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Angela Rösen-Wolff e,d, Axel Voigt a

a Institute of Scientific Computing, Faculty of Mathematics and Natural Sciences, Technische Universität Dresden, Germany
b Department for Innovative Methods of Computing, Center for Information Services and High Performance Computing (ZIH), Technische Universität Dresden, Germany
c Max Bergmann Center of Biomaterials, Institute for Materials Science, Technische Universität Dresden, Germany
d DFG Research Center and Cluster of Excellence for Regenerative Therapies Dresden (CRTD), Germany
e Department of Pediatrics, University Clinics Carl Gustav Carus, Dresden, Germany
a r t i c l e i n f o

Article history:
Accepted 25 October 2010
Bone tissue engineering is a promising strategy to repair local defects by implanting biodegradable

scaffolds which undergo remodeling and are replaced completely by autologous bone tissue. Here, we
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a b s t r a c t

consider a Keller–Segel model to describe the chemotaxis of bone marrow-derived mesenchymal stem

cells (BMSCs) into a mineralized collagen scaffold. Following recent experimental results in bone healing,

demonstrating that a sub-population of BMSCs can be guided into 3D scaffolds by gradients of signaling

molecules such as SDF-1a, we consider a population of BMSCs on the surface of the pore structure of the

scaffold and the chemoattractant SDF-1a within the pores. The resulting model is a coupled bulk/surface

model which we reformulate following a diffuse-interface approach in which the geometry is implicitly

described using a phase-field function. We explain how to obtain such an implicit representation and

present numerical results on mCT-data for real scaffolds, assuming a diffusion of SDF-1a being coupled to

diffusion and chemotaxis of the cells towards SDF-1a. We observe a slowing-down of BMSC ingrowth

after the scaffold becomes saturated with SDF-1a, suggesting that a slow release of SDF-1a avoiding an

early saturation is required to enable a complete colonization of the scaffold. The validation of our results

is possible via SDF-1a release from injectible carrier materials, and an adaption of our model to similar

coupled bulk/surface problems such as remodeling processes seems attractive.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Bone tissue is known to exhibit a great potential for self-healing,
which originates from the lifelong and continuous process of
remodeling of the bone matrix. Therefore, bone fractures mostly
heal spontaneously if stabilized sufficiently. In most cases an
implantation of cell-free biomaterials, e.g. calcium phosphate
cements or porous ceramics, leads to complete healing unless
the bone defect is too extended. In contrast, large defects, as for
instance those in systemically diseased (e.g. osteoporotic) bone or
tissue after radiotherapy, often do not heal by themselves. In such
cases, the utilization of tissue engineered constructs, e.g. degrad-
able scaffolds, seeded with autologous bone or stem cells, can
improve healing and remodeling significantly (Gelinsky et al.,
2010; Meyer and Wiesmann, 2006; Drosse et al., 2008). Today,
living bone-like cell-matrix constructs can be generated in cubic
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centimeter scale and be kept alive outside the body with the help of
perfusion cell culture systems for weeks. Unfortunately, after
implantation into the defect site most of the cells located inside
of the porous scaffold die within a few hours because of insufficient
oxygen and nutrient supply (Lode et al., 2008; Volkmer et al., 2008;
Zhou et al., 2006).

Ingrowth of new blood capillaries into the scaffold, a process
referred to as vascularization, takes too long for the cells to survive
(Kanczler and Oreffo, 2008). In this respect, the classical tissue
engineering concept fails just where it would be of highest
importance: for healing of large bone defects. Many researchers
therefore have started to investigate the generation of a prevascu-
larized, artificial bone tissue. Another option for overcoming this
problem is the so-called in situ tissue engineering approach (Mishima
and Lotz, 2008; Otsuru et al., 2008), which has sometimes mis-
leadingly been termed in vivo tissue engineering. In our approach,
cell-free scaffolds are implanted into the defect and functionalized
in such a manner that the formation of concentration gradients of
chemoattractive substances leads to active migration of the cells
necessary for the healing process (e.g. mesenchymal stem cells, in
the case of a bone defect). The cells migrate as deep into the porous
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scaffold material as they are sufficiently supplied with oxygen and
simultaneously secrete factors which stimulate the formation and
ingrowth of new blood capillaries. Therefore, the healing process
should be significantly accelerated while avoiding undersupply of
cells in a pre-seeded scaffold, as occurs in many currently proposed
tissue engineering therapies.

