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Preface

The editors of this special volume would first like to thank all authors for their
excellent contributions. We would also like to thank Prof. Dr. Thomas Scheper,
Dr. Marion Hertel and Ulrike Kreusel for providing the opportunity to compose
this volume and Springer for organizational and technical support.

Tissue engineering represents one of the major emerging fields in modern bio-
technology; it combines different subjects ranging from biological and material
sciences to engineering and clinical disciplines. The aim of tissue engineering is the
development of therapeutic approaches to substitute diseased organs or tissues or
improve their function. Therefore, three dimensional biocompatible materials are
seeded with cells and cultivated in suitable systems to generate functional tissues.

Many different aspects play a role in the formation of 3D tissue structures. In
the first place the source of the used cells is of the utmost importance. To prevent
tissue rejection or immune response, preferentially autologous cells are now
used. In particular, stem cells from different sources are gaining exceptional
importance as they can be differentiated into different tissues by using special
media and supplements. In the field of biomaterials, numerous scaffold materials
already exist but new composites are also being developed based on polymeric,
natural or xenogenic sources. Moreover, a very important issue in tissue engi-
neering is the formation of tissues under well defined, controlled and reproduc-
ible conditions. Therefore, a substantial number of new bioreactors have been
developed. Depending on the target tissue, different concepts have already been
realized for dynamic cultivations. For the generation of functional tissue it is
often necessary or beneficial to apply mechanical forces during or prior to
cultivation.

This book comprises contributions of researchers active in the field of bioreactor
design and optimization for the controlled cultivation of cells for tissue engineering
purposes. The knowledge and expertise of the authors cover disciplines like engi-
neering, biotechnology and clinical sciences. Recent developments in bioreactor
developments for the use of cartilage, bone, and cardiovascular, muscle and con-
nective tissue are presented in separate chapters as well as the current status of
disposable bioreactors. Furthermore, contributions are included on the considera-
tions and requirements of fluid dynamics for bioreactor optimization.
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We hope that this state-of-the-art book is helpful to your research. Please enjoy
reading it as much as we enjoyed preparing it.

Hannover, Summer 2008 Cornelia Kasper
Martijn van Griensven
Ralf Portner
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Bioreactors in Tissue Engineering: Scientific
Challenges and Clinical Perspectives

D. Wendt, S.A. Riboldi, M. Cioffi, and I. Martin

Abstract In this Chapter we discuss the role of bioreactors in the translational
paradigm of Tissue Engineering approaches from basic research to streamlined tissue
manufacturing. In particular, we will highlight their functions as: (1) Pragmatic
tools for tissue engineers, making up for limitations of conventional manual and
static techniques, enabling automation and allowing physical conditioning of
the developing tissues; (2) 3D culture model systems, enabling us to recapitulate
specific aspects of the actual in vivo milieu and, when properly integrated with
computational modeling efforts and sensing and control techniques, to address
challenging scientific questions; (3) Tissue manufacturing devices, implementing
bioprocesses so as to support safe, standardized, scaleable, traceable and possibly
cost-effective production of grafts for clinical use. We will provide evidences that
fundamental knowledge gained through the use of well-defined and controlled bio-
reactor systems at the research level will be essential to define, optimize, and more-
over, streamline the key processes required for efficient manufacturing models.

Keywords Bioreactor, Computational modeling, 3D model system, Sensing,
Tissue manufacturing.

D. Wendt (D7), S.A. Riboldi, and I. Martin
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Abbreviations

BMSC  Bone marrow stromal cells
CFD Computational fluid dynamics
2D Bi-dimensional

3D Three-dimensional

DOCT  Doppler optical coherence tomography
GAG Glycosaminoglycan

GMP Good manufacturing practice
HA Hyaluronan

uCT Micro-computed tomography
OCT Optical coherence tomography
PFC Perfluorocarbon

PIV Particle image velocimetry
QC Quality control

SZp Superficial zone protein
TE Tissue engineering

1 Introduction

“Bioreactors”, a term generally associated with classical industrial bioproc-
esses such as fermentation, was initially used in Tissue Engineering (TE)
applications to describe little more than simple mixing of a Petri dish. Over the
last two decades, the concept of a bioreactor has evolved not only in complex-
ity, but also in the field of use. It is now clear that bioreactors represent not
only powerful technical tools to support and direct the in vitro development of
living, functional tissues, but also dynamic culture model systems to study
fundamental mechanisms of cell function under physiologically relevant
conditions.
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Of primary importance in the field of tissue engineering and regenerative medi-
cine is the consideration that despite the impressive scientific progress achieved, the
need for safe and clinically effective autologous tissue substitutes still remains
unsatisfied. In order to successfully translate TE technologies from bench to bed-
side while competing with alternative therapeutic options, the clinical efficacy of a
tissue-engineered product needs to be accompanied by a cost-effective manufacturing
process and compliance to the evolving regulatory framework in terms of Quality
Control (QC) and Good Manufacturing Practice (GMP) requirements. In this
context, bioreactors as a means to generate and maintain a controlled culture
environment and enable directed tissue growth could represent the key element
for the development of automated, standardized, traceable, cost-effective, and
safe manufacturing processes for engineered tissues for clinical applications.

In this Chapter we discuss the role of bioreactors in the translational paradigm
of TE approaches from basic research to streamlined tissue manufacturing. To this
purpose, we first review the key functions of bioreactors traditionally employed in
research applications, both as pragmatic tools overcoming limitations of conven-
tional cell/tissue culture techniques (Sect. 2) and as 3D model systems recapitulat-
ing aspects of the actual in vivo milieu of specific tissues (Sect. 3). In particular,
having identified the necessity of predictive tools and technological platforms to
peek inside the “black box” bioreactor, we briefly review the state of the art of
computational modeling in bioreactor systems and give an overview of the basic
sensing techniques employed in the engineering of biological tissues. Finally, we
describe and critically discuss examples, potentials and challenges for bioreactor-
based manufacturing of tissue-engineered products (Sect. 4).

2 Bioreactors: Pragmatic Tools for Tissue Engineers

In the past years, bioreactors have proved to be crucial tools to initiate, maintain
and direct cell cultures and tissue development in a three-dimensional (3D), phys-
ico-chemically defined, tightly controlled, aseptic environment. Specifically, state-
of-the-art devices may offer the possibility to (1) dynamically seed cells within 3D
matrices, (2) overcome the constraints of a static culture environment and (3) physically
stimulate the developing constructs. In this Section, we briefly describe these features,
which are key for bioreactors commonly used for research purposes (Fig. 1) [1-3].

2.1 Cell Seeding on Three-Dimensional Matrices

Traditionally, the delivery of a cell suspension within a three-dimensional scaffold
is manually performed by means of pipettes and relying on gravity as a leading
principle for cell settlement and subsequent adhesion to the scaffold pores. Such a
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2. MAINTENANCE of a CONTROLLED
CULTURE ENVIRONMENT
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Fig. 1 Schematic representation of the key functions of bioreactors used in research applications
for tissue engineering, described in Sect. 2. (1) Cell seeding of three-dimensional matrices: biore-
actors can maximize the cell utilization, control the cell distribution, and improve the reproducibil-
ity of the cell seeding process. (2) Maintenance of a controlled culture environment: bioreactors
that monitor and control culture parameters can provide well-defined model systems to investigate
fundamental aspects of cell function and can be used to enhance the reproducibility and overall
quality of engineered tissues. (3) Physical conditioning of cell/scaffold constructs: bioreactors that
apply physiological regimes of physical stimulation can improve the structural and functional
properties of engineered tissues (T, temperature; pO,, oxygen partial pressure; [], concentrations)

seeding method, besides being scarcely reproducible due to marked intra- and inter-
operator variability, is inevitably characterized by poor efficiency and nonuniformity of
the resulting cell distribution within the scaffold [4]. The usual “static” seeding
method may yield particularly inhomogeneous results when thick and/or low-
porosity scaffolds are used, since gravity may not suffice for the cells to penetrate
throughout the scaffold pores. Especially when dealing with human cell sources,
optimizing the efficiency of seeding could be crucial in order to maximize the uti-
lization of cells that can be obtained from the rather limited tissue biopsies.

Hence a variety of “dynamic” cell-seeding techniques, relying on the use of biore-
actors, have been recently developed with the aim to increase quality, reproducibility,
efficiency, and uniformity of the seeding process as compared to conventional static
methods. Spinner flasks [5], wavy-walled reactors [6], and rotating wall vessels [7]
are only examples of the numerous devices found in the literature. However, the most
promising approach, enabling efficient and uniform seeding of different cell types in



Bioreactors in Tissue Engineering: Scientific Challenges and Clinical Perspectives 5

scaffolds of various morphologies and porosities, proved to be “perfusion seeding,”
consisting of direct—unidirectional or alternating—perfusion of a cell suspension
through the pores of a 3D scaffold [4, 8-16]. Such an efficient method, relying on
active driving forces rather than on gravity for the fluid to penetrate the scaffold pores,
was revealed to be particularly suitable when seeding cells into thick scaffolds of low
porosity [4]. Interestingly, the principle of perfusion has been recently used in the
field of heart valve tissue engineering also for in vitro transformation of porcine
valves into human valves, enabling decellularization of valve grafts of xenogenic
origin and subsequent re-cellularization with human cells [17].

When defining and optimizing seeding protocols (i.e., the selection of parameters
such as cell concentration in the seeding suspension, medium flow rate, flow direc-
tions, and timing of the perfusion pattern), most of the studies found in the literature
rely upon experimental, application-specific, trial and error investigations, rather than
turning to the support of theoretical models. Definition of the cell seeding parameters
based on computational models (as extensively described in the following Section)
could allow for a more rational design of experiments, ultimately leading to more
efficient optimization strategies. However, the inherent complexity of dynamic seed-
ing systems represents a major challenge for modeling, because of high dependence
on the specific cell type and scaffold implemented (i.e., complex pore architecture and
related fluid-dynamics, kinetics of cell adhesion, molecular mechanics, biomaterial
properties, etc.). A notable effort in this direction was described by Li and co-authors,
who developed and validated a mathematical model allowing predictive evaluation of
the maximum seeding density achievable within matrices of different porosities, in a
system enabling filtration seeding at controlled flow rates [18].

2.2 Maintenance of a Controlled Culture Environment

The high degree of structure heterogeneity usually noticed in 3D-engineered con-
structs cultured in static conditions (i.e., presence of a necrotic central region, sur-
rounded by a dense layer of viable cells) suggests that diffusional transport does not
properly assure uniform and efficient mass transfer within the constructs [19]. On
the contrary, convective media flow around the construct and, even to a greater
extent, direct medium perfusion through its pores, can aid in overcoming diffu-
sional transport limitations (specifically via oxygen and metabolite supply and
waste product removal). Bioreactors that perfuse culture medium directly through the
pores of a scaffold have therefore been employed in the engineering of various tissues,
demonstrating that perfusion enhances calcified matrix deposition by marrow-derived
osteoblasts [9, 10, 20, 21], viability, proliferative capacities and expression of car-
diac-specific markers of cardiomyocytes [22, 23], cell proliferation in engineered
blood vessels [11] and extra-cellular matrix deposition, accumulation and uniform
distribution by chondrocytes [14, 24].

In this context, a deep understanding of the basic mechanisms underlying perfusion-
associated cell proliferation/differentiation and matrix production will be challenging
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to achieve, since the relative effects of perfusion-induced mechanical stresses acting
on cells and enhanced mass transfer of chemical species, or a combination of the fac-
tors, cannot be easily discerned. As a result, similar to perfusion seeding parameters,
optimization of perfusion culture conditions is commonly obtained by means of an
experimental, trial-and-error approach. In future applications, both the design of new
perfusion bioreactors and the optimization of their operating conditions will derive
significant benefits from computational fluid dynamics (CFD) modeling aimed at
estimating fluid velocity and shear profiles [25-27], as well as biochemical species
concentrations within the pores of 3D scaffolds. A more comprehensive strategy that
could help to elucidate and decouple the effects of mechanical stimuli and specific
species should (1) combine theoretical and experimental approaches, i.e., validate
simplified models with experimental data [28] and (2) make use of sensing and control
technologies to monitor key parameters indicative of the culture progression. The key
contribution of both these strategies in the optimization of bioreactor-based tissue-
engineering procedures will be discussed in Sect. 3.

Here it is worth mentioning that bioreactors may represent crucial tools in the main-
tenance of globally well-balanced environmental conditions, together with the above
cited local homeostasis (i.e., at the level of the engineered construct). Early bioreactors,
developed for research purposes in the 1980s and 1990s, were in fact generally meant
to be positioned inside cell culture incubators while in use. In such configurations,
monitoring and control of key environmental parameters for homeostatic maintenance
of cell cultures (such as temperature, atmosphere composition, and relative humidity)
were supplied by the incubators themselves. More recently, a spreading demand for
automated, user-friendly, and operationally simple bioreactor systems for cell and tissue
culture catalyzed research towards the development of stand-alone devices integrating
the key function of traditional cell culture incubators, namely environmental control.

