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Abstract A common technique for in vitro cartilage regeneration is to seed a
porous matrix with cartilage cells and to culture the construct in static conditions
or under medium perfusion in a bioreactor. An essential step toward the devel-
opment of functional cartilage is to understand and control the tissue growth
phenomenon in such systems. The growth process depends on various space- and
time-varying biophysical variables of the environment surrounding the cartilage
cells, primarily mass transport and mechanical variables, all involved in the cell
biological response. Moreover, the growth process is inherently multiscale, since
cell size (10 lm), scaffold pore size (100 lm), and cellular construct size (10 mm)
pertain to three separate spatial scales. To obtain a quantitative understanding of
cartilage growth in this complex multiphysics and multiscale system, advanced
mathematical models and efficient scientific computing techniques have been
developed. In this chapter, we discuss the existing knowledge in this field and we
present the most recent advancements for the numerical simulation of cartilage
tissue engineering.
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1 Introduction

A basic concept in the design of ex vivo tissue reconstruction is to provide a proper
biophysical microenvironment to cells [38]. In cartilage regeneration (Fig. 1),
mechanical stimulation is being extensively evaluated as a tool to modulate extra-
cellular matrix (ECM) synthesis, coherently with the evidence that mechanical
forces play an important role in cartilage homeostasis in vivo [14]. Mechanobiology
models of engineered cartilage are currently addressed at optimizing the applied
mechanical stimuli, by combining different stimuli, for example flow perfusion with
cyclic pressurization (Fig. 2) [25, 26, 42, 46], as a means to better mimic the complex
biophysical environment of chondrocytes within native cartilage.

To gain a better insight into the quantitative relationship between the applied
culture conditions and cartilage growth, advanced computational models are
currently applied to interpret the results from bioreactor studies. These attempts to
calculate and control the balance of mass transport and mechanical stresses exerted
on cells, have proven useful in capturing a rough understanding of the conditions
favoring the development of engineered cartilage [36, 37, 39, 40, 42, 26, 44].

In mechanobiology models of engineered cartilage, comparison between the
experimental findings and the computational results enable the local field variables
to be correlated with specific cell responses. Only from the mastering of the
complex biological phenomena (cell metabolism and proliferation, substrate
degradation and remodeling of the ECM) that take place during the in vitro
culturing process, one can control key aspects of tissue maturation.

2 Tissue Engineering: A Multiphysics/Multiscale Problem

Bioreactors for tissue culture are complex multiphase systems composed of a
scaffold portion, a culture medium and a growing biomass. For their rational
design, it is thus strongly required to have a quantitative understanding of the
interplay between geometry, interstitial flow field, nutrient mass transfer and
cellular behavior (proliferation, migration, biosynthetic activity). These variegated
phenomena encompass a wide range of embedded scales.

Figure 3 shows five distinct scales at which (at least) the considered problem
can be modeled, namely:

– Macroscale: it is the scale at which the perfused scaffold is treated as a con-
tinuum and at which the Bioengineer sets the control parameters (inlet velocity,
pressure drop). Its characteristic length is of the order of a few millimeters.

– Mesoscale: it is the scale corresponding to a collection of a few functional
sub-units (shortly, unit cells) of the scaffold. Its characteristic length spans from
tens of microns to millimeters.

– Microscale: it is the scale of the single unit cell of the polymeric scaffold, of the
order of 100 microns.
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– Cellular scale: it is the scale at which cells cannot be treated as a continuum,
but must be treated as single discrete entities. Its characteristic length is of the
order of microns.

– Sub-cellular scale: it is the scale accounting for all the mass transport and
reaction processes that occur at the single cell membrane level. Its characteristic
length is of the order of some nanometers.