The homing of hematopoietic stem cells strongly depends on
the interaction of stromal cell-derived factor 1a (SDF-1a) and its
receptor CXCR4. CXCR4 expressing cells migrate effectively in the
direction of SDF-1a gradients (Burger et al., 2003). Because a sub-
population of mesenchymal stem cells expresses CXCR4, this
population can be attracted by SDF-1a (Otsuru et al., 2008). This
interaction can be utilized to attract human mesenchymal stem
cells as a subset of BMSCs into a porous three-dimensional (3D)
scaffold, consisting of mineralized collagen type I (Thieme et al.,
2009). The scaffold mimics the composition and ultrastructure of
the extracellular matrix of bone and shows an interconnecting
porosity which is a prerequisite for cellular ingrowth. Fig. 1(a)
shows the material used for cell migration experiments and
modeling: a porous biomimetic scaffold made of mineralized
collagen, seeded with cells of a pre-osteoblastic line (ST-2).
Fig. 1. Scanning electron micrographs of longitudinal sections of a porous miner-

alized collagen scaffold, seeded with osteoblast-like cells (murine cell line ST-2),

used for cell migration experiments and modeling. (a) 200� enlarged (b) sectional

view, enlarging the 200� image by a factor of 2.5 to a 500� enlargement of

approximately 250� 200 mm. Kindly provided by Dr. Anne Bernhardt.
Fig. 1(b) shows that the cells attach and spread on the material
which is a precondition for the colonization of the scaffold.

1.1. Modeling requirements

We consider a modeling approach to aid the understanding of
the colonization inside the 3D scaffold. A detailed understanding of
SDF-1a directed invasion of internal compartments of the 3D
scaffold to ensure a complete colonization by BMSCs is essential
for the success of the in situ tissue engineering approach. In order to
describe this approach mathematically, we have adapted an
existing chemotaxis model and combined it with current numerical
technologies. We consider a modified Keller–Segel model to
simulate the chemotaxis of BMSCs into such scaffolds and to
account for the porosity of the scaffold and the transport of cells
along the scaffold surface. We also use a recent approach (Rätz and
Voigt, 2006; Li et al., 2009) to efficiently solve partial differential
equations (PDEs) on surfaces and in complex bulk domains,
respectively. In this approach, the originally complicated scaffold
geometry is embedded in a simple box, consisting of tetrahedra
with identical shape. An implicit description of the complicated
original geometry, i.e. a geometry representation without the need
of explicit tracking of boundary geometries or topology informa-
tion, is achieved in this approach by mapping numerical values of a
continuous function termed phase-field function (PFF) to each
grid point.

This function distributes distance and material information to
the grid points and avoids sharp transitions between the material
values of two neighbouring grid points, which would cause
numerical problems. Where such sharp transitions still occur,
the function can be used to refine the new geometry locally and
subdivide the existing tetrahedra in an organized way. The original
PDEs of interest are modified with the help of the PFF in order to
calculate the solution of the new system of PDEs on the refined
simple grid (Li et al., 2009).

We introduce the modified chemotaxis model and its numerical
treatment. We will then discuss the technical issues of creating an
appropriate representation of the mCT-data of the 3D scaffold
suitable for a numerical simulation.
2. Materials and methods

2.1. Chemotaxis model

Mathematical modeling of chemotaxis, that is the movement of biological cells

or organisms in response to chemical gradients, has developed into a large and

diverse discipline (Othmer and Stevens, 1997; Hillen and Painter, 2009). The Keller–

Segel model of chemotaxis (Keller and Segel, 1970, 1971a, b) has provided the basis

for much of this work, describing the behaviour of a cell population u under the

influence of a chemical v. One of its properties, the ability to display auto-

aggregation, is a key mechanism for self-organization of biological systems. In

classical settings of the Keller–Segel model in two (2D) or three (3D) dimensions

(Horstmann, 2003, 2004), the solution can blow-up, i.e. the numerical values can

grow without limitation in finite time (Velázquez, 2002). Biologically, this is

equivalent to an overcrowding of cells in a limited spatial area, which is an

unrealistic scenario resulting from the model assumption that cells are represented

as single points without competition between each other for space or resources.