Another noteworthy factor heavily hindering homeostatic control in cell-culture
systems is the abrupt change in the concentration of metabolites/catabolites, signal
molecules, as well as pH, when culture medium is exchanged in periodic batches. In
traditional static culture procedures, the smoothening of these step-shaped variations
can be achieved by performing partial medium changes, however requiring additional
repeated manpower involvement. Bioreactor technology offers a better solution by
enabling either semi-continuous automatic replenishment of exhausted media at defined
time-points or feedback-controlled addition of fresh media, aimed at re-establishing a
homeostatic parameter to a pre-defined set point (e.g., pH) [12, 29, 30].

2.3 Physical Conditioning of Developing Tissues

A number of in vivo and ex vivo studies over centuries contributed to demonstrate that
physical forces (i.e., hydrodynamic/hydrostatic, mechanical, and electrical) play a key
role in the development of tissues and organs during embryogenesis, as well as their
remodeling and growth in postnatal life. On the basis of these findings, and in an
attempt to induce the development of biological constructs that resemble the structure
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and function of native tissues, tissue engineers have aimed to recreate in vitro a physical
environment similar to the one experienced by tissues in vivo. For this purpose, numer-
ous bioreactors have been developed, enabling controlled and reproducible dynamic
conditioning of three-dimensional constructs for the generation of functional tissues.

Bioreactors applying fluid-driven mechanical stimulation, for example, were
employed to establish shear stress acting directly on cells (e.g., in the case of carti-
lage [28], bone [20], cardiac tissue [31]), create a differential pressure (e.g., for
blood vessels [32] and heart valves [33]) or combine these two mechanisms (again
with vessels [34—37] and heart valves [38]). Furthermore, coherently with what was
expected on the basis of in vivo findings, the development of tissues natively expe-
riencing relevant mechanical cues was enhanced by means of bioreactors enabling
mechanical conditioning, namely direct tension (e.g., tendons, ligaments, skeletal
muscle tissue [39—41], cardiac tissue [42]), compression (e.g., cartilage [43, 44]) and
bending (e.g., bone [45]). Similarly, interesting findings on the effect of electrical
stimulation on the development of excitable tissues were derived by conditioning
skeletal muscle [41, 46] and cardiac constructs [47]. Moreover, a promotion of neu-
ral gene expression by activation of calcium channels was observed as a result of the
application of physiological electrical patterns to primary sensory neurons [48].

Consistent with the tight correlation existing in nature between the structure and
function of biological tissues (the spatial arrangement of load-bearing structures in
long bones and the presence of tightly parallel arrays of fibers in skeletal muscles
being just two examples of this principle), appropriate tissue structural arrangements
have been induced in vitro via the dynamic conditioning of engineered tissues.
Physical conditioning was shown to be an effective means to improve cell/tissue
structural organization, mainly entering the mechanism of mutual influence that
cells and extracellular proteins reciprocally exert via integrin binding [16, 49-51].

As previously discussed with respect to flow-associated effects in perfusion
bioreactors, it is imperative to underline that current scientific knowledge is far
from allowing a deep understanding of the mechano-responsive dynamics lying
behind cell function. As a consequence, the idea of precisely directing tissue devel-
opment in vitro by means of specific physical cues still remains an immense chal-
lenge. Necessarily, a rational design of dynamic culture protocols, intended to
actively modulate the growth of engineered tissues, will be conditional on gaining a
more comprehensive insight into fundamental cell functions and tissue development
mechanisms; bioreactors, representing 3D culture model systems recapitulating
specific aspects of the actual in vivo milieu, can enable a step forward in this direc-
tion, as will be discussed in the next Section.

3 Bioreactors as 3D In vitro Model Systems

Over the last two decades, both in basic biology and tissue engineering studies, we
have been witnessing the constant inadequacy of conventional 2D culture systems
(i.e., Petri dishes, culture flasks) in resembling the in vivo developmental microenvironment.
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At the same time, as it has become evident that cell differentiation and tissue devel-
opment in vivo are strongly dependent on cell spatial arrangement and directional
cues, it has been recognized that 3D culture model systems will be vital to gain a
greater understanding of basic cell and tissue function within its native
microenvironment.

Urged by a rising curiosity in the mechanisms regulating cell metabolism, pro-
liferation and differentiation, as well as cell/cell and cell/material interactions and
mechano-transduction dynamics, 3D model systems have been developed to reca-
pitulate specific aspects of the actual in vivo milieu of defined tissues (e.g. carti-
lage, bone, skeletal muscle, bone marrow). Such culture systems, besides
comprising the appropriate differentiated/undifferentiated cellular source and the
proper 3D microenvironment (relying on scaffolding materials or on alternative
solutions such as micro-mass culture or cell sheet technology), generally encom-
pass the application of suitable biochemical and physical cues, resembling the ones
sensed by the corresponding tissue in vivo, by making use of bioreactors. To better
illustrate the potentialities of bioreactors as in vitro tools for quantitative biological
research, we provide examples of bioreactor-based 3D culture model systems,
allowing investigation of chondrocyte mechano-responsiveness and oxygen trans-
port in cardiac muscle tissue.

* Functionality of engineered human cartilage

One of the most compelling questions in the engineering of grafts for clinical
use is related to the minimal stage of development required for safe and successful
implantation. To answer the question “how good is good enough?,” bioreactor-
based in vitro model systems could be implemented to test and predict the behavior
of engineered grafts upon implantation and exposure to the associated physiologi-
cal forces. With the ultimate goal to define the effective functionality of engineered
human cartilage, Demarteau et al. exposed engineered constructs at different stages
of development to a loading regime resembling a mild post-operative rehabilitation
using a bioreactor applying dynamic compression [44]. Results clearly indicated
that the response of engineered tissues to dynamic compression was correlated with
the amount of glycosaminoglycans in the constructs prior to loading. Despite the
limitation to a specific scaffold type and loading regime, the study suggests a poten-
tial role for bioreactors in defining the specific criteria for a graft prior to implanta-
tion, or as a potential functional quality control for engineered tissues. Conversely,
the same experimental setup could be exploited to identify potential regimes of
physical rehabilitation which are most appropriate for a specific graft.

e Mechano-responsiveness of nasal chondrocytes

The same concept and paradigm described above can be used to address
fundamental questions relevant to the selection of appropriate cell sources. For
example, the use of nasal chondrocytes for the repair of articular cartilage defects
has long been proposed, mostly due to the higher and more reproducible chondro-
genic capacity as compared to articular chondrocytes [52]. However, the possible
use of nasal chondrocytes in a joint critically depends on their capacity to respond
to physical forces similarly to articular chondrocytes. Before more complex and
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costly animal models are introduced, bioreactors can provide a technical solution
for addressing the raised question. In fact, Candrian et al. used different types of
bioreactor systems to demonstrate that nasal chondrocytes not only can increase
the synthesis and accumulation of extracellular matrix molecules in response to
dynamic compression, but also can upregulate the expression of lubricating mol-
ecules, typically expressed by cells in the surface zone of articular cartilage, in
response to surface motion (Fig. 2) [53].

e Oxygen transport in cardiac muscle tissue

In cardiac muscle tissue, a high cell density is supported by the flow of oxygen-
rich blood through a dense capillary network, as oxygen diffuses from the blood
into the tissue surrounding each capillary. While oxygen has a rather low solubility
in blood plasma alone, hemoglobin, a natural oxygen carrier, increases the total
amount of oxygen in the blood by 65-fold. In order to better understand the influ-
ence of specific factors on the development of thick, synchronously contracting
cardiac constructs, a bioreactor-based in vitro model system was developed to
recapitulate aspects of the native cardiac tissue environment [54].
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Fig. 2 Response of nasal chondrocytes to physical stimuli that simulate joint loading. Amounts of
newly synthesized proteoglycans and collagen, measured by the incorporation of [*S]SO, and [*H]
proline, respectively, were significantly higher in constructs subjected to a single application of
dynamic compression as compared to those maintained under free swelling. Proteins involved in joint-
lubrication (superficial zone protein “SZP” and hyaluronan “HA”) were released into the culture
medium in significantly higher amounts when constructs were subjected to intermittent applications
of surface motion as compared to those maintained under free swelling conditions [53]
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To mimic the capillary network, cardiomyocytes and fibroblasts were cultured
on scaffolds fabricated with a parallel array of channels that were perfused with
culture medium. To mimic the oxygen supply in blood, including the role of hemo-
globin, culture medium was supplemented with a perfluorocarbon (PFC) emulsion
as an oxygen carrier. Engineered constructs cultivated in the presence of the PFC
oxygen carrier had higher amounts of DNA, troponin I and Cx-43, and significantly
better contractile properties as compared to control constructs cultured in medium
without the PFC emulsion. In conjunction with the experimental tests, a mathematical
model was developed to simulate the oxygen profiles and cell distributions within
the constructs based on diffusive-convective oxygen transport and its utilization by
the cells. The model was first used to assess the effects of perfusion rate, oxygen
carrier and scaffold geometry on viable cell density, and subsequently to define the
scaffold geometry and flow conditions necessary to cultivate cardiac constructs
with clinically relevant thicknesses.

3.1 Open Challenges

While bioreactor-based 3D model systems have clearly begun to play a crucial role
in answering fundamental scientific questions about cell and tissue function in a
more physiological 3D environment, their potential value is far from being fully
exploited. However, as highlighted in Sect. 2 of this Chapter, the development of
bioreactors and the definition of their operating parameters are far too often based
on inefficient trial and error investigations rather than on a rational design strategy.
Moreover, once implemented, bioreactors have often been treated as black boxes,
which rely on qualitative, endpoint, destructive, offline observations of the culture
outcomes.

The necessity of predictive tools, aiding a sound and rational experimental
design, together with the integration of technological platforms to noninvasively
and nondestructively monitor the culture progression in real-time, remain critical
challenges to be faced in order to allow an efficient use of bioreactor-based 3D
model systems in both scientific research and clinically compliant tissue manufac-
turing. In the following Sections, we will provide an overview, including current
limitations and potential future directions, of computational modeling and sensing
technologies that will be central to the establishment of a controlled and well-
defined bioreactor system.

3.2 Computational Modeling in Bioreactor Systems

Perhaps due to a lack of true integration between the engineering and biological
fields, computational modeling still remains underutilized in tissue engineering and
basic biological research. However, in recent years, it has become more apparent
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that computational methods can not only be a powerful yet cost-effective tool for
the design and optimization of the bioreactor systems, but moreover, can be applied
to gain a better understanding of fundamental aspects of cell responses in complex
3D environments. In this Section, we begin by describing computational models as
they relate to rather classical engineering applications: to aid in the basic design and
the optimization of bioreactors for tissue engineering applications. We then review
and discuss innovative micro-scale models, aimed at revealing the influence of the
scaffold microstructure on transport phenomena. Finally, we give a critical over-
view of a well-needed emerging area of computational methods: macro-scale and
micro-scale tissue growth models for understanding and predicting the effects of
physicochemical culture parameters on cell responses and tissue development.

3.2.1 Macro-Scale Computational Models for Bioreactor Design

As with bioreactor systems developed previously in other fields of biotechnology,
the fundamental design of a bioreactor for tissue engineering applications should
be founded on a rational design process that is based in part on computational mod-
eling. The use of computational methods to predict and understand the flow-
dependent processes in the bioreactor can not only improve the overall performance
of the system, but will likely reduce both the time and cost of development.
Nevertheless, to date, only a handful of research groups have implemented mode-
ling approaches for TE bioreactor design and optimization.

Macro-scale computational models have been developed in recent years, which
simulated the fluid-dynamics and mass transport environment at the level of the
bioreactor system. CFD simulations, validated through imaging techniques such as
particle image velocimetry (PIV), showed that flow in spinner flasks and wavy-
walled bioreactors was unsteady, periodic and fully turbulent, resulting in hetero-
geneous fluid-induced shear stress distributions over the outer surface of the
scaffolds [55, 56]. Computational modeling of these systems helped to tune con-
struct location and agitation rate in order to provide a more homogeneous shear
stress distribution over the scaffolds [55]. Similar approaches, based on macro-
scale models, have been carried out to evaluate the effect of the scaffold shape
(spheroid versus cylinder) on the wall shear stress distributions within rotating-wall
vessel bioreactors [57] and to simulate oxygen transport and velocity/shear profiles
over the surfaces of constructs placed at various locations within a concentric cyl-
inder bioreactor [58]. Computational modeling has also been used to optimize the
geometry of a direct perfusion bioreactor to achieve a self de-bubbling device in
order to overcome the common problem of bubble accumulation [59].