We present here below a possible mathematical framework for the description
of the bio-physical phenomena occurring in a bioreactor for tissue engineering. Let
X be the bioreactor domain, composed by the time-invariant subdomains Xsc,
representing a non-biodegradable scaffold, and by its complement Xe. This latter
subdomain is, in turn, composed of a fluid portion Xfl(t) and a biomass portion
Xb(t), both depending on time t. Notice that both Xfl and Xb may be, in general,
composed by the union of complex, unconnected domains. The full scale approach
consists of the coupled solution of the following multiphysics system:

1. model for nutrient concentration: find c = c(x,t) in Xe such that

oc

ot
þr � �Drcþ vcð Þ ¼ Q cð Þ ð1Þ

Fig. 1 Scanning electron micrographs of porous scaffolds seeded with cartilage cells. The scale
bar equals 20 lm in all figures. a Polyurethane foam, b non-woven fiber mesh derived from
hyaluronic acid, c polyurethane structure with regular spherical pores and d polystyrene regular
grid. A coloured version of this figure is available on the online version of the book
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where D is the nutrient diffusivity, equal to Dfl in Xfl and to Db in Xb,
respectively, v is the velocity field and where the mass consumption term Q,
due to cellular metabolism, is given by:

Q cð Þ ¼
0 in Xfl;

� Vmc

Km þ c
in Xb ðMichaelis�Menten kineticsÞ

(
ð2Þ

Vm being the maximal nutrient consumption and Km the half saturation
constant,

2. model for the fluid velocity:

• v = 0 in Xb

• Navier-Stokes equations in Xfl: find v = v(x, t) such that

ov

ot
þ v � rv� gDvþrp ¼ 0

r � v ¼ 0:

(
ð3Þ

3. model for biomass growth (cell population and ECM accumulation):

Fig. 2 Mechanical bioreactors for cartilage tissue engineering. During bioreactor culture, the
cellular constructs may be subjected to a interstitial perfusion, b cyclic hydrostatic pressurization
and c combined regimens of interstitial perfusion and cyclic hydrostatic pressurization.
A coloured version of this figure is available on the online version of the book
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Xb ¼ Xb t; c; v; other biophysical parametersð Þ ð4Þ

The interfaces between different materials and models have to be handled by
means of suitable transmission conditions connecting the value of the variables
and/or their fluxes from one domain to the other. At present, the computational
challenge for solving the above three-dimensional (3D) time-dependent problem
on the entire bioreactor domain with internal moving boundaries and spatial res-
olution at the cell (Microscale) level, is still a too demanding task, even for the
more advanced numerical techniques and powerful machine resources. For this
reason, computational models of cartilage tissue engineering have been proposed,
addressing the problem at only a few of the above described scales, and often
including only a restricted set of physical phenomena.

The biophysical admissibility of such models strongly depends on the culture
time. As a matter of fact, the cell environment in the scaffold changes with culture
time, at the beginning of culture there are only seeded cells, which later proliferate
and synthesize ECM. Accounting for the interaction of the fluid flow with the
growing biomass is a condition required to obtain a realistic simulation at high cell
volume fractions, typical of long term culture. For this reason, single-physics/single-
scale models might yield acceptable results for short culture times, while for longer
culture times coupled multiphysics/multiscale simulations are required (Fig. 4).

In the following, we present a survey of such models, focusing on the coupling
between nutrient mass transport with medium flow (Sect. 3) and biomass growth
(Sect. 4). An overall description of these phenomena is provided in Sect. 5 under
the perspective of homogenization, while in Sect. 6 we briefly address recent
contributions to the multiscale modeling of the tissue engineering problem.

Fig. 3 Biophysical scales in a bioreactor system with their characteristic length. A coloured
version of this figure is available on the online version of the book
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3 Coupled Models of Medium Flow and Mass Transport

A rough understanding of transport limitations in porous constructs has been
obtained, in absence of flow, by Botchwey et al. [2, 3] and Sengers et al. [45] using
homogeneous models of tissue-engineered constructs. This amounts to solving
Eq. (1) with a constant nutrient diffusivity and v = 0 in the entire scaffold domain X,
instead of considering the actual microscopic structure of the domain Xe with its
associated complex empty and filled substructures. In up-to-date recent tissue
engineering bioreactors, the cell-seeded scaffold is immersed in a medium which is
induced to flow through or around the scaffold surface in a perfusion flow apparatus.
A simple strategy for increasing mass transport to cells would appear to be to increase
the medium flow rate, but high flow rates induce high shear stresses on cells, which
may be harmful instead of beneficial, at least at early stages of tissue growth.