A possibility to avoid such phenomena is the consideration of volume-filling models

and cell density effects (Hillen and Painter, 2009). The properties of the various

chemotaxis models in higher dimensions are less well understood and include

blow-up and stable spherical aggregations (Wrzosek, 2004). We here modify the

classical Keller–Segel model to describe the complex chemotaxis processes within

the in situ tissue engineering approach. This requires a coupled bulk/surface model,

as the cell population of BMSCs is modeled on the surface of the pore structure

within the 3D scaffold, whereas the chemical SDF-1a density has to be considered

within the 3D pores of the scaffold.

We modify the classical Keller–Segel model (Keller and Segel, 1971a) to allow

for transport of the BMSCs along the curved surfaceG. The density of the cells onG is

denoted by u. SDF-1a can diffuse through the pores of the scaffoldO0. We denote the
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density of SDF-1a by v. Fig. 2 shows a 2D illustration of the domain. We consider

@tu¼rG � ðDurGu�wurGvÞ on G ð1Þ

@tv¼r � ðDvrvÞþg in O0 ð2Þ

withr the Nabla operator, Du and Dv diffusion coefficients for u and v, w the strength

of the chemotactic transport and g a source term for SDF-1a. As boundary condition

for v we define

@v

@n
¼ 0 on @O0 , ð3Þ

stating zero flux in the direction of the unit normal vector n, assuming that SDF-1a
does not diffuse into the solid material (G� @O1) and remains within the

computational domain O. For u we specify u¼ u@G which models a source of BMSCs

outside the domain. We further define initial conditions as uð�,0Þ ¼ u0ð�Þ and

vð�,0Þ ¼ v0ð�Þ on G and O0, respectively. As in the classical Keller–Segel model, the

cell flux on the right hand side of Eq. (1) comprises two counteracting phenomena:

random motion of cells described by Fick’s law and cell movement in the direction of

the gradient of the chemoattractant v. Only the operators are different as surface

operators have to be considered. rG denotes the surface gradient and rG� the

surface divergence. Here, we neglect any influence of the cells u on the chemoat-

tractant v as the effect is assumed to be very small.

The system of equations that we consider defines a coupled bulk/surface system

for u and v, for which a classical approach will lead to severe problems concerning

mesh generation. We will here concentrate on a more elegant way of using an

implicit description of the geometry. Using the approach of Rätz and Voigt (2006),

we can reformulate Eq. (1) into

BðfÞ@tu¼r � ðDuBðfÞru�wuBðfÞrvÞ in O ð4Þ

where now u and v denote extended variables into O and BðfÞ �f2
ð1�fÞ2 is an

approximation of a surface delta-function for G, with f a phase-field variable

defined through

f¼
1

2
tanh 1�

3r

e

� �
ð5Þ

with r a signed-distance representation of G and e a small parameter determining

the length scale on which the surface is smeared out. The phase-field function is

essentially 1 in the pores of the scaffold and 0 in the solid part. In a similar way we

can reformulate Eqs. (2) and (3) using the approach in Li et al. (2009) into

f@tv¼r � ðDvfrvÞþfg in O ð6Þ

As boundary conditions for u and v on @O we define

u¼ u@O on @O ð7Þ

@v

@n
¼ 0 on @O ð8Þ

respectively. As initial conditions we use the extended functions u0 and v0. The

resulting system is a coupled system of bulk equations in a regular domain which

can be solved using standard approaches. It can be shown by matched asymptotic

analysis that Eqs. (4) and (6) converge for e-0 to Eqs. (1)–(3).

Our numerical treatment essentially follows the discretization approach in Saito

(2007) for a classical Keller–Segel model. We consider the following discrete
Fig. 2. Schematic representation of the domains of computation as an imaginative

cut through a subregion of the mineralized collagen scaffold. G represents the

surface of the mineralized collagen, (O0) the inner space where the chemoattractant

diffuses, and (O1) the scaffold material. @G corresponds to the boundary of G (in the

2D picture only points). The whole domain O consists of Oi , i¼0, 1 and G.
formulation for the finite element functions uh, vh and fh with n indicating the time

step:

Z
O

BðfhÞ
unþ1

h �un
h

tn
Z dx¼�

Z
O

DuBðfhÞrunþ1
h � rZ dx

þ

Z
O
wunþ1

h BðfhÞrvnþ1
h � rZ dx

with the Dirichlet boundary condition incorporated into the test functions Z. The

second equation decouples and reads

Z
O
fh

vnþ1
h �vn

h

tn
Z dx¼�

Z
O

Dvfhrvnþ1
h � rZ dxþ

Z
O
fhgZ dx

Both equations are solved iteratively, starting with the second one. For this purpose,

piecewise linear finite elements within the adaptive finite element toolbox AMDiS

(Vey and Voigt, 2007) and BiCGStab(l) are used for solving the resulting linear

system.