3.2.2 Micro-Scale Models for Scaffold Design and Bioreactor Optimization

In an attempt to better characterize the local hydrodynamic environment seen by the
cells (i.e., within the scaffold pores), micro-scale CFD models have been developed
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based on idealized scaffold structures with well-defined simple pore architectures.
Raimondi et al. first developed a simplified two-dimensional (2D) micro-scale
model of a mesh scaffold subject to direct perfusion [60]. Simulations showed that
the scaffold’s random fiber architecture generated highly variable shear stresses,
indicating that a scaffold with a homogeneous distribution of pores would allow for
more precise control over the shear. A 3D micro-scale model of a polymeric foam
scaffold was later developed, which idealized the pore micro-geometry as a honey-
comb-like pattern [61], and served as a powerful tool for defining scaffold design
criteria [62]. Simulations showed that the foam’s pore sizes strongly influenced the
predicted average shear stress, whereas the porosity strongly affected the statistical
distribution of the shear stresses but not the average value.

While these simplified models provided for the first time estimates of the shear
stress acting on the surface of the internal walls of a 3D porous scaffold, the ideal-
ized scaffold structures are not realistic and may not fully capture the influence of
the complex and tortuous microstructure of typical porous scaffolds. Recently,
micro-scale CFD models have been developed, based on micro-computed tomogra-
phy (uCT) reconstructions of the 3D scaffolds, to predict local velocity and shear
profiles throughout the actual pore microarchitecture of perfused scaffolds [25, 27,
28]. Interestingly, the globally averaged shear stresses that were predicted within a
foam scaffold based on a uCT model [25] and a simplified model [62] were quite
similar; however, the wuCT-based model could reveal a more variable shear distribu-
tion within individual pores and among different pores throughout the foam (Fig. 3).
From these studies we can speculate that for foams with highly interconnected pores
perfused at low Reynolds numbers (low flow rates), the actual micro-geometry does
not significantly affect the average shear stress acting at scaffold walls.

However, uCT-based models should not be replaced by simplified models when
an accurate map of the flow fields and shear stresses may be necessary. For example,
the uCT-based models were later extended not only to quantify the hydrodynamic
shear stress throughout a perfused porous scaffold, but also, to predict the oxygen
profiles within a cell-seeded construct during the initial stage of bioreactor culture
[63]. Since low levels of oxygen were to be supplied to the inlet of the construct
during culture (to replicate oxygen levels in native articular cartilage), an accurate
map of local oxygen concentrations within the pores was required to predict whether
cells in specific regions of the scaffold would suffer from anoxic oxygen levels.

A significant limitation of the previously described micro-scale computational
approaches, which were based on a defined cell population and/or fixed scaffold
architecture, is that the models are generally relevant only at the initial stage of the
culture. At later time points, CFD models would need to account for modified
velocity profiles due to changes in the scaffold’s effective pore microstructure as
cells proliferate/migrate and extracellular matrix is deposited. Moreover, models of
mass transport would not only have to consider these altered flow profiles, but may
also need to consider changes in nutrient consumption and waste production due to
cell proliferation and possible changes in cell metabolism due to cell differentia-
tion. To be relevant throughout the culture time, computational models will need to
correlate specific cell responses and tissue development with physicochemical
parameters, as discussed in the following Section.
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Fig. 3 Distribution of wall shear stresses, T, within the pores of 3D scaffolds (average pore diam-
eter of 100 um, 77% porous) subjected to direct perfusion at rates of 0.5 cm® min~'. (a) Simulations
based on a simplified pore architecture (left panel) showed a relatively uniform distribution of
shear stress with an average of 2.7 mPa (indicated by vertical dashed line). (b) Simulations based
on a UCT reconstruction of the actual porous microarchitecture (left panel) showed an average
shear stress (3.0 mPa) similar to that based on the simplified geometry, however, the uCT-based
model revealed a more heterogeneous distribution of shear within the pores [25]

3.2.3 Computational Models of Cell/Tissue Development

Historically, the first tissue-growth models simulated macroscopically the culture
system, mostly aiming at a correlation between experimental findings in terms of
construct development and the predicted distribution of specific nutrients. In a
series of pioneering studies, Galban and Locke [64-66] modeled cell growth kinet-
ics within engineered 3D constructs, ultimately simulating the effects of spatial
variations of cells and local nutrient and product concentrations on cell growth. The
models highlighted the influence of external mass transfer limitations and internal
diffusional limitations on the heterogeneous cell growth generally observed experi-
mentally at the periphery of statically cultured constructs.



14 D. Wendt et al.

Obradovic et al. soon after developed a partial differential equations model to
rationalize the spatial glycosaminoglycan (GAG) distributions within engineered
cartilage as a function of the local oxygen concentrations, which were governed by
diffusional transport and cellular consumption [67]. Despite the gross approxima-
tions of the model, predicted GAG distributions were in close agreement to experi-
mentally derived data [68], supporting the authors’ hypothesis of a dependence of
GAG synthesis on oxygen in the studied bioreactor system. Similarly, Lewis et al.
[69] developed a simple mathematical model to describe the interaction between
the spatial and temporal development of oxygen and cell density profiles within
engineered cartilage constructs. Despite neglecting the influence of the developing
extracellular matrix, model predictions were in close agreement with experimental
data [70, 71], and led to the conclusion that engineered constructs relying upon
diffusional transport of oxygen would inevitably develop heterogeneously, with a
proliferation-dominated region at the periphery of the scaffold.

While the aforementioned models helped to establish the existence of relationships
between mass transport phenomena and tissue development, and fitted specific sets
of existing experimental data, they have relatively limited predictive capabilities.
Future models will certainly benefit not only by taking into consideration multiple
nutrients and product species, but moreover, by considering additional phenomena
which are likely to have a significant impact on tissue development, including cell
migration and extra cellular matrix synthesis within the scaffold pores.

To predict cell motility, cell-cell collisions, and cell proliferation, Lee et al.
developed a preliminary 2D cell automata model and simulated cell movement
based on random walks inhibited by cell—cell collision [72]. To simulate cell migra-
tion within 3D constructs, the models of Galban and Locke [66] were further devel-
oped by Chung et al. by introducing a cell diffusion term to describe the effects of
cell random walks [73]. Although the simulations tended to fit previous experimen-
tal data [74], cell motility based on the concept of diffusion may not be described
as comprehensively as by cellular automata models, such as the one recently
applied to 3D-engineered constructs by Cheng et al., taking into account random
walks, cell division, and contact inhibition.

Galbusera et al. took cellular automata models one step further, going beyond the
conventional static culture systems with diffusive mass transport simulated by Chung
and Cheng, and presented a computational model which accounted both for cell
population dynamics and for the hydrodynamic microenvironment imposed by a
perfusion bioreactor (i.e., velocity field and oxygen transport) [26]. The model simu-
lated cell proliferation, migration and oxygen consumption within a perfused porous
scaffold of simplified geometry previously described by Boschetti et al. [62].
Although the results of this work were not correlated to experimental data, the models
showed the correspondence between cell location and local oxygen depletion and the
contribution of convective transport in reducing the decreased oxygen concentrations.
A key component which still remains absent in these models is the influence of the
developing extracellular matrix, influencing the cellular microenvironment not only
physically (e.g., altered velocity profiles and mass transport) but biologically as well
(e.g., cell-matrix mediated responses to biochemical and physical factors).
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Development of models which accurately simulate the development of an engi-
neered tissue, based on the regulation of cell proliferation and differentiation by
both biochemical factors and mechanical stimuli, remains a monumental challenge
still to be addressed. However, mechano-regulation models of tissue differentia-
tion have previously been developed to model and predict patterns of fracture
healing [75, 76], and for the repair of osteochondral defects [77]. In particular, a
mechano-regulation model for tissue differentiation was recently used to deter-
mine the optimal mechanical properties of a construct to properly recruit, prolifer-
ate and differentiate mesenchymal progenitor cells from the bone marrow within
osteochondral defects, in order to induce orderly formation of hyaline and bone
tissues rather than of fibrous tissue [78]. Prendergast recently continued to further
develop this later model by combining a random walk algorithm to account for cell
proliferation and migration, with the mechano-regulation model for tissue differ-
entiation [79] (Fig. 4). While the developed models include several and sometimes
arbitrary assumptions, these studies are a key milestone in the field, since they
represent serious engineering efforts to develop quantitative principles of design
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Fig. 4 Computational model of temporal tissue differentiation and bone regeneration in a 3D
printed scaffold during fracture healing. The model accounted for cell proliferation and migration
based on a three-dimensional random-walk approach and for tissue differentiation based on a
mechano-regulation algorithm both in terms of the prevailing biophysical stimulus and number of
precursor cells. Simulations were a function of the scaffold porosity, Young’s modulus, and dis-
solution rate, under both low and high loading conditions. Figure adapted from [79]
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for engineered constructs, which should direct the setting up of hypothesis-driven
experimental studies and controlled in vitro model systems.

3.3 Sensing in Tissue Engineering Bioreactors

Sensing in tissue culture bioreactors represents a major premise to clarify still
unknown aspects of the cellular response in dynamic culture conditions, as well as
a step forward towards the automation and in-process control of tissue manufac-
turing processes. Monitoring the partial pressure of O, and CO, in the culture
medium, or detecting the concentrations of glucose and lactate, for instance,
allows quantitative evaluation of the metabolic behavior of cultured cells, thus
supporting/substituting subjective, qualitative conclusions traditionally derived by
simply observing the color of the medium.

Borrowing from the nomenclature of Mason et al. [80] and Starly and Choubey
[81], the noteworthy parameters which should be adequately monitored and con-
trolled during in vitro organogenesis can be classified in two main categories,
namely the milieu parameters and the construct parameters. Milieu parameters are
then physical (e.g., temperature, pressure, flow rate), chemical (e.g., pH, dissolved
O, and CO,, chemical contaminants, concentration of significant metabolites/cat-
abolites such as glucose, lactate or secreted proteins) and biological (e.g., sterility).
Similarly, the construct parameters can be different in nature: physical (e.g., stiff-
ness, strength, and permeability), chemical (e.g., composition of the scaffold and of
the developing extracellular matrix) and biological (e.g., cell number and prolifera-
tion rate, concentration of intracellular proteins, cell viability).

3.3.1 Monitoring of the Milieu

Several technological solutions were developed in recent years to monitor the
milieu parameters. Beside the general requirements that sensors need to meet in the
common practice (i.e., accuracy, sensitivity, specificity), probes employed in cell
and tissue culture are required to fulfill peculiar specifications. In particular, they
might need to be rather small in size compared to many commercially available
sensors, have a lifetime of several weeks, unless they are sufficiently low cost to be
disposed of and replaced during culture, and must ensure stable response over time,
since repeated calibration might be difficult to carry out due to accessibility of the
sensors during culture. Regardless of technical details related to the specific param-
eter under investigation (reviewed in [82]), sensors for milieu monitoring can be
generally classified in different categories, according to the position of the sensing
probe relative to the culture chamber of the reactor (Fig. 5) [80].

1. Invasive (embedded) are those sensors whose probes are placed directly inside
the culture chamber of the bioreactor, either immersed in the culture fluid or in
direct contact with the engineered construct. Clearly, invasive sensors must be
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Fig. 5 The three main modalities to monitor the milieu in bioreactors, as described in Sect. 3.3.
(1) “Invasive sensing” implies that the sensor probe is placed directly inside the culture chamber
of the bioreactor, either immersed in the culture fluid or in direct contact with the engineered
construct. (2) “Noninvasive sensing” involves sensors that do not come in contact with the interior
of the culture chamber, but are capable of measuring via interrogation through the bioreactor wall.
(3) “Indirect sensing” is performed directly on the culture media, but via sampling means, either

by offline analysis or shunt sensing. Figure adapted from [82] by Rosaria Santoro

sterile and therefore either disposable or capable of withstanding repeated steri-
lization protocols. Integrating these sensors within a bioreactor for clinical
applications may have limitations considering the potential high cost of single-
use disposable sensors. Clear advantages of invasive sensing are the high preci-
sion and accuracy achieved with the measurement. The most common invasive
sensors currently in use are based on optical and electrochemical principles:
fiber optic fluorescence-based sensors, for example, have been manufactured for
the measurement of dissolved oxygen and of pH, while typical electrochemical
sensors are membranes functionalized with appropriate enzymes for the detec-
tion of glucose or urea.