This complexity presents serious hurdles in determining the appropriate values
of flow rate and medium solute concentration. Flow around scaffolds in a con-
centric cylinder bioreactor has been studied by Williams et al. [49] by solving
Eq. (2) coupled with Eq. (1) in the whole bioreactor domain. In this model, the
biomass volume is not accounted for in the geometry, but an equivalent volumetric
consumption rate is used at the right-hand side of Eq. (1). Such a model allowed to
compute flow fields, shear stresses and oxygen profiles around the constructs.

Incorporating flow through the scaffold in a direct-perfusion configuration
complicates the situation by establishing a velocity scale which is related to the

Fig. 4 Hierarchy of computational modelling techniques for cartilage tissue growth, following
the evolution of the geometry of the cell environment upon culture time. A coloured version of
this figure is available on the online version of the book
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actual fluid velocities in the scaffold, which are impossible to measure. This
problem has been dealt with by using detailed pore-scale computational fluid-
dynamic (CFD) simulations of fluid and chemical transport in tissue-engineering
scaffolds populated with living cells [1, 10, 11, 31, 47]. In these models, the same
set of equations is solved as in the above cited model, but considering only a few
unit cells. This allows to obtain a much higher scale resolution and to represent the
real local scaffold empty/filled structure. These simulations are able to capture
flow, pressure and concentration fields resolved at the microscopic level. In par-
ticular, it is shown how the scaffold micro architecture influences the hydrody-
namic shears imposed on cells within constructs. Calculations of nutrient flow
indicate that inappropriately designed dynamic culture environments lead to
regions of nutrient concentration insufficient to maintain cell viability. These
studies provide a foundation for exploring the effects of dynamic flow on cell
function and provide an important insight into the design and optimization of 3D
scaffolds suitable in bioreactors for in vitro tissue engineering.

4 Coupled Models of Biomass Growth, Medium Flow
and Mass Transport

A consistent mathematical description of tissue regeneration requires to provide a
model of biomass growth, as indicated in Eq. (4). This is a very complex problem,
involving several biophysical variables. Experimental observations and measure-
ments [32] suggest that after seeding, cells undergo (i) a first period (5–7 days) of
rapid proliferation, (ii) a second period (2–4 weeks) in which they start to signifi-
cantly secrete the typical highly hydrated extracellular matrix (ECM), comprising
proteoglycan monomers assembled with glycosaminoglycans (GAGs) anchored to
hyaluronic acid chains, type II collagen and a small amount of other types of
collagen. To our knowledge, there are no comprehensive models of (i), and (ii) in this
application field, rather, only partial descriptions of (i) or (ii) have been developed.

4.1 Cell Population Dynamics

Computational tools known under the name of multicellular simulations can be used
to model cell population dynamics. In these approaches, simple rules based on cell
automata are adopted to describe cell behavior and the emergent trend of the cell
populations is observed and analyzed. In particular, biased random walk techniques
have found widespread use in biological applications like the simulation of angio-
genesis [30] and, recently, have been applied to simulate cell populations that
migrate, collide, and proliferate to build a tissue inside a 3D scaffold [7].

Simulation results show that the speed of cell locomotion modulates the rates
of tissue regeneration by controlling the effect of contact inhibition and that the
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magnitude of this modulation strongly depends on the spatial distribution of the
seeded cells. In our group, a strong effort has been devoted to integrate pore-scale
CFD modeling and mass transport with multicellular simulation, developing
computational models of cell proliferation under interstitial perfusion in a biore-
actor [16, 17]. These models accounted for three physical phenomena: (1) cell
proliferation and migration, simulated using established models of cell population
dynamics [7, 28], (2) the hydrodynamic flow of culture medium, simulated using
CFD modeling, and (3) oxygen transport from the flowing culture medium to the
cells.