2.2. Preparation of 3D mineralized collagen scaffolds

Mineralization and 3D sample preparation of scaffold structures is achieved in

several steps in which collagen fibrils are simultaneously assembled and mineralized,

as described previously (Bradt et al., 1999). The protocol involves the subsequent

mixing of a collagen I solution with a calcium-containing buffer at acidic conditions,

followed by adding of a phosphate buffer under pH-neutral conditions. After

incubation steps at 298 Kelvin (K), freeze-drying introduces interconnective pores

with an average pore diameter of approximately 1002150 mm into the scaffold.

2.3. CT input data

Measurements of micro-computed tomography (mCT) data have been per-

formed at the BAMLine mCT facility at the synchrotron light resource BESSY II of the

Federal Institute for Materials Research and Testing (BAM) in Berlin and have been

provided by Ricardo Bernhardt, a member of the Institute of Biomaterial Science in

Dresden. The original dataset was obtained by applying a synchrotron beam energy

of 12 keV, an angle step of 0.1251, a pixel resolution at the detector of 3:6 mm, and

with two aluminum beam filters of sizes 0.2 and 0.5 mm, respectively. The specimen

has a diameter of 6 mm, out of which we selected a small portion for simulation

which is 0.7 mm in diameter and has a cubic shape.

2.4. Computing resources

Simulations and geometry conversions of specimen data were performed on a

Linux cluster, i.e. a synergistic coupling of several computers with a Linux operation

system installed on each single computer (node). The linux cluster combines the

computing resources of 8 AMD Opteron X85 dual core processors with clock rates of

2.6 GHz and a total amount of 32 gigabytes (GB) of random access memory (RAM),

which has been required for the conversion of the large mCT datasets. A detailed

description of the conversion of mCT data into structured data are following.

2.5. Visualization

Visualization of the simulation results was done with Kitware ParaView, version

3.8.0, release candidate 2 (RC2), using a blue-to-red colouring and surface rendering

filters (e.g. level set representations of the scaffold), with blue representing the

lower values and red representing the higher values.

2.6. Geometry representation

One requirement for this approach is the phase-field function jh , or alterna-

tively the signed distance representation r of the geometry, which has to be

computed within a preprocessing step to be discussed later on in this paper. We will

use mCT data as the geometric base of the model and obtain the signed distance

representation for G. The geometry is originally given as a stack of mCT images,

which depicts a cuboidal fragment of the scaffold. Instead of a conventional two-

mesh approach, we follow an alternative approach especially suited for complicated

domains, i.e. the implicit characterization of the solid material’s surface by a

function representing both topological and distance values, termed signed distance

function (Osher and Fedkiw, 2003).

We require only a single mesh, which is composed of tetrahedral elements filling

the whole cube, including the interspaces within the solid material. The faces of the

tetrahedra do not have to resemble the surface of the pore structure and may

intersect it arbitrarily. The only requirement concerning the alignment of elements

is that their size has to be small enough to ensure that we have a multitude of mesh-

nodes in the immediate vicinity of the surface. The tetrahedra may get bigger with

growing distance from the surface of the solid material. Fig. 3(a) shows the

mineralized collagen scaffold from mCT data, Fig. 3(b) an explicit surface mesh of
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a part of Fig. 3(a) and Fig. 3(c) shows the implicit volume mesh, which is adaptively

refined along the surface of the pore structure.