2. Noninvasive (noncontact) sensors are sensors which do not come in contact with
the interior of the culture chamber, and are capable of measuring via interrogation
through the bioreactor wall, for example by using ultrasounds or optical methods
such as spectrophotometry or fluorimetry. This approach, while avoiding the
sterility issues associated with invasive sensors, implies that the bioreactor wall
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must be either entirely or locally transparent to the investigating wave. Moreover,
due to the presence of an intermediate material between the probe and the object
of interest, it is more challenging to achieve high specificity and high sensitivity
of the measurement with these sensors. Typically, the flow rate of medium in
perfusion bioreactors is detected via noninvasive techniques, mainly based on
Doppler velocimetry. DOCT (Doppler Optical Coherence Tomography), for
example, is a novel technique allowing noninvasive imaging of the fluid flow at
micron-level scales, in highly light scattering media or biological tissues. Derived
from clinical applications, DOCT has been adapted to characterize the flow of
culture medium through a developing engineered vascular construct within a
bioreactor chamber [80].

3. Indirect sensing is performed directly on the culture media, but via sampling
means. The two main options included in this category are “offline analysis” and
“shunt sensing.” In the first case, manual or automated online medium sampling
is performed (with possible negative implications for the sterility of the closed
system) and analyses are conducted with common instruments for bioanalytics
(e.g., blood-gas analyzers). In the latter, the measurement is directly carried out
within the fluid, driven through a sensorized shunting loop and later either
returned to the body of the bioreactor or discarded. Since probes do not need to
be placed inside the culture chamber, indirect sensing can be performed by
means of advanced, accurate instruments, with clear advantages in terms of
specificity and sensitivity with respect to the invasive method. On the other
hand, the lag-time introduced by sampling can heavily hinder the significance of
the measurement itself (with possible introduction of artifacts) and impair the
efficacy of feedback control strategies. With this method, pO,, pCO,, pH, and
glucose concentration in the culture medium are typically measured [83]; pro-
tein and peptide analysis can be also conducted via spectrophotometric and
fluorimetric assays within shunting chambers.

3.3.2 Monitoring of the Construct

While monitoring of the milieu is gradually entering the practice of bioreactor-
based tissue engineering, monitoring the function and structure of developing
engineered constructs still remains a relatively uncharted area and a highly chal-
lenging field of research [84]. In this application, it would be limiting to use the
term “sensor” in the traditional sense, since the techniques currently under study
are based on highly sophisticated cutting edge technology, often inherited from
rather unrelated fields (e.g., clinics, telecommunications). Systems for the nonde-
structive online monitoring of the construct developmental state would allow con-
tinuous and immediate optimization of the culture protocol to the actual needs of
the construct itself, thus overcoming the drawbacks traditionally related to the use
of endpoint detection methods or fixed time point analyses. Typically, research is
being driven by the need for real-time characterization of (1) functional and (2)
morphological properties of engineered constructs, both at the micro- and at the
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macro-scale. The following paragraphs give a brief overview of the most recent
techniques applied in bioreactors for these cited purposes.

1. Monitoring of the functional properties comprises characterization of the con-
struct’s overall physical properties (e.g., strength, elastic modulus, permeabil-
ity), but also monitoring of cell function within the engineered construct itself,
e.g., in terms of proliferation, viability, metabolism, phenotype, biosynthetic
activity, and adhesive forces. In this context, Stephens and collaborators [85]
recently proposed a method to image real-time cell/material interactions in a
perfusion bioreactor based on the use of an upright microscope. The kinetics of
cell aggregation and organoid assembly in rotating-wall vessel bioreactors,
instead, could be performed according to the method developed by Botta et al.
[86], relying on a diode pumped solid state laser and on a CCD video camera.
Boubriak and co-authors [87] recently proposed the use of micro-dialysis for
detecting local changes in cellular metabolism (i.e., glucose and lactate concen-
trations) within a tissue-engineered construct. By means of this method, concen-
tration gradients could be monitored within the construct, with the highest
lactate concentrations in the construct center, thus allowing early detection of
inappropriate local metabolic changes.

2. Monitoring of the morphological properties of engineered constructs essentially
encompasses assessing the amount, composition, and distribution of the extracel-
lular matrix which is being deposited throughout the scaffold during bioreactor
culture. Monitoring morphological properties is particularly pertinent when engi-
neering tissues whose function is strictly dependent on the structural organization
of their extracellular matrix, e.g., bone and tendons. In this context, OCT (Optical
Coherence Tomography) has been successfully employed as a real-time, nonde-
structive, noninvasive tool to monitor the production of extracellular matrix
within engineered tendinous constructs in a perfusion bioreactor [88]. OCT is
analogous to conventional clinical ultrasound scanning, but using near infrared
light sources instead of sound, it enables higher resolution images (1-15 um vs.
100-200 wm); the technique is compact and flexible in nature, as well as rela-
tively low cost since it can be implemented by commercially available optic fibers
[89]. However, the most promising technique in the field of real-time imaging is
undoubtedly u-CT (micro-computed tomography). Using this technique, the min-
eralization within a three-dimensional construct cultured in a perfusion bioreactor
was monitored over time, allowing quantification of the number, size, and distri-
bution of mineralized particles within the construct [90].

We have underlined how progress made in the in vitro generation of 3D tissues
starting from isolated cells is slowed down by the complexity of the process and of
the interplay among different culture parameters. The establishment of well-defined
and controlled bioreactor-based 3D culture model systems, supported by modeling
efforts and sensing technologies, will be key to gain a deep insight into the mecha-
nisms of tissue development at the research level and, consequently, may provide an
advanced technological platform for the achievement of more applicative, high-
throughput objectives, e.g. enabling drug screening and toxicology studies, fostering
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the development of new, rational design criteria for advanced biomaterials/implants,
as well as allowing functional quality control of engineered tissues. Besides limit-
ing the recourse to complex, costly and ethically questionable in vivo experiments
in animal models, such an approach would found the basis for safe and standardized
manufacture of grafts, which will be the subject of the last Section of this
Chapter.

4 Bioreactors: The Clinical Perspective

During the initial phase of the emerging TE field, we have been mainly consumed
by the new biological and engineering challenges posed in establishing and main-
taining three-dimensional cell and tissue cultures. After nearly two decades, with
exciting and promising research advancements, tissue engineering is now at the
stage where it must begin to translate this research-based technology into large-
scale and commercially successful products. However, just as other biotech and
pharmaceutical industries came to realize in the past, we are ultimately faced with
the fact that even the most clinically successful products will need to demonstrate:
(1) cost-effectiveness and cost-benefits over existing therapies, (2) absolute safety
for patients, manufacturers, and the environment, and (3) compliance to the current
regulations.

But what has been hindering cell-based engineered products from reaching the
market and what can be done to increase their potential for clinical and commercial
success? As described in Sect. 2, the basic procedures for generating engineered
tissues have traditionally been based around conventional manual benchtop cell and
tissue culture techniques. It is therefore quite natural that these manual techniques,
due to their simplicity and wide-spread use, were included in the initial phases of
product development, and ultimately in the final manufacturing processes of early
cell-based products. Manual techniques still remain particularly appealing for start-
up companies since the simple level of technology minimizes initial development
time and investment costs, allowing for more rapid entry to clinical trials and into
the market. An example of the straightforward benchtop-based manufacturing proc-
ess is that employed by Genzyme Tissue Repair (Cambridge, MA, USA) for the
production of Carticel®, an autologous cell transplantation product for the repair of
articular cartilage defects currently used in the clinic. Hyalograft C"™, marketed by
Fidia Advanced Biopolymers (Abano Terme, Italy), is an alternative autologous
cell-based product for the treatment of articular cartilage defects, also manufac-
tured through conventional benchtop techniques. However, these manufacturing
processes require a large number of manual and labor-intensive manipulations; as
a result, the production costs of the resulting products are rather high, and the proc-
ess would be difficult to scale as product demands increase. It is therefore becom-
ing more and more evident that tissue engineering firms will inevitably have to
follow in the footsteps of other biotechnology fields and begin to introduce process
engineering into their manufacturing strategies.
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As an alternative to essentially mimicking established manual procedures,
bioreactor systems that implement novel concepts and techniques that streamline
the conventional engineering processes will likely have the greatest impact on
manufacturing. In the following, we comment on the potential of bioreactor-
based manufacturing approaches to improve the clinical and commercial success
of engineered products by controlling, standardizing, and automating cell and
tissue culture procedures in a cost-effective and regulatory-compliant manner. In
particular, brief insight will be given in regards to (1) strategies to automate and
streamline tissue manufacturing processes (i.e., comprising automation of the
three-dimensional culture phase), (2) centralized and de-centralized manufactur-
ing approaches, and (3) the rising interest in the “intraoperative engineering”
approaches.

4.1 Streamlining Graft Manufacturing Processes

As discussed in Sects. 2 and 3, the structure, function, and reproducibility of engi-
neered constructs can be dramatically enhanced by employing bioreactor-based
strategies to establish, maintain, and possibly physically condition cells within the 3D
environment. Therefore, efficient manufacturing processes should ideally rely on
bioreactor systems to automate and control the entire graft generation, from cell isola-
tion to the obtainment of a semi-mature tissue. The advantages of this comprehensive
approach would be manifold. A closed, standardized, and operator-independent system
would possess great benefits in terms of safety and regulatory compliance, and
despite incurring high product development costs initially, these systems would have
great potential to improve the cost-effectiveness of a manufacturing process, maxi-
mizing the potential for large-scale production in the long-term.

Advanced Tissue Sciences was the first tissue engineering firm to address the
issues of automation and scale-up for their production of Dermagraft®, an allo-
genic product manufactured with dermal fibroblasts grown on a scaffold for the
treatment of chronic wounds such as diabetic foot ulcers [91] (currently manufac-
tured by Smith and Nephew, London, UK). Skin grafts were generated in a closed
manufacturing system within bioreactor bags inside which cells were seeded onto
a scaffold, cell-scaffold constructs were cultivated, cryopreservation was per-
formed, and finally that also served as the transport container in which the gener-
ated grafts were shipped to the clinic [92]. Eight grafts could be manufactured
within compartments of a single bioreactor bag, and up to 12 bags could be cul-
tured together with automated medium perfusion using a manifold, allowing the
scaling of a single production run to 96 tissue grafts. Nevertheless, despite this
early effort to automate the tissue engineering process, the production system was
not highly controlled and resulted in many batches that were defective, ultimately
contributing to the overall high production costs [2]. Considering that significant
problems were encountered in the manufacturing of this allogenic product, tremen-
dous challenges clearly lie ahead in order to automate and scale the production
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of autologous grafts (technically, biologically, and in terms of regulatory issues),
particularly since cells from each patient will be highly variable and cells must be
processed as completely independent batches.

A particularly appealing approach to automate the production of autologous
cell-based products would be based on a modular design, where the bioprocesses
for each single cell source are performed in individual, dedicated, closed system
sub-units. In this strategy, a manufacturing process can be scaled-up, or perhaps
more appropriately considered “scaled-out” [93], simply by adding more units to
the production as product demand increases. This strategy is exemplified by the
concept of ACTES™ (Autologous Clinical Tissue Engineering System), previously
under development by Millenium Biologix. As a compact, modular, fully auto-
mated and closed bioreactor system, ACTES would digest a patient’s cartilage
biopsy, expand the chondrocytes, and provide either (1) an autologous cell suspen-
sion, or (2) an osteochondral graft (CartiGraft™) generated by seeding and cultur-
ing the cells onto the surface of an osteoconductive porous scaffold. Clearly, full
automation of an entire tissue engineering process possesses the greatest risks
upfront, requiring considerable investment costs and significant time to develop a
highly technical and complex bioreactor system such as ACTES. In fact, Millenium
Biologix was forced to file for bankruptcy in late 2006, and the ACTES system
never reached the production stage.

Bioreactor designs could be dramatically simplified, and related development
costs significantly reduced, if we re-evaluate the conventional tissue engineering
paradigms and could streamline the numerous individual processing steps. A
bioreactor-based concept was recently described by Braccini et al. for the engi-
neering of osteoinductive bone grafts [8], which would be particularly appealing
to implement in a simple and streamlined manufacturing process. In this approach,
cells from a bone marrow aspirate, introduced into a perfusion bioreactor, were
seeded, expanded and differentiated directly within the pores of a ceramic scaf-
fold, completely bypassing the conventional phase of selection and cell expansion
on plastic dishes. The approach resulted in the engineering of a highly osteogenic
stromal-like tissue, within a single culture system and minimal operator handling
(e.g., no serial passaging in plastic flasks by enzymatic treatment and transfer into
a 3D culture system). Simplified tissue engineering processes could be key to
future manufacturing strategies by requiring a minimal number of bioprocesses
and unit operations, facilitating simplified bioreactor designs with reduced auto-
mation requirements, permitting compact designs, with the likely result of reduced
product development and operating costs.