In these models, the increasing oxygen transfer from the culture medium to
the growing cell biomass was included in the mass transport calculation, but the
alteration of the fluid flow due to the growing cell volume was neglected, so that
the simulation results were valid only for very low cell volume fractions, corre-
sponding to initial culture conditions. An alternative perspective is based on
homogeneous continuum approaches [29] or on porous medium representations,
comprising motile cells and water inside a rigid scaffold material [8, 23].
In addition to cell growth kinetics, cell diffusion may be incorporated, to describe
the effects of cell random walks. The values of some parameters used, such as the
rate of cell ingrowth into the porous scaffold, are derived from the literature or by
fit to published experimental data. Results suggest that the rate of tissue growth in
porous scaffolds depends not only on the intrinsic rate of cell proliferation, but also
on the balance of mechanical forces developed inside the tissue. This type of
modeling also shows how the scaffold porosity or surface may be varied to reduce
the tendency of cells to aggregate.

4.2 ECM Accumulation Dynamics

Mathematical models of ECM accumulation have been set up by treating the
cell-scaffold construct either as a homogeneous continuum coupled with the
nutrient field [27] or at the Microscale level [13]. In both these approaches, GAG
concentration is assumed as the principal indicator of ECM secretion, distin-
guishing between soluble and bound GAG fractions. In Klein and Sah [21] an
extension of the previous models is proposed, including in a phenomenological
manner the effect of perfusion velocity on GAG release rate.

5 Homogenized Models of Biomass Growth, Medium Flow
and Mass Transport

The difficulty of handling a domain with an internal time-dependent interface due
to biomass growth with a robust numerical technique has brought many authors to
propose homogenized-averaged approaches formulated at the Macroscale level.
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These approaches are aimed at accounting for the fact that the environment in a
tissue-engineered construct is strongly heterogeneous. Multiphase models allow an
explicit consideration of these interactions. Each constituent is considered as a
distinct phase within the multiphase system with corresponding constitutive laws
and interactions with neighbouring phases, the inherent complexity of this
approach, compared to that of solving the complete problem of Eqs. (1–3) can be
conveniently reduced by an averaging process, yielding a single equation which
holds uniformly in the material, upon characterization of effective parameters such
as nutrient diffusivity, biochemical reaction rates and construct permeability.

Derivation of multiphase models applied to a wide range of problems in
computational biology has been given extensive treatment by many authors,
including, for example, Marle [24], Whitaker [48] and Byrne et al. [6]. In the series
of papers by Galban and Locke [15], a two phase (fluid and biomass) model for
cell growth and nutrient diffusion in a polymer scaffold with no perfusion is
presented. A single, averaged reaction–diffusion equation for the nutrient con-
centration in the two phase system is derived using the volume-averaging method
of Whitaker [48], Wood et al. [50] and the effective diffusion coefficient and
reaction rate are calculated as a function of the local cell volume fraction which
evolves according to a cell population balance equation. In the paper by Chung
et al. [9] a two-phase (fluid and biomass) model analogous to the one of Galban
and Locke [15] is proposed, with the inclusion of a self-consistent computation of
the fluid-dynamic field via an averaged Stokes-Brinkman model stemming upon
volume averaging of Stokes equations [20]. To reflect the fact that cell growth into
the scaffold reduces the effective pore size, Chung et al. [9] propose to include the
dependency on the cell volume fraction via a Carman-Kozeny type relation for the
permeability.