Our tool, meshconv, uses a surface mesh as input. Since we initially have a stack of

images, we need to generate a surface mesh with a different tool. Triangulation of

surfaces is supported by many programs dealing with geometries, such as CAD-tools and

computational geometry libraries, but the resulting mesh quality, while perfect for

visualization, is usually insufficient for simulation software. ImageJ, a free image-

processing software, which we use for this purpose, is no exception (Abramoff et al.,

2004). However, our approach to calculate the implicit mesh allows the use of any

surface mesh, as long as the surface is approximated well enough. The intermediate step

involving a surface mesh is only one way of accomplishing this task. A potentially faster

and less memory consuming approach is to directly refine the implicit mesh based on the

mCT images and to calculate the signed distances on the fly. We are currently working on

an implementation.
3. Results

The goal of our modeling approach is to elucidate ways to ensure
a complete invasion of the scaffold by BMSCs. The resulting model
is a coupled bulk/surface model which has to be solved within the
complex geometry of the scaffold. Using a diffuse-interface
approach the model can be reformulated with the geometry
implicity described. The resulting system is solved on real geome-
tries obtained from mCT data of the scaffold.

Fig. 4 demonstrates the results for the signal concentrations
(a1–d1) and cell densities (a2–d2), which are shown as pairs for
each timestep, arranged in columns. At t¼0, the signal concentra-
tion is initially restricted to a small spherical reservoir (data not
shown) which subsequently spreads within the pores of the
scaffold, as observed in timesteps t¼0.01–0.2 s. During these
timesteps, the corresponding cell density increases steadily, until
the differences in the spatial distribution of SDF-1a are significantly
low. Both the SDF-1a concentration differences and the cell density
differences are simultaneously decreasing with time. This observa-
tion is consistent to the model equations, in which a flow term in
the direction of the concentration gradient of the chemoattractant
is used to represent chemotaxis of the cells (i.e. the second term of
Eq. (1), which implies that this flow term becomes negligible for
equally distributed concentrations of SDF-1a.

For the modified Keller–Segel model (7)–(1) we calculate a
series of timesteps for the coupled states of SDF-1a and cell density
distributions. We use a cubic section of the original scaffold
specimen and visualize the simulation results on only one half of
this cube, in order to show the source of SDF-1a, placed in the
center of the cubic section, being a subset of the original scaffold
geometry which was obtained from the mCT data.
4. Discussion

An important prerequisite for the simulations were the technical
means for the geometric representations of original mCT data. For
generating implicit geometries as described above, and in order to
handle large datasets, we therefore developed meshconv, a
Fig. 3. (a) Visualization of SRmCT data for a mineralized collagen I scaffold specimen.

additional scalebar was introduced. (b) Explicit surface mesh of a part of the scaffold. (
mesh-conversion and -transformation tool that is distributed with
our finite element software AMDiS, which is a toolbox for the solution
of PDEs (Vey and Voigt, 2007). Meshconv takes a triangular surface
mesh as input and generates the desired volumetric mesh and signed
distance function in two steps. In the first step, a basic cuboidal mesh
built of only six elements is refined until the desired number of nodes
in close vicinity of the surface is reached. Refinement means that any
tetrahedron intersecting the surface is split into two tetrahedra which
may enforce splitting of neighbouring tetrahedra in order to meet the
strict requirements of the simulation software. In the second step,
each node of the mesh (i.e. each vertex of a tetrahedron) is assigned a
real number specifying its distance from the surface, either with a
positive sign if outside the solid material or with a negative sign to
indicate it is inside the solid material.

The results show the feasibility of the computational approach
to solve such bulk/surface problems on complex geometries. Other
scenarios for the placing and distribution of initial chemoattractant
sources may be regarded as a useful preparation for further
experiments, and a molecular characterization of cellular signaling
and signal uptake kinetics would enable the identification of
unknown model parameters, such as the chemotactic sensitivity
profile or growth dynamics and its influence on the colonization
success. Improvements from the mathematical point of view
consider the use of high-performance-computing (HPC) to allow
simulations on larger parts of the scaffold and the use of more
realistic parameters to allow for quantitative experimental valida-
tion and refinements of the chemotaxis model, as currently the
available memory of the computer limits the size of scaffold region
which can be geometrically represented.

HPC strategies which address this question are currently tested
and further developed. In our case, the main idea to reduce the
complexity of the mCT datasets by decomposing the scaffold
geometry representation, i.e. the tetrahedra-based embedding grid
and associated data, into smaller non-overlapping datasets which
can be handled by parallel computers or networks of computers.