For the enthusiastic engineer, developing a fully automated and controlled sys-
tem would probably necessitate state-of-the-art technologies to monitor and control
a full range of culture parameters, and when possible, to monitor cell behavior and
tissue development throughout the production process [2]. Significant benefits
would derive from implementing sensing and monitoring devices within the manu-
facturing system in terms of fraceability and safety of the process itself, features
that are crucial to compliantly face current GMP guidelines. However, sensors and
control systems will add significant costs to the bioreactor system. Keeping in mind
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low-cost bioreactor systems will be required for a cost-effective manufacturing
process, it will be imperative to identify the essential process and construct param-
eters to monitor and control to standardize production and which can provide
meaningful quality control and traceability data. In this context, the monitoring and
control of bioreactor systems as discussed in Sect. 3 will be crucial at the research
stage of product development in order to identify these key parameters and to estab-
lish standardized production methods.

4.2 Centralized Versus De-Centralized Production Facilities

To date, all TE products currently on the market have been and continue to be
manufactured within centralized production facilities. While manufacturing a prod-
uct at central locations has the clear advantage of enabling close supervision over
the entire production process, this requires establishing and maintaining large and
expensive GMP facilities. But unlike in the production of other biotech products
such as pharmaceuticals, critical processes and complicated logistical issues (e.g.,
packaging, shipping, and tracking of living biopsies and engineered grafts), and the
considerable associated expenses, must be considered for the centralized produc-
tion of engineered tissue grafts.

As an alternative to manufacturing engineered products within main centralized
production facilities, a de-centralized production system, such as a fully automated
closed-bioreactor system (e.g., ACTES), could be located on-site within the con-
fines of a hospital. This would eliminate complex logistical issues of transferring
biopsies and engineered products between locations, eliminate the need for large
and expensive GMP tissue engineering facilities, facilitate scale-up, and minimize
labor-intensive operator handling. On the other hand, as previously mentioned in
the context of fully automated closed bioreactor systems, a de-centralized manufac-
turing strategy will clearly involve the greatest upfront risks in terms of develop-
ment time and costs.

4.3 “Intraoperative Engineering” Approaches

During the first two decades of the tissue engineering field, most research was
aimed at the in vitro generation of tissue grafts that resemble the composition and
function of native tissues. Trends may be changing. Perhaps due in part to the reali-
zation of the current high costs to engineer mature tissue grafts, there is now great
emphasis on determining the minimal maturation stage of the graft (i.e., only cells
seeded onto a scaffold, cells primed for (re-)differentiation within a scaffold, or a
functional graft) that will promote defect repair in vivo (capitalizing on the in vivo
“bioreactor”), with the ultimate goal of developing intraoperative therapies. In spite
of a potential future paradigm shift, bioprocess engineering will continue to serve
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numerous vital roles in the tissue engineering/regenerative medicine field.
Bioreactors could be used to automate the isolation of cells from a biopsy for intra-
operative cell therapies (e.g., Biosafe from Sepax, Eysins, Switzerland), or to rap-
idly seed the isolated cells into a 3D scaffold for immediate implantation. Moreover,
bioreactors will continue to be critical for in vitro research applications to identify
the requirements for the “in vivo bioreactors” [94], and supporting the shift from
tissue engineering approaches to the more challenging field of regenerative
medicine.

5 Conclusions and Outlook

The ex vivo generation of living tissue grafts has presented new biological and
engineering challenges for establishing and maintaining cells in three-dimensional
cultures, therefore necessitating the development of new biological models as com-
pared to those long established for traditional cell culture. In this context, bioreac-
tors represent a key tool in the tissue engineering field, from the initial phases of
basic research through the final manufacturing of a product for clinical
applications.

As we have seen from past and present tissue engineering manufacturing strate-
gies, manual benchtop-based production systems allowed engineered products to
reach the clinic, despite their rather high cost and limitations for potential scale-up.
Higher-level technology involves longer development time, increased costs, and the
risk of technical difficulties, but on the other hand, maximizes the potential for a
safe, standardized, scaleable, and cost-effective manufacturing process. Therefore,
fundamental knowledge gained through the use of well-defined and controlled
bioreactor systems at the research level will be essential to define, optimize, and
moreover, streamline the key processes required for efficient manufacturing
models.

The translation of bioreactors initially developed for research applications into
controlled and cost-effective commercial manufacturing systems would benefit from
collaborations between tissue engineering firms, academic institutions, and indus-
trial partners with expertise in commercial bioreactor and automation systems.
Academic partners would be key to provide the fundamental aspects of the system,
while industrial partners could provide essential elements of automation, as well as
making the system user-friendly and compliant with regulatory criteria. Working
towards this ambitious goal, a number of multi-disciplinary consortia have already
been established within Europe (e.g., REMEDI, AUTOBONE, STEPS) to develop
automated and scaleable systems and processes to streamline and control the engi-
neering of autologous cell-based grafts, such that the resulting products meet spe-
cific regulations and criteria regarding efficacy, safety, and quality, in addition to
being cost-effective. Efforts in this direction will help to make tissue-engineered
products more clinically accessible and will help the translational paradigm of TE
approaches from research-based technology to a competitive commercial field.
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Bioreactor Technology in Cardiovascular
Tissue Engineering

H. Mertsching and J. Hansmann

Abstract Cardiovascular tissue engineering is a fast evolving field of biomedical
science and technology to manufacture viable blood vessels, heart valves, myocar-
dial substitutes and vascularised complex tissues. In consideration of the specific
role of the haemodynamics of human circulation, bioreactors are a fundamental
of this field. The development of perfusion bioreactor technology is a consequence
of successes in extracorporeal circulation techniques, to provide an in vitro envi-
ronment mimicking in vivo conditions. The bioreactor system should enable an
automatic hydrodynamic regime control. Furthermore, the systematic studies
regarding the cellular responses to various mechanical and biochemical cues
guarantee the viability, bio-monitoring, testing, storage and transportation of the
growing tissue.

The basic principles of a bioreactor used for cardiovascular tissue engineering
are summarised in this chapter.

Keywords Cardiac muscle tissue, Cardiovascular tissue engineering, Dynamic
mechanical stimulation, Heart valve, In vitro vascularised tissue, Vascular grafts.
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1 Cardiovascular Tissue Engineering

Cardiovascular diseases are a major cause of death in the Western world. In the past
three decades there have been a number of improvements in artificial devices and
surgical techniques for cardiovascular diseases; however, there is still a need for novel
therapies. The major disadvantage of current artificial devices is that they cannot grow,
remodel, or repair in vivo. Tissue engineering offers the possibility to develop autolo-
gous substitutes in vitro with the essential morphological, biological, chemical and
mechanical properties [1]. In general tissue-engineering bioreactors should enable the
culture of bioartificial tissue under sterile, physiological (37°C and 5% CO,) condi-
tions and should be easy to clean and maintain. In order to engineer functional cardio-
vascular substitutes bioreactor systems have to be developed that simulate in vitro the
dynamic physiological, biomechanical and biochemical conditions of the human in
vivo circulation. The effects of the simulated physiological conditions of the bioreactor
on the growing tissue have to be examined with respect to the material properties of
vascular grafts (Sect. 2), heart valves (Sect. 3) and cardiac muscle tissue (Sect. 5).

The aim of tissue engineering is the creation of complex tissues or organs. This
requires the development of vascularised scaffolds (Sect. 4) or the induction of
angiogenesis [2]. The overall concept is the in vitro generation of a bioartificial
blood vessel network that can be connected to the host’s vasculature following
implantation in order to maintain graft viability [3]. These approaches include the
use of biological extracellular matrices such as collagen, hydrogels, porous biode-
gradable polymeric scaffolds with macro- and micro-lumens and micro-channels,
the co-culture of different cell types, the incorporation of growth factors, and last
but not least culture in dynamic bioreactor systems [2, 3].

All bioreactors for cardiovascular tissue engineering create dynamic mechanical
stimulations of the biological substitutes during in vitro culture. These devices typi-
cally rely on pulsatile flow and have been demonstrated to promote both the devel-
opment of mechanical strength [4-6], and the modulation of cellular function [7]
within the growing bioartificial tissues.

Although these devices are promising in terms of development of functional
biological vascular grafts [1, 2, 4, 6], they still present several drawbacks regarding bio-
mechanical properties, the anatomical sample geometry and a restricted sample capacity.

A couple of bioreactors have been designed to evaluate systematically the intrin-
sic effect of specific mechanical and biochemical stimuli on engineered tissues
[8-10]. These devices offer a user-defined mode of mechanical stimulation, provide
a sufficient sample capacity for statistically significant comparisons at multiple time
points and accommodate basic sample geometry (Fig. 1).

2 Vascular Grafts

Bioartificial vessels must mimic the responsive nature of native arteries based on
the communication of endothelial cells and smooth muscle cells in the vessel wall.
Endothelial cells lining the luminal surface of native blood are exposed to pulsatile
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Fig. 1 Bioreactors to evaluate systematically the angiogenetic effect. The lumen of the chamber
can be filled with a tubular scaffold, collagen or hydrogels. The six notches, three on the left and
three on the right can be filled up with different growth factors in diverse concentrations. The
lumen of the scaffold will be seeded with endothelial cells and cultured under mechanical stimula-
tion. The influence on the angiogenetic behaviour of the endothelial cells can be followed under
the microscope or in a histological or molecular follow up. This bioreactor provides a sufficient
sample capacity for statistically significant comparisons at multiple time points (developed by Jan
Hansmann, Fraunhofer IGB)
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Fig. 2 Carotid scaffold inserted in a typical bioreactor for vascular tissue engineering. A scaffold
for the generation of a carotid was inserted into a typical two-chamber vascular bioreactor. The
whole construct can be inserted in a glass tube to guaranty sterility during the culture period. The
whole construct will be placed in an apparatus for pulsatile perfusion, to mimic the cardiovascular
conditions in vitro. The perfusion system provides intra-luminal pulsatile flow ensuring the neces-
sary shear stress and culture medium for the endothelial cells. The surrounding container can be
filled up with smooth muscle cell specific culture medium

physical forces during vasculogenesis and throughout life. One consequence is that
all bioreactors for vessel engineering consist of two chambers (Fig. 2) and are
developed as pulsatile perfusion bioreactors to mimic the cardiovascular conditions
in vitro [4].

The perfusion systems provide intra-luminal pulsatile flow ensuring the necessary
shear stress for the endothelial cells. The pumps in all bioreactor systems can produce
pressure values of 270 + 30 mmHg, with variable stroke volumes of 0—10 ml per
stroke and the bioreactor can be operated at a range of pulse rates from 60 to 165
beats per min [11]. Mathematical modelling of the fluid flow regime in the perfusion
bioreactor showed that integrating a flow-distributing mesh 1.5 cm upstream from the
construct compartment imposed an equal medium flow and shear stress of 0.6 dynes
cm? along the entire cell construct cross-sectional area [12].

The scaffold of smooth muscle cells of a functional blood vessel substitute is
remodelled in response to mechanical stimulation. It has been demonstrated that
cyclic mechanical strain enhances the function and remodelling activity of smooth
muscle cells. Additionally, cyclic strains significantly increased the mechanical
strength and material modulus, as indicated by an increase in circumferential ten-
sile properties of the constructs [7]. Some bioreactor systems additionally allowed
pulsatile perfusion cyclic waveforms of bandwidth between 0 and 20 Hz with a
mean displacement error of 0.26% of the full-scale output. The maximum over-
shoot is 0.700% [4, 11].
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Current studies demonstrate that the appropriate choice of a scaffold for vascular
tissues in a mechanically dynamic environment depends on the time frame of the
mechanical stimulation, and on elastic scaffolds allowing mechanically directed con-
trol of cellular function [11, 13]. The engineered vessels display improved mechanical
strength, enhanced collagen deposition, contain endothelial cell and smooth muscle
cell expression markers of differentiation, and show contractile responses to pharma-
ceutical agents. Nevertheless, to date the luminal diameter of engineered autologous
blood vessels is restricted to 2 mm.

3 Heart Valves

In simple terms, a heart valve is a blood vessel with leaflet structures, which control
the blood flow by opening and closing the lumen of the vessel. Thus, the characteris-
tics of the bioreactor technology for heart valve tissue engineering are very similar to
the above-described vascular bioreactor technology. Additionally, the pulsatile flow
of the luminal cell-culture medium is generated by periodic expansion of an elastic
membrane that is inflated and deflated by an air pump. Under these dynamic condi-
tions average shear rate, systolic and diastolic pressures and pressure waveforms
comparable to the conditions in the human carotid artery could be obtained. At the
moment the culture period for growing bioartificial heart valves is on average 21
days. Culture conditions vary amongst the different groups, including both steady
and pulsatile flow of between 3 and 20 1 min and a shear stress from 1 up to 22 dyne
cm? [6].