In our group, an homogenized approach in the line of the above cited literature
has been recently investigated in Sacco et al. [44]. The main novel contribution of
this work is the systematic inclusion of experimental data, in particular the
dependence of the biomass growth rate on the local fluid-dynamical shear stress,
and the inclusion of the effect of the solid scaffold fraction in the characterization
of the effective parameters arising from the homogenization procedure (hydraulic
permeability and nutrient diffusivity). The set of results presented in Fig. 5 are
obtained adopting the same model as in Sacco et al. [44] but investigating the use
of a modified biomass growth model based on two contributions: a promotion and
an inhibition term. This latter term is calibrated with respect to the inlet velocity
modulus, that is used as an indicator of the typical fluid-dynamical shear stress in
the device. In this analysis, we track the spatial and temporal evolution of the
nutrient concentration and fluid-dynamical variables as well as the volume fraction
occupied by the growing biomass which modifies the porosity of the scaffold
matrix, thus altering the fluid flow. Computations, corresponding to different time
levels, refer to the same geometry discussed in Sacco et al. [56] enforcing a
Poiseuille flow profile at the inlet. Simulations show that biomass growth is
enhanced close to the inlet section of the scaffold, due to a larger local availability
of nutrient. In turn, this results into a higher occlusion of the porous matrix in this
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Fig. 5 Simulation of biomass growth due to mass transport in an interstitially perfused disk-
shaped scaffold computed with a modification of the homogenized model presented in [44].
a Time evolution of the total biomass fraction. Time snapshots of the distribution of: b biomass,
c nutrient concentration and d Darcy stress. The medium flows from left to right
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area, giving rise to an increase in the local state of shear stress (represented in the
model by the Darcy stress).

6 Multiscale Modeling

In the attempt of including in the mathematical description of the tissue-engineered
construct a wider spectrum of phenomena, while keeping the computational
complexity at an acceptable level, multiscale homogenization techniques have been
applied in a certain number of recent studies. A first example in this direction is
represented by the work of Cioffi et al. [11], where a Macroscale simplified model
provides appropriate boundary conditions for a Microscale model. The former model
is set in an axi-symmetric geometry and steady Navier-Stokes equations are solved
coupled with a reaction-diffusion equation for the nutrient with a constant volumetric
consumption rate. This model provides the velocity and nutrient concentration
profiles at the inlet of the Microscopic model formulated on a small (sample) portion
of the bioreactor which consists of the union of a few unit cells. In this Microscale
computational domain the same equations as above are solved, but on the real
geometry extracted from micro-CT images.

In Raimondi et al. [43], two complementary multiscale models are presented.
The first approach follows a concept similar to the one described above. Namely, a
2D model of the whole scaffold seeded with a cell monolayer is considered,
coupled with a 3D model of a functional sub-unit of such construct. The main
novelty of this approach consists in the use of a moving boundary formulation
originally proposed in Galban and Locke [15] and based on a phenomenological
relation for the time evolution of the biomass-fluid interface, which consistently
updates the geometry. To handle this time-evolving domains, an Arbitrary
Lagrangian–Eulerian (ALE) formulation is adopted and periodic remeshing is
applied to adapt the computational mesh to large deformations of the computa-
tional domain. In the second approach, a lumped discrete approximation to the
problem of mass transfer, nutrient uptake and biomass growth at the Macroscopic
scale of the scaffold is devised. In this description, the scaffold is represented by a
simplified geometry characterized by piecewise constant biophysical parameters,
whose values are extracted from the Microscale model. In turn, the Macroscale
model supplies the nutrient concentration boundary condition to a discrete set of
Microscale problems, whose solution is the nutrient distribution and biomass
evolution at the pore-size level, to be compared with real-time microscopic data.

7 Scientific Computing Techniques in Multiphysics Modeling

The aforementioned models of the engineered tissue growth feature specific dif-
ficulties with respect to their numerical approximation, which determine signifi-
cant criteria to select suitable numerical schemes to come up with computational
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solutions of flow and mass transport problems. Since the mathematical models
representing such phenomena are based on partial differential equations, approx-
imation methods such as the finite element method or the finite difference (or finite
volume) methods may be equivalently applied. However, the forthcoming
description will be biased in the direction of the finite element method, which is a
highly flexible approach. The main challenges in modeling cellular constructs are
represented by the need to solve problems with spatially heterogeneous physical
parameters or to couple different mathematical models (viscous and inviscid flows,
free flows and porous media) within a genuine multiphysics framework, including:
Darcy’s, Brinkman’s or Stokes’ models for perfusion flow in the scaffold porous
matrix with growing biomass, nutrient mass transport and delivery to growing
cells, cell growth and metabolism. The interfaces between different materials and
models have to be handled at the discrete level by a suitable treatment of the
transmission conditions.