Interestingly, the simulation results suggest the existence of
small regions without SDF-1a density, i.e. u¼0, remaining within
the scaffold, see the upper left corner of the images depicted in
Fig. 4(a1–d1). This spot corresponds to a physically unlinked region
contained in the scaffold geometry and may serve as an intrinsic
control for the effectiveness of the computational approach.

In order to validate our simulations, materials like injectible
hydrogels embedding signaling molecules, in our case SDF-1a, can
be applied and are being tested in ongoing experiments. These
experiments improve earlier methods where the release of the
signaling molecule was solely determined by the size of the signaling
molecule and could not be controlled (Lode et al., 2008). The results of
the earlier experiment are consistent with our observation, as they
observe a limited ingrowth of cells in case of rapidly diffusing SDF-1a.
An inducible or fine-tuned diffusion of signaling molecules by
chemical modifications of the carrier material would enable a more
detailed validation of our model and offers a possibility to test
This image was taken from Gelinsky (2009) with permission of the publisher; an

c) Implicit volumetric mesh of O which is adaptively refined along G.



Fig. 4. Simulation results for the ingrowth of cells into a portion of scaffold (visualized on one-half of the cubic computational domain O). Images are organized in columns,

representing an individual timestep of SDF-1a diffusion and the density of BMSCs, which form corresponding pairs a1:a2, b1:b2, c1:c2 and d1:d2, respectively, each pair

belonging to the same time point. First row: Diffusion of SDF-1a through the pores of the scaffold, represented byO0, and being evaluated at 0.01, 0.1, 0.2 and 0.5 s, respectively,

shown from left to right; the diffuse interface width used was ev ¼ 0:001. A spherical reservoir of SDF-1a of radius R¼0.05 is placed into the center of the cube (x¼y¼z¼0.5),

constantly providing SDF-1a; the initial SDF-1a concentration is homogenous with v0,s¼10.0 within the sphere (indicated by red), and zero outside this region (indicated by

blue). The initial state is not depicted. Second row: Cell densities for BMSCs at corresponding timesteps are shown, with a cell-free scaffold (u0¼0) as a starting condition

(indicated by blue); cell density is introduced into the computational domain via Dirichlet boundary conditions for @O0, with u@O ¼ 1 (indicated by red); in this case, the diffuse

interface width is eu ¼ 0:05. Model parameters are Du¼0.5, Dv¼5.0, w¼ 0:5 and g¼10 (within the mentioned spherical region, i.e. providing a constant source of SDF-1a). A

total of 4,774,702 gridpoints have been used to define 27,416,024 tetrahedral elements. The mesh is adaptively refined at the surfaceGwith approximately four and eight grid

points across the diffuse interface width e, for SDF-1a and BMSCs, respectively. Time is discretized with steps of t¼ 0:0001 s. Visualization was done with ParaView 3.8.0 RC2.

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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hypotheses about the growth and movement characteristics of the
cells, which we currently simplify with constant parameter values.

Synchronizing the timescales of the simulations with existing
experimental data may enable the validation of useful experiments
to elucidate mechanistic details of the cell migration. In order to
achieve this goal, a series of simulations could be done, and
appropriate material parameters could be applied experimentally,
in which the release kinetics of the signaling molecule would be
varied to provoke cellular responses. The resulting cellular beha-
viour would assess the model and enable improvements and
extensions of our model towards more realistic descriptions of
BMSC movement through 3D environments.

Likewise, our simulations could be used to validate the feasi-
bility of experimental hypotheses about such cellular movement
characteristics. For the general case of arbitrary 3D scaffolds,
microscopic techniques to observe living cells in non-transparent
materials are not yet available, limiting the experimental feedback
required to refine our model. Besides these limitations, our model
can be adapted to a variety of problems, as bulk/surface phenom-
ena which are abundant in nature. In the context of tissue
engineering, additional physical aspects, such as adhesion of
molecules or cells to the cell surface and interactions of different
cell populations with each other, may be interesting options for
further extensions and applications of our model.

A number of factors act as chemoattractants of mesenchymal stem
cells, e.g. fibronectin, platelet derived growth factor (PDGF) and bone
morphogenetic proteins 2 and 4 (BMP-2, -4) (Mishima and Lotz, 2008;
Fiedler et al., 2002; Thibault et al., 2007), increasing the number of
possible model variants for different combinations of signaling
molecules, scaffold materials, and cell types, and enhancing the
clinical potential for the in situ tissue engineering approach.
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