Dynamic flexure is a major mode of deformation in the native heart valve cusp.
Essential for functional heart valve engineering is the knowledge of normal and
pathological heart valve function based on the quantification of leaflet deformation
during the cardiac cycle. Because of the technical complexities an experimental
method to investigate dynamic leaflet motion using a non-contacting structured
laser-light projection technique has been developed. “Using a simulated circulatory
loop, a matrix of 150-200 laser light points were projected over the entire leaflet
surface. To obtain unobstructed views of the leaflet surface, a stereo system of high-
resolution boroscopes was used to track the light points at discrete temporal points
during the cardiac cycle. The leaflet surface at each temporal point was reconstructed
in three dimensions. This method has high spatial and temporal resolution and can
reconstruct the entire surface of the cusp simultaneously” [14]. This completely non-
contacting method is applicable to studying fatigue and optimising heart valve bio-
reactor technology.

An alternative non-destructive in vitro method to investigate interaction between
scaffolds and seeded cells prior to implantation is the near-infrared multiphoton tech-
nology. It allows the visualization of deep tissue cells and extracellular matrix (ECM)
compartments with submicron resolution. The reduced fluorescent coenzyme
NAD(P)H, flavoproteins, keratin, melanin and elastin are detected by two-photon
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excited autofluorescence, whereas myosin, tubulin and the ECM protein collagen can
be imaged additionally by second harmonic generation (SHG) [15].

Tissue-engineered heart valves represent a promising strategy especially for
paediatric applications, because the growth and remodelling potential is necessary
for long-term function. The ideal graft design has not yet been clarified. A system-
atic evaluation of candidate scaffolds, constructs and bioreactors for the incubation
of biomaterial samples under conditions of cyclic stretching has to be carried out in
the future.

4 In Vitro Vascularised Tissue

Tissue engineering of complex tissues and organs is limited by the need for a vas-
cular supply to guarantee graft survival and render bioartificial organ function. To
overcome this hurdle numerous strategies and bioreactor technologies have been
developed. To induce vessel sprouting and endothelial cell differentiation in vitro
and in vivo a pulsatile haemodynamics flow pattern mimicking physiological con-
ditions is essential. We recently introduced a unique biological capillarised matrix
(BioCaM) and a PC-controlled bioreactor system for the generation of complex
vascularised tissues [16].

The matrix represents an acellular collagenous network generated from porcine
tissue by removal of all cellular components, similar to the small intestine scaffold
(SIS) that has been characterised as a complete absorbable biocompatible frame-
work enabling cellular migration and differentiation showing early capillary
ingrowths and endothelialisation as well as high infection resistance [17].

Engineering of complex tissues using this scaffold needs a specially designed
computer-controlled bioreactor ensuring culture conditions as described in Chap.
1.2 (vascular tissue engineering). For our bioreactor system we incorporated
systematic mathematical modelling and computer simulation based on computa-
tional fluid dynamics into the bioreactor design process, and development of
automatic systems of hydrodynamic regime control. So we are able to simulate the
natural environment of the body, from blood pressure to temperature and control and
regulate the culture conditions during the whole culture period. In the bioreactor
(Fig. 3), the tissue has separate connections: an arterial supply provides it with
fresh nutrient solution and through a venous connection the exhausted solution and
metabolites are removed.

The dynamic in vitro system was designed to provide medium flow by a roller
pump (500 ml min™') in the same way as the heart pumps blood through the human
circulatory system in pulses; in the bioreactor the pulse is adjusted in a range from
80 to 200 *+ 30 mmHg, with a variable stroke volume of 0—10 ml per stroke and a
pulse rate of 60 to 180 beats min"'. The computer regulates the arterial oxygen and
nutrient supply via parameters such as blood pressure, temperature and flow rate
[2, 18]. This work was awarded in 2006 the 1st Hugo Geiger Prize for the life sci-
ences of the Fraunhofer Gesellschaft and the Lewa prize of the University of
Stuttgart (Fig. 4).



Fig. 3 Bioreactor for the generation of vascularised tissue with an arterial inflow and a venous reflux
system. In the bioreactor a scaffold for the in vitro generation of vascularised liver tissue is inserted
and connected to an arterial supply to provide fresh nutrients to the culture medium. The metabolites
are then removed with the pulsatile flowing medium through the venous reflux system into the smaller
chamber. The small chamber and the larger chamber are connected, providing a closed circulation.
Using this bioreactor we are able to simulate the natural environment of the body, from blood pressure
to temperature and control and regulate the culture conditions during the whole culture period

Fig. 4 A computer-based bioreactor system for vascular tissue engineering developed at the
Fraunhofer IGB. The figure shows the whole bioreactor system. The bioreactor described in Fig. 3
is inserted into a climate chamber. A computer simulation forms the basis of the fluid dynamics
of the bioreactor system to control the hydrodynamic regime and temperature. The medium flow
through the growing vascularised tissue is provided by a roller pump in the same way as the heart
pumps blood through the human circulatory system. The computer regulates the arterial oxygen
and nutrient supply via parameters such as blood pressure, temperature and flow rate
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This scaffold and bioreactor system may provide answers to the problem of
bioartificial graft vascularisation, which is an inalienable prerequisite for the
generation of clinically applicable bioartificial tissues and organs of sufficient
strength and size. The first successful implantation of a tracheal patch has been
published [19, 20].

5 Cardiac Muscle Tissue

Cardiac tissue engineering has emerged as a promising approach to replace or
support an infracted cardiac tissue and thus may hold great potential to treat and
save the lives of patients with heart disease. By its broad definition, tissue engi-
neering involves the construction of tissue equivalents from donor cells. This is
the major limitation in the field of cardiac tissue engineering, human cardio-
myocytes could not proliferate in vitro. Several enabling technologies have
been established over the past 10 years to create functional myocardium. None
of the presently employed technologies yields a perfect match to natural heart
muscle. So far only engineered myocardial patches in animals-mostly rats-
exist. The suitability of engineered heart tissue (EHT) depends on the degree of
syncytoid tissue formation and cardiac myocyte differentiation in vitro, con-
tractile function and electrophysiological properties. State of the art is still the
Zimmermann and Eschenhagen [24] developed technology. The cardiac myo-
cytes from neonatal rats were mixed with collagen I scaffold, cast in circular
moulds, and subjected to phasic mechanical stretch, which leads to intensively
interconnected, longitudinally oriented, cardiac muscle bundles. The myocar-
dial tissue displayed contractile characteristics of native myocardium with a
high ratio of twitch (0.4-0.8 mN) to resting tension (0.1-0.3 mN) and a strong
adrenergic inotropic response. Action potential recordings demonstrated stable
resting membrane potentials of 66—78 mV, fast upstroke kinetics, and a promi-
nent plateau phase [21].

A new development is a triple perfusion bioreactor for vascularised tubular
tissue-engineered cardiac constructs. Two unique features integrated into the biore-
actor provided a homogenous fluid flow along the bioreactor cross-section and
maximal exposure of the cellular constructs to the perfusing medium. Mathematical
modelling of the fluid flow regime documented along the entire cell construct an
equal medium flow and shear stress of 0.6 dynes cm? [12].
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Bioreactors for Guiding Muscle Tissue Growth
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Abstract Muscle tissue bioreactors are devices which are employed to guide and
monitor the development of engineered muscle tissue. These devices have a mod-
ern history that can be traced back more than a century, because the key elements
of muscle tissue bioreactors have been studied for a very long time. These include
barrier isolation and culture of cells, tissues and organs after isolation from a host
organism; the provision of various stimuli intended to promote growth and maintain
the muscle, such as electrical and mechanical stimulation; and the provision of a
perfusate such as culture media or blood derived substances. An accurate appraisal
of our current progress in the development of muscle bioreactors can only be made
in the context of the history of this endeavor. Modern efforts tend to focus more
upon the use of computer control and the application of mechanical strain as a
stimulus, as well as substrate surface modifications to induce cellular organization
at the early stages of culture of isolated muscle cells.
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1 Introduction

In the field of tissue engineering the term “bioreactor” has a distinct meaning from
its use in other disciplines such as chemical engineering or pharmacology.
Throughout this chapter the term bioreactor will exclusively mean a tissue engi-
neering bioreactor, which is a device or system that has the specific function of
providing a controlled environment to either maintain a whole muscle organ ex
vivo indefinitely or promote the differentiation of cells and the maturation of both
intra and extracellular structures resulting in the generation of an organized tissue.
Generically, many tissue engineering bioreactors share the same basic functions:
(1) maintaining asepsis; (2) controlling temperature and pH; (3) excluding harmful
energy such as intense light or excessive mechanical vibration; (4) improving
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nutrient delivery; and (5) enabling controlled experimental interventions. More
advanced bioreactors tend to be tissue specific, and for skeletal muscle the biore-
actors generally include either some form of mechanical stimulation, some form
of electrical stimulation, or less frequently both. Because of the architectural simi-
larity of the bioreactor technologies that are generally employed, for the purposes
of this chapter the term muscle will refer generally to all three types of muscle
(skeletal, cardiac, and smooth) unless otherwise stated.

The development of bioreactors to guide the development of engineered human
tissues has been extensively studied and recently reviewed [1]. For muscle tissues
this interest is driven by the increasing scope of applications for engineered mus-
cle tissue, including: (1) basic research into skeletal, cardiac, and smooth muscle
development, injury, aging, and disease [2-9]; (2) in vitro screening of new drugs
and gene therapies [10-20]; (3) developing mechanical actuators using muscle to
drive hybrid robotic and prosthetic devices [21, 22]; (4) implanting genetically
engineered muscle tissue as a source of therapeutic protein production [11-13,
15-17, 20, 23, 24]; (5) providing replacement tissues for surgical repair of injured
or congenitally deformed muscle and (6) developing more humane technologies
for the production of animal protein (i.e., meat) for human consumption as food
[25, 26]. Some of the above listed application areas are already upon us at the time
of writing, such as the use of engineered muscle in basic research and for drug
screening, whereas others, those nearer the end of the list, present ever increasing
technical challenges.

2 A Muscle Tissue and Organ Bioreactor System

2.1 Whatis a Muscle

A whole muscle organ is a complex structure including cells and tissues of many
types in addition to myofibers. Other cell types include adipocytes, fibroblasts or
tenocytes, vascular smooth muscle, endothelium, and peripheral nerve. A whole
muscle organ is also a “smart material” that can rapidly change its biochemical and
mechanical properties over a wide range. A smart material is a material with proper-
ties that can be significantly altered and controlled by one or more external stimuli.
To achieve this, muscle organs use embedded sensors (proprioceptive structures) that
allow the central nervous system to exert feedback control over the function of each
muscle. The embedded sensors include intrafusal muscle fibers (muscle spindles),
Golgi tendon organs, and their associated afferent nerves. Because muscle is a smart
material that allows dynamic control of its mechanical properties with time con-
stants on the order of tens of milliseconds, organisms can use muscle to dynamically
react to their environment by employing individual muscles and muscle groups vari-
ously as brakes, motors, struts, or springs, depending upon the needs of the organism
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[27]. Because of the immense complexity of muscle structure and function, all
attempts to date to build a muscle tissue bioreactor have only incorporated a small
subset of the full range of capabilities that would be needed to engineer and monitor
a fully functional whole muscle organ.

2.2 Development of a Muscle Bioreactor System

It is generally believed that a sufficiently advanced tissue bioreactor system will allow
the development, growth, and maintenance of living muscle in the form of complete
muscle organs. These muscle organs would be guided in their development to achieve
the final desired phenotype, including organ-level structures such as tissue to—tissue
interfaces (muscle-nerve, muscle-tendon, and vascular). The technological design of
such a bioreactor system is a complex engineering enterprise. A prerequisite to this
goal is the development of a comprehensive design specification for the bioreactor
system. This is essentially a systems biology problem which draws upon our under-
standing of the molecular biology, anatomy, development, physiology, aging, injury,
functional adaptation and disease of muscle tissue. Such a design must also take into
account the biological feedback and control mechanisms involved at all levels of
muscle development, adaptation, and aging. Since our understanding of the biology
of muscle is incomplete, the greatest engineering problem in the design of muscle
tissue bioreactors is simply that it is unclear precisely what capabilities are required
in the design specification. Those specific capabilities that are believed to be required
will be discussed in detail in the following sections.