As an example, for the approximation of mass transport through heterogeneous
media, which arises from the study of nutrient supply to cells, a correct quanti-
fication of the amount of nutrient reaching the target is achieved by properly
capturing the balance of mass fluxes at the interface between the fluid and the
growing tissue, as well as by accurately approximating the steep concentration
gradients that arise in the neighborhood of the fluid/solid interface. For the former
issue, an effective mathematical methodology is Domain Decomposition, for
which we refer to Quarteroni and Valli [33].

Such family of methods splits a coupled multiphysics system in single sub-
problems, which can be then solved by standard approximation techniques and
software packages. The global solution accounting for their interaction is then
recovered by means of iterative strategies. Domain decomposition techniques have
already been successfully applied to analyze fluid dynamics and mass transfer
through biological tissues [34, 35], D’Angelo and Zunino [12]. Another important
issue in the simulation of heterogeneous problems is the development of robust
and conservative schemes. For the case of nutrient transport, a conservative
scheme would exactly preserve the local mass balance related to nutrient con-
centration. Robustness, in turn, refers to the stability of the numerical scheme,
which is the fundamental property that quantifies at what extent the approximate
solution is sensitive with respect to perturbations on the discrete problem data.
A numerical method is called robust when its stability properties are affected
neither by the magnitude of the problem coefficients nor by their variation. This is
achieved by means of Discontinuous Galerkin finite elements (DG). However,
a major drawback of DG schemes is their increased computational cost compared
to standard (conforming) finite element formulations, that in some cases makes
them unsuitable for large scale realistic problems.

The previous computational techniques allow for an accurate and efficient
approximation of the partial differential equations that describe the phenomena
governing artificial tissue growth. However, computational methods provide
quantitative results only when they are applied on the basis of realistic data
for the problem at hand, through a strong interaction between simulations and
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experiments. On the one hand, problem specific parameters such as nutrient dif-
fusivity and consumption rates as well as fluid viscosities and hydraulic resistances
of biomass should be provided. On the other hand, equations must be solved on
realistic geometrical configurations, to allow for model validation based on direct
comparison between simulations and observations.

Micro-CT and fluorescence microscopy images at the cell scale should be the
starting point to reconstruct the geometrical models for numerical simulations.
More precisely, the geometry of the scaffold matrix and the biomass available
from images, has to be translated into quantitative terms in order to be exploited
for the numerical approximation of fluid perfusion and transport processes.
To address this task, several approaches are available. In principle, one can attempt
to set up a parametric mathematical description of the domain boundaries or
interfaces. However, the highly irregular shape of tissue-engineered constructs
makes this task hardly achievable in the present context (Fig. 6). Alternatively,
recent advances on numerical approximation schemes for PDEs have shown a
promising way to override this difficulty. In particular, non-standard finite element
schemes (such as the Extended Finite Element method, XFEM) have the ability to
use Cartesian, non-boundary-fitted meshes to solve problems in complicated
domains. Such approach, generally called the fictitious domain method [18],
consists in embedding the computational domain into a fictitious volume with
simple geometry, in such a way that the material interfaces do no longer need to be
geometrically approximated. Recent developments in this direction Hansbo and
Hansbo [19], Burman and Hansbo [4], Burman and Zunino [5] give rise to robust
and efficient finite element schemes that are capable to approximate partial dif-
ferential equations with interfaces separating between highly heterogeneous
material properties even when the coefficient discontinuities are not exactly
captured by the computational mesh.

