation
was applied (simulation 1). (b) Cell distribution when 1% of deformation is applied (simulation 3). (c) Frequency of osteoblasts, chondrocytes and fibroblasts predicted at the end of
the simulations. Similar cell distributions were predicted at the end of the simulation when the MSC initialization mode was changed. The frequency of osteoblasts and chon-
drocytes predicted at the end of the simulation decreased and increased respectively when the compressive strain was increased.
between pores allows vessels to reach the center of the sca�olds
and form a vascular network.

The magnitude of the mechanical strain applied to the sample
had an important e�ect on tissue di�erentiation. When the
compressive strain was increased from 0.5% to 1%, osteogenesis
decreased from 40% to 15%. This result showed that the sensitivity
of cell di�erentiation to small changes in the magnitude of the
strain should be considered in in vivo experiments where bone
chambers are used to apply controlled mechanical stimuli. Addi-
tionally, when the material is implanted directly into bone, the
performance of the sca�old can change depending on the
implantation site because of the variation of the loads and therefore
the mechanical stimuli along the bone.

MSC seeding conditions did not a�ect the final pattern of
di�erentiated tissue. Similar results were obtained when in vivo or
in vitro MSC seeding were simulated. The e�ect o� ncreasing the
number of cells seeded in the sca�old was not studied. Checa and
Prendergast [17] predicted that when the number of seeded cells
was increased, the space for angiogenesis was decreased and
a lower number of vessels was predicted. In this study, most of the
vessels were formed at iteration one, then they were blocked and
the rest of the space was filled with cells proliferating. When in vivo
seeding was simulated, similar results than Checa and Prendergast
[17] were obtained; di�erentiation occurred first in the external
pores and then in the internal ones, the tissue formationwas slower
than in the case of in vitro seeding.

Reconstruction of the sca�old was obtained from micro CT
images of 7.8 7.8 12.2 mm3, therefore pores smaller than this
size were not detected by the scanner. Additionally, just one
cylindrical section of 1 mm diameter and 0.6 mm height of one
sca�old was analyzed. Nevertheless, taking into account the
computational cost to simulate a complete sca�old, this sectionwas
considered sufficient to study the e�ect of architecture in angio-
genesis and tissue di�erentiation.

The algorithm of mechanoregulation has been validated for
bone healing [25] . A study of the parameters used in the algorithm
of angiogenesis was done and its limitations were discussed in
detail by Checa and Prendergast [16] . Here, the base line model
parameters were used. Some parameters that are regulated by
growth factors were simulated as random, for instance the di�er-
entiation rate, considered constant. The fact that cells do not
migrate to regions where there is no oxygen was not considered by
the algorithm, so pores in the center of the sample, where angio-
genesis did not occur, could be actually empty instead of being
occupied by chondrocytes. The results of this study were consistent
with the in vivo observations of Del Valle et al. [26] for the
macroporous CaP sca�olds and Jones et al. [27] for the hydroxy-
apatite sca�olds. Del Valle et al. [26] found that blood vessels were
present near the surface of the cement and that bone growth
occurred mainly in the peripheral pores. They affirm that the lack of
bone tissue penetration in the central part of the implant was due
to the limited interconnectivity between adjacent pores. Jones et al.
[27] showed that approximately 40% of pores occupied by bone
tissue were near the surface and this fraction dropped within 1 mm
of the periphery where most pores were free of bone ingrowth. The
use of sample specific models to compare in vivo and in silico results
can be useful to improve the development of this kind of models.
Bone ingrowth into biomaterials in in vitro or in vivo experiments
can be assessed using micro CT images [28,29] .

The mechanoregulation model of Prendergast et al. [3] predicts
fibrous tissue formation when the mechano-regulatory stimuli is
higher than 3. However, cells can undergo apoptosis under high
levels of strain [30] . In order to take this e�ect into account,
a maximum limit was included in the model, if the mechanical
stimuli were higher than 6 no tissue was di�erentiated. In the
studied sca�old, the percentage of pore volume a�ected by stimuli
out of the physiological range, being resorption or apoptosis,
increased from 17% to 22% when the mechanical strain was
increased from 0.5% to 1% of compression. This increment was low
(only 5%), because the magnitude of the mechano-regulatory
stimuli S in most of regions where apoptosis occurs was much
higher than the maximum limit applied. Consequently, the
obtained results were not sensitive to the assumed value of 6 for
the limit between fibrous tissue formation and apoptosis.

At the beginning of the simulation, there was not a clear
correlation between stimuli and pore size or pore location, di�erent
stimuli were observed within every pore. It was studied previously
[22] that the octahedral strain depends on the thickness of the
sca�old walls and the fluid velocity on the pore interconnectivity
making the distribution of the mechano-regulatory stimuli not
evident. When tissue growth was simulated, the sca�old sti�ness
increased and consequently stress and strain were better distrib-
uted across the material. At the end of the simulation the stimuli
were mostly in favor of bone formation. Because the mechanical
stimuli changed over time due to the formation of new tissue,
investigations on the e�ect of mechanical loading on the distribu-
tion of mechanical stimuli within an empty sca�old help to deter-
mine the behavior of the sca�old, but they are not enough to predict
the success of the material once tissue starts to di�erentiate.
Consequently, a dynamical analysis is necessary to understand the
contribution of the geometry and to predict the mechanoregulation
within sca�olds for bone tissue engineering.



5. Conclusions

This study provided information on the dynamics of mechanical
stimuli, angiogenesis and tissue di�erentiation within the inter-
connected pores of a CaP sca�old with irregular morphology
caused by mechanical compressive strain. Di�erent types of tissues
were predicted into the sca�old depending not only in the
mechanical stimuli distribution but also in the blood vessel
network formation. Osteogenesis was not predicted in most of the
pores at the center of the sca�old. This information contributed to
the understanding of the e�ect of angiogenesis and mechanical
stimuli on tissue di�erentiation within the CaP sca�olds. Such kind
of studies combined with in vivo and in vitro experiments are
essential to the improvement of sca�old development.
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Appendix

Figure with essential color discrimination. Most of the figures in
this article have parts that are difficult to interpret in black and
white. The full colour images can be found in the on-line version, at
doi:10.1016/j.biomaterials.2009.11.063 .
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