2.3 Design Specification for Muscle Bioreactors

The desired outcome of the field of skeletal muscle tissue engineering is the ability
to engineer fully functional adult phenotype muscle organs of predefined architec-
ture. This includes the proper tissue geometry, fiber type, and architecture, as well
as functional tissue to tissue interfaces. The tissue-to-tissue interfaces include the
vascular bed, neuromuscular interface, and the mechanical transition at each end in
the form of a muscle-tendon or muscle-tendon-bone interface with transition zones
of increasing or decreasing mechanical stiffness to achieve mechanical impedance
matching, and to allow mechanical signal transduction to the appropriate muscle
structures. To achieve this desired outcome, the design specification for a muscle
bioreactor system should include specific details of the input and control signals that
must be provided to the muscle. Key parameters to consider include: (1) potential
failure modes and countermeasures; (2) means to probe and monitor muscle devel-
opment nondestructively; and (3) algorithms that will be employed to effect a feed-
back loop that guides the developing muscle along a series of developmental
milestones (states). System complexity and reliability must also be considered
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because as any system becomes more complex, it generally also becomes increas-
ingly subject to failure. The basic elements that will be required for the success of
future muscle tissue bioreactors include a fundamental change in the basic architec-
ture that allows order-of-magnitude increases in system complexity while also
increasing overall system reliability and ease of use.

2.4 Muscle Development and Dynamic Feedback Control

A developing muscle can be viewed as a “state machine.” Each developmental stage is
one “state’”” and the outputs from the state machine depend upon the history of the inputs
as well as the current state. At each state transition, the muscle will require a different
set of inputs to guide it to the next state (or stage) of development. A simple way to
appreciate this is to note that muscular exercises appropriate for an adult are not neces-
sarily appropriate for a newborn and vice versa. In engineering terms, the contractile
performance of a muscle will depend both upon its current developmental state as well
as its history of use. An advanced muscle bioreactor system will require some means
by which the current status of the muscle can be determined automatically and fre-
quently without harming the muscle. Then, the bioreactor system or the system’s techni-
cian must make intelligent decisions about the quantity and duration of stimuli to be
applied in the current tissue state, as well as when rest periods will be required.
Importantly, the system will also need to be able to detect when the anticipated muscle
development has not occurred so that corrective action can be taken. A simple set of
important state transitions includes: (1) terminal differentiation of myoblasts to myo-
cytes; (2) fusion of myoblasts to form primary (weak and with low excitability) myo-
tubes; (3) development of secondary (stronger, more excitable) myotubes; and (4)
expression of adult muscle proteins and formation of fast or slow muscle. Once the final
state transition occurs, the bioreactor system will need to be able to maintain the phe-
notype of the engineered muscle indefinitely. These basic requirements for advanced
muscle bioreactor systems are far beyond our current technological capabilities.

One of the key aspects in the creation of a finite state bioreactor is the identifica-
tion of a number of biomarkers of development that can be determined nondestruc-
tively. Beginning with the state transitions described above, the nondestructively
testable biomarkers (NDTB) that can be used to monitor the muscle state are the
contractility—force and the rate of contraction and relaxation; excitability—the energy
required to achieve stimulation, measured in terms of chronaxie and rheobase [28]; and
metabolism, which has several proxies such as oxygen consumption. The most impor-
tant measures for determining state transitions are contractility and excitability. The
advent of active force indicates a transition to state 2, while the progression to state
3 can be observed as an increase in both contractility and excitability of the tissue
(Fig. 1). The final state transition can be observed in the contractility with progres-
sively faster rates of contraction, increases in both normalized contractile force and
power, more rapid and complete relaxation and a divergence of contraction speed
depending on the phenotype of the muscle (i.e., fast vs. slow).
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Fig. 1 Excitability of muscle from control, 6, 14, 25, and 44 days after birth (N), denervated,
denervated muscle stimulated in vivo for 5 weeks, as well as muscle engineered from primary
muscle cells or cell lines. Note that as the muscle matures the chronaxie (C50) and rheobase (R50)
values decrease indicative of improved bulk tissue excitability, from [29]

2.5 Historical Perspective

What may not be generally appreciated is the depth of the history of research in this
area, and the breadth of technologies that will be required to achieve the ultimate
goal. When the scientific literature is studied in detail, going back to original
sources, one often finds that “new ideas” or “new technologies™ are in fact not new
at all, but rather are reinventions or rediscoveries of work that significantly predates
current trends, often by many decades and in some cases by centuries. In some
cases, the earlier work is both more careful and thorough than the more recent
work, and important conclusions can be drawn from it. Thus, a simple discussion
of the modern state of the technology and the recent developments in muscle tissue
bioreactors in the past 5—-10 years would be misleading, both in terms of what is
currently known, and in terms of how far and how quickly we are likely to progress
in the future. For this reason, the current technology for muscle tissue bioreactors
will be treated within the context of the history of the research in such cases where
this will make clear the significance of recent work.

2.6 Basic Questions

The basic questions at the core of muscle bioreactor research are:

1. Can a whole muscle organ be maintained by the artificial replacement of one,
several, or all of the natural signals that a whole muscle normally receives within
the body?
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2. Can myogenic precursor cells be induced to organize and develop into whole
muscle organs with adult phenotype by the artificial replacement of one, several,
or all of the natural signals that a developing muscle normally receives within
the body?

Buried within these two questions, one can find the many specific questions that
drive much of the research in muscle development, functional adaptation, disease,
and aging. For example, which signals are key, and which can be ignored or
replaced? What combinations of signals are required? When during development,
healing, or aging does a signal become more or less effective? Can a native signal
be replicated by a very different mechanism and still be effective?

Some of these questions for muscle have been addressed directly and scientifi-
cally for at least 160 years [30]. For example, can electrical stimulation be used to
maintain the mass and contractility of a muscle organ when innervation has been
lost, or can mechanical vibrations be used to replace normal locomotion and exer-
cise to maintain muscle mass and health? Bioreactors in one form or another have
been used throughout this scientific enquiry into muscle development and mainte-
nance. It is absolutely essential to appreciate the evolution of the key elements of
modern muscle tissue bioreactors so that we can place into proper context the cur-
rent embodiments of these devices. A failure to do so will result in the periodic and
uninformed repetition of earlier work and an unrealistic view of recent progress and
the time scale of likely future advances in the field.

3 Categories of Muscle Bioreactors

The overall scope of the field of muscle tissue bioreactors allows us to classify
bioreactors based upon the following criteria: does the bioreactor primarily main-
tain the muscle tissue/organ or does it primarily promote tissue organization and
development, and is the bioreactor implanted within or connected to an organism
(in vivo) or is the muscle tissue/organ maintained in isolation from a host organism
(in vitro or ex vivo). Thus, for the purposes or organizing the history and recent
advances in muscle bioreactors, we organize the overall field according to the
following 2 x 2 matrix (Table 1).

To use Table 1 effectively one should consider how each of the four categories
relates to our basic scientific understanding of muscle development and maintenance.
Then, consider how each contributes directly to a comprehensive design specification
for muscle tissue bioreactor systems that would be capable of guiding the develop-
ment of muscle precursor cells into adult phenotype whole muscle organs. It is also
noteworthy that modern approaches to tissue engineering of muscle often employ two
or more of these bioreactor classifications during the development of the muscle
construct. An example would be the initial treatment of a muscle within an organism
to induce satellite cell activation [29, 31-34], followed by ex-vivo tissue culture to
form a muscle organ [3, 4, 8], followed by re implantation of the muscle into a host
organism with or without further artificial stimulation [12, 35, 36].
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Table 1 Conceptual organization of the core technologies in muscle bioreactors into four
categories

Muscle maintenance Muscle development de novo
In vivo Whole muscle organs are main- Engineered muscle tissue or
tained within a living organism, tissue precursor materials
with or without alterations in are implanted within a host
position or activity pattern organism to promote develop-

ment toward adult phenotype;
may or may not be within a
synthetic chamber

In vitro Whole intact muscle organs or This is archetypal muscle tissue
large functional portions of organs engineering: myogenic cells are
are maintained in isolation from cultured ex vivo to produce func-
the host organism tional muscle tissues and organs

3.1 Category 1: In Vivo Bioreactors for Whole Muscle Organ
Maintenance

On first pass this category of muscle tissue bioreactor technology might be con-
sidered by some to be trivial, but nothing could be further from the truth. As a
first step, it must be appreciated that the host organism can be viewed as a biore-
actor for the maintenance of all of its constituent organs, as well as for other
“nonself” organisms, such as intestinal flora, parasites, and developing embryos
in the case of females. To begin to develop a comprehensive design specification
for a synthetic, in vitro muscle tissue bioreactor it is both logical and productive
to study precisely how it is that the host organism maintains adult phenotype
muscle organs, usually many hundreds of them, in a healthy state. Specific ques-
tions include: (1) what is the range of acceptable mechanical loading patterns? (2)
what is the pattern of passive and active contractions? (3) what types of stimuli
cause hypertrophy (growth) vs. atrophy (wasting)? (4) what soluble and extra
cellular matrix signals are required at each developmental state? (5) what are the
perfusion and mass transport requirements under differing metabolic loads? and
(6) how do the internal feedback loops that control muscle organ maintenance
respond to changing demands? The fundamental importance of this first category
of bioreactors can not be overstated. One could easily argue that further progress
in muscle tissue bioreactor development is impossible without better understand-
ing of the basic science of how whole muscle organs are maintained within a
living organism.

One way to view the importance of this problem is to consider an alteration
of the in vivo conditions under which a muscle organ is maintained. For exam-
ple, imagine an arm or leg immobilized in a cast. Despite decades of clinical
research into this topic, the simple removal of one of the key mechanical stimuli
for muscles (the ability to change length over the physiologic range of motion)
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is sufficient to produce muscle atrophy and degeneration of the muscles and
associated tissues (tendons, vasculature, motor nerves, and bones) [37-42].
A suitable replacement stimulus for maintaining the health of immobilized but
otherwise healthy muscles has not been identified, though some strategies do
show promise [43]. This is despite the persistence of all of the other key
mechanical and chemical signals that remain available to the immobilized mus-
cle tissue within the otherwise intact organism. Similar problems arise for
humans who remain inactive for prolonged periods, such as during long term
bed rest. Contrast this with mammals that hibernate. These animals are able to
remain dormant for many weeks/months with little or no loss in muscle mass
and function [44]. What physiological strategies are used to circumvent the
muscle atrophy associated with this form of inactivity, and can they be exploited
for tissue engineering?

With the advent of prolonged weightlessness in space travel, and prolonged
immobilization and bed rest while on life support following extreme trauma, the
question of how to maintain healthy, functional adult skeletal muscle within the
body is of growing importance. Our future success in the human exploration of
space beyond our own moon, or the ability to extend healthy human aging beyond
the first century of life may well be limited ultimately by our understanding of how
the human body, as a bioreactor, maintains the health of its organs. And muscle,
comprising approximately 50% of the total body mass of a human adult, is among
the most poorly understood organs in this regard.

One productive approach to understanding the signals required to maintain
healthy muscle tissue is to selectively and systematically remove one signal at a
time while the muscle is maintained otherwise intact in vivo. Among all the
experimental possibilities perhaps the most well studied and most relevant to the
development of muscle tissue bioreactors is the effect of chronic denervation of
skeletal muscle and the substitution of electrical stimulation to stimulate muscle
activity.

The studies of the action of nerve impulses and exogenously generated elec-
trical impulses on musculoskeletal tissues have a long scientific history and have
left their imprint upon modern culture. The first reported use of electricity as a
medical intervention is from 46 AD, when the Roman Scribonius Largus
describes the use of the torpedo fish (an electric ray), applied directly to painful
areas on the patient to alleviate musculoskeletal pain. Luigi Galvani carried out
a series of investigations in 1783, later published in 1791 as a comprehensive
book titled de Viribus Electricitatis in Motu Musculari [Effects of electricity on
muscular motion] [45]. As early as 1841 it was suggested that electrical stimula-
tion could be employed to replace stimulation from nerves to attenuate the rapid
loss of both skeletal muscle mass and contractility following total denervation
[30]. Two decades later in 1861 the use of electricity to study and treat paralyzed
limbs was explored [46]. Since that time, experiments along these lines have
been carried out more or less continuously until it was recently demonstrated that
with the proper electrical stimulation protocol it is possible to maintain, or even
improve upon, the contractility and mass of chronically denervated mammalian
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skeletal muscles in vivo [28, 47-51]. The scientific path from 1841 to the
present includes over 400 published articles specifically on the topic of the use
of electrical stimulation on muscle in vivo to restore lost function, many during
the last century giving the impression along the way that the solution was near
at hand.

Galvani’s work involved mammals (lambs), birds (chickens), and amphibians
(frogs and turtles), and he developed several technologies specifically related to the
use of electricity to excite whole muscle organs in a bioreactor. Some of his work
involved experiments with surgically isolated muscles while still in situ within the
host organism, the remainder involved the explantation of whole muscles while
remaining connected to a more extensive mass of support tissues including nerves and
vasculature, as well as the surrounding musculoskeletal structures (bones, tendons,
ligaments). The technology Galvani developed includes several types of simple whole
muscle bioreactor systems to isolate and maintain the explanted tissues while the
experiments were conducted (Figs. 2 and 3). Some of these experiments required the
muscle to be maintained for long periods so that the effects of lightning and other
natural electromagnetic phenomena could be observed [45]. These bioreactors,
though primitive by modern standards, enabled Galvani to maintain viable muscle ex
vivo for many hours, and as a practical matter even heroic modern attempts to signifi-
cantly extend these time periods have met with only limited success [53, 54].