Fig. 6 (left) Fluorescence image of the engineered tissue growing on the fiber scaffold
represented in Fig. 1b (scaffold fibers are visualized with blue, biomass with green). (middle) The
outcome of image segmentation approach targeting the biomass. The contours of the biomass film
are highlighted in red. (right) Numerical simulation of a diffusion problem where the biomass
region features lower diffusivity than the surrounding fluid. Owing to the extended finite element
technique, the computational mesh does not fit the complex contours of the fluid/biomass
interface, although the computational accuracy is not significantly compromised
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8 New Tools for Experimental Validation

In mechanobiology models of engineered cartilage, comparison between the
experimental findings and the computational results enables the local field vari-
ables to be correlated with specific cell responses, a crucial step towards model
validation. Generally this is a very complex procedure, as most variables to be
measured are not experimentally accessible in 3D and in real time. To attack this
problem, a first experimental set-up was developed and validated by our group in
collaboration with the University of Basel. A geometrically-defined custom made
scaffold was seeded with human chondrocytes and cultured inside a miniaturised
perfusion chamber, so-called mini-bioreactor, that permitted time lapse imaging of
the cellular construct in real time [41].

A step forward in this regard is a new optimized set up presented in Laganà and
Raimondi [22]. The new perfusion mini-bioreactor was designed and rapid-
prototyped taking advantage from microfluidic know-how, so it is easy to use, cost
effective, potentially disposable, and wholly mounted on a standard microscope
glass slide. The experimental set-up (Fig. 7) is composed of a syringe pump,
a pipeline for cell feeding, a cell culture incubator and a fluorescence microscope
equipped with an imaging system. To house the custom-made polystyrene scaf-
folds used (3D Biotek), the perfusion chamber thickness was set at 300 lm,
i.e. over the traditional microfluidic scale (Fig. 8).

The mini-bioreactor was successfully tested against leakage and used in cell
culture experiments. We have used live fluorescence viable staining, DAPI
(Sigma), in which the cell nuclei stain blue, and the Qtracker� Cell Labeling Kit
(Invitrogen), in which the cell cytoplasm stains orange, to follow tissue growth

Fig. 7 Micro-bioreactor set-up developed to validate multiphysics computational models of
cartilage growth. Scheme (left) and photograph (right). a Syringes filled with complete cell
culture medium and mounted on an infusion/withdrawal programmable syringe pump, b cell
culture incubator (37�C, 5% CO2), c silicone rubber oxygenator tubes, d inverted microscope,
e water-jacket heater used to maintain the micro-bioreactor chamber at 37�C, f cell culture
medium reservoirs, and g laptop monitor showing a fluorescence image acquired directly on the
live micro-construct with a high resolution camera. A coloured version of this figure is available
on the online version of the book
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Fig. 8 Mini-bioreactor approach developed to validate multiphysics computational models of
cartilage growth. a Exploded view showing (I) bottom side magnetic holder, (II) cover glass, (III)
PDMS perfusion chamber (arrow), (IV) glass slide with CNC-milled perfusion channels, (V) top
side magnetic holder. b Photograph of the mini-bioreactor placed on the microscope, c rendering
of the polystyrene scaffold, d detail of the scaffold regular geometry and e fluorescence live
image of the scaffold seeded with cells, in which cell nuclei stain blue and the cell cytoplasm
stains orange. A coloured version of this figure is available on the online version of the book

Fig. 9 Integration between experiments and simulation in cartilage tissue engineering.
Fluorescence images of cellular constructs marked with live staining, in which the cell nuclei
stain blue and the cell cytoplasm stains orange, taken a at the beginning and b the end of culture,
compared to c, d the numerical output of the multiphysics model [43]. In (c) and (d) the wall fluid
shear stress is mapped on the biomass surface (c) at the beginning and (d) the end of culture.
e The 3D domain modeled
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during culture. We acquired fluorescence images at specific time points on live
specimens, and we developed procedures to estimate the cell number and the
biomass volume fraction non-destructively during culture. We are currently
developing methods to compare these experimental observations to the compu-
tational predictions (Fig. 9), in the aim to approach a validation procedure for our
more advanced multiphysics models of cartilage tissue engineering.

9 Conclusion

In conclusion, the field of multiphysics computational modeling in cartilage tissue
engineering is progressing rapidly. Here, we have reviewed several computational
tools already available. Possible directions to improve these tools require to
properly address the fundamental processes that induce growth of engineered
tissue on scaffolds, i.e. cell adhesion, migration, proliferation and biosynthesis.
This would open new avenues for engineering design using validated predictive
tools in the field of tissue engineering.
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