Fig. 2 The various experimental apparati of Luigi Galvani [52]. In addition to several forms of
electrical generating devices (a spinning disk electrostatic generator and a Leyden jar), the ana-
tomical muscle preparation and two early forms of ex vivo muscle bioreactors are shown. These
early whole muscle explant bioreactors contained whole limbs of frogs with intact nerves, as well
as conducting electrodes (iron wires), conducting fluids (salt solutions) and the provision of
resealable access to the tissue specimens
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Fig. 3 The use of a muscle tissue bioreactor was essential for the success of Galvani’s tests
involving atmospheric electricity [52]. The tissue preparations needed to be maintained in viable
condition for many hours, and it was beneficial to provide electrical isolation of the explanted
nerves and muscles so that the ground path for the “electrical fluid” could be defined. In this case,
atmospheric electricity would pass from the lightening rod (upper left), through a long iron wire
conductor, through the frog tissues, and then to Earth by way of an iron wire conductor extending
to the bottom of a deep well (right)

3.1.1 Cultural Perspective on Tissue Bioreactors

The scientific results of Galvani were widely known outside of scientific circles and
had lasting cultural impact. The young Mary Shelley, then aged 19, reading the
work of Galvani during the dreary summer of 1816, a “volcanic winter” caused by
the eruption of Mount Tambora the previous year, and further inspired by the
French and Industrial Revolutions, both of which were viewed by many as having
had unforeseen negative consequences for humanity, wrote her first draft of the
gothic novel “Frankenstein, or, The Modern Prometheus” [55]. The book itself
stands as a cultural icon and criticism of scientists who are ostensibly unconcerned
by the potential consequences of their work. Frankenstein, the archetypal “mad
scientist,” is a term now commonly applied to scientists whose work is viewed by
some as unnatural, socially irresponsible and potentially dangerous [56-58]. The
recent use of the term “Frankenfood” to describe genetically altered agricultural
products is just one such example [59-69]. The use of electricity to stimulate muscle
tissues in bioreactors derives from the same intellectual source that has galvanized
many generations of neo-Luddite anti-technology groups and activists, so it is
advisable to consider the depth of meaning and symbolism when reporting or
describing scientific progress in this area.
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3.1.2 Additional Lessons from In Vivo Muscle Bioreactors

The plasticity of skeletal muscle tissue has been recognized for many decades.
The ability of the enzyme profile of muscle to transform from fast to slow or
vice versa was first suggested in 1960 through the use of cross-innervation,
where motor nerves were transected and transposed, so that a predominantly
“fast” muscle was now innervated by a predominantly slow twitch motor nerve
bundle and vice versa. [32, 70-77]. Importantly, in 1976 Salmons and Sreter
demonstrated that the plasticity of muscle was determined by the pattern of
activity and not chemical signals from the nerve by preventing the slow-to-fast
muscle transition following reinnervation using a tonic 10 Hz (slow nerve-like)
electrical stimulus [75]. Together these experiments led to the understanding
that muscle fiber type was determined by activity, not chemical or genetic fac-
tors determined during development. This led further to the use of implantable
electrical stimulators to re engineer muscle in vivo for basic research [75,
78-82], and for clinical applications such as the surgical transposition and use
of whole muscles in cardiomyoplasty, or the creation of skeletal muscle ven-
tricular assist devices for the failing heart [§3—87], and to replace the function
of smooth muscle in the gut [5, 86, 88], as well as to the use of electrical stimu-
lation of muscle cells in culture to control myosin isoform expression [89, 90].
This extensive body of work forms the basis for the belief that muscle tissue
bioreactors can employ exogenous electrical stimulation to (1) guide and define
the metabolic phenotype of adult muscle fibers as fast or slow twitch, (2) sup-
plant natural innervation for the maintenance of muscle tissue mass, excitabil-
ity, and phenotype, and (3) allow nondestructive computer control of skeletal
muscle contractile activity during culture.

3.2 Category 2: In Vitro Bioreactors for Whole Muscle Organ
Maintenance

The second category of muscle tissue bioreactors is defined by the explantation of
whole muscle organs into a bioreactor system isolated entirely from the host
organism. Many tissue engineers assume that whole tissues and organs are readily
maintained outside of a host organism, and that the modern challenge is only to
devise a technology to promote the ex vivo development of masses of cells into
fully differentiated adult phenotype tissues. This, however, is not true. Another
implicit assumption is that the field of tissue and organ bioreactor development is
a new and emerging field, reaching back only to about the late 1980s. The general
acceptance of both of these assumptions can be confirmed by careful study of the
background and reference sections of nearly any recent peer-reviewed publication
on this topic. When attempting to outline the current state of this technology, and
where it will likely develop in the next 5-10 years, it is sobering to consider the
facts concerning these two assumptions.
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To begin with, although it is possible to maintain mammalian musculoskel-
etal cells in culture for many decades, it has proven impossible to maintain
isolated whole mammalian organs within a bioreactor or on any other “life
support” system, no matter how carefully the physiologic environment is
maintained [53]. Specifically for muscle cells and tissues it was demonstrated
in the first half of the twentieth century that isolated fibroblast cells could be
maintained in culture for very long periods of time, often many decades as
recently described by Boulay and Hardy [54], and isolated myocytes and myo-
tubes could be maintained for weeks or months in culture [91-93], but a whole
muscle as found in any animal is an organ, not just a mass of cells, and the
maintenance of explanted whole organs for indefinitely long periods of time
has never been accomplished [53]. This is true even though whole organs
transplanted from one organism into another can in many cases be maintained
for the normal lifespan of the host organism. So, therefore, the removal of an
organ from a mammal does not mean that organ will have a reduced functional
lifespan. However, the prolonged isolation of any whole mammalian organ
from an organism results in rapid deterioration. The only exceptions are
experiments that either maintain only a small mass of cells incorrectly termed
an “organ” or those that employ a perfusate that includes fresh plasma from a
live animal.

Research in this area has been ongoing since the early 1930s, and extraordinary
progress was reported at that time [94, 95]. The early pioneers in this area were
Charles Lindbergh, the famous aviator, and Alexis Carrel, the 1912 Nobel Prize
winner in Physiology or Medicine for his pioneering work in organ transplanta-
tion. Together, they co-authored a classic text on this subject in 1938 titled “The
Culture of Whole Organs” [94]. Lindbergh’s contribution was in the capacity of
“bioengineer,” developing an alarmingly sophisticated and practical “bombeador
of perfusion,” the Carrel-Lindbergh Pulsatile Organ Perfusion Pump, shown in
Fig. 4 [94]. These early ex vivo organ perfusion systems were so reliable in the
hands of skilled technicians that about 20 identical systems were manufactured
by skilled craftsmen, and as many as three could be set up simultaneously within
a one-half height tissue culture incubator. Following this work, after about three
decades of scientific inactivity, Lindbergh came out of retirement to take part in
the development of pulsatile whole organ bioreactor systems for the U.S. Navy
Medical Research Institute Tissue Bank [94, 96].

Using the Carrel-Lindbergh system the general procedure for the organ cul-
ture was essentially the same in all cases. The organ was dissected from a live
donor and was placed within a cylinder of glass, the stoppered test-tube like
chamber shown in Fig. 4, running diagonally across the top of the apparatus. The
main artery of the organ was cannulated by means of the glass perfusate supply
tube in the upper portion of the chamber. The organs were variously perfused
with both natural (whole blood or blood-derived) and artificial media. Temperature
and pH were monitored and controlled, and the perfusate was carefully filtered.
Other than media immersion and pulsatile perfusion, no other means of active
organ stimulation were reported.
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Fig. 4 Carrel-Lindbergh Pulsatile Organ Perfusion Pump, a.k.a. the Lindbergh pump, 1935,
showing a photograph of the actual device and a functional schematic of the perfusion system

Carrel and Lindbergh assert triumphantly in the preface to their 200+ page book
that “... the techniques have been tested in over a thousand experiments during
about one hundred thousand hours of perfusion,” in at least eight independent labo-
ratories across Europe and the United States [95]. The organs were subjected to
pulsating perfusion to simulate normal arterial blood supply in the body, considered
then and now to be important to the maintenance of healthy organs [94, 96—-103].

This early organ bioreactor was extremely versatile. A wide range of whole
organs and tumors were harvested from various species, including cat, guinea pig,
chicken, and humans and perfused for various amounts of time. Bear in mind that
this was all accomplished a few years before the general availability of modern
antibiotics, though even today tissue and organ cultures are plagued by septic con-
tamination. Extensive quantitative assessments of organ function and metabolism
were reported, and the authors conclude that “A new era has opened... [permitting
study of] how the organs form, how the organism grows, ages, heals its wounds,
resists disease, and adapts itself with marvelous ease to changing environment”’[95].
The work was so widely heralded that Alexis Carrel and Charles Lindbergh shared
the cover of Time Magazine (June 13, 1938), and at the time it was believed that
Lindbergh’s contributions to medicine and biology would eclipse his accomplish-
ments in aviation.

However, obscurity descended upon this important work and remains to this
very day. Lindbergh’s later work on these perfusion systems with the U.S. Naval
Medical Research Institute in the 1960s also eventually ground to an anticlimax and
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was ultimately cancelled before it was carried through to successful completion.
The “Lindbergh pump” though reliable was considered too difficult to use except
by the most skilled operator, and fell out of use by about 1940; all but one or two
of the systems were scrapped to recover the platinum in their filters. Researchers
quickly found alternative approaches, either through the use of simple cell culture
techniques or the use of simple organ sections which could be maintained ex vivo
for a few hours, long enough for their experimental needs. The whole organs per-
fused by the Carrel-Lindbergh system only lasted for a few days and the smaller
vascular tissue sections lasted at most several weeks, not indefinitely, as had been
implied by their early reports in the popular press.

It is important to place modern advances in tissue engineering and tissue biore-
actor development into this historical context, because many billions of dollars have
been invested in these technologies [104—107], and it would be wise to learn from
the past rather than to repeat it. Foremost, it is advisable to temper our claims and
our expectations of the timeline for the development of these “new” technologies
in light of the progress made since the first and often forgotten early successes in
these areas.

The important lessons for tissue engineering and bioreactor design include:

1. Tissue culture bioreactor systems that are complex, difficult to use, expensive,
or prone to failure will not have lasting scientific or commercial impact.

2. Modern successes often do not measure up to early successes in bioreactor sys-
tems and our technological progress in bioreactor design is not nearly as rapid
as is generally presumed.

3. Fantastic claims about success with engineered tissues and bioreactor systems
often have undesirable long-term consequences.

We remain faced with the assumption stated at the beginning of this section,
restated as a question: is it now possible to maintain whole explanted mammalian
organs ex vivo for indefinite periods of time? Briefly, the answer is “no.” This
alarming technological fact was recently reviewed by Dr. R.H. Bartlett [53], a
widely regarded expert in extracorporeal life support systems (ECLS) who com-
prehensively analyzes the state of the art of our knowledge of ex vivo organ
maintenance. Despite all attempts to the contrary, any organ isolated from a living
mammal will experience an inexorable sequence of events leading to failure
within ~48 h. Bartlett argues convincingly that it is specifically isolation from the
midbrain that leads to accelerated organ failure. Many studies and a great deal of
anecdotal evidence point to this conclusion [108—110]. Bartlett hypothesizes that
the midbrain produces a very unstable and yet-to-be-identified hormone, which
he terms “vitalin,” the absence of which by any mechanism leads to accelerated
organ failure [53]. However, experiments employing small groups of cells incor-
rectly termed “organs,” or the use of fresh serum in the perfusate can appear to
contradict this general observation, resulting in some confusion as to our state of
understanding in this area.

Our failure to succeed at the ostensibly “easy” task of maintaining whole
organs ex vivo (when compared with the heroic ask of engineering these same
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organs de novo from isolated cells) is by itself one of the greatest obstacles to a
broad range of useful clinical technologies. Were it possible to maintain organs
ex vivo indefinitely in a state of health, it would then be possible to: (1) bank
organs for transplantation after precise matching to the recipient; (2) test and
verify donor organ function and asepsis; (3) transplant a greater variety of organs
including spleen and pancreas to treat diseases such as hemophilia and diabetes;
(4) remove cancerous organs for more specific and aggressive treatment followed
by reimplantation; and (5) use banked organs to produce needed cells and bio-
chemicals (such as whole blood, hormones, etc.) [53, 95]. We lose much by our
inability to maintain whole organs ex vivo, and the advancement of this technol-
ogy should be a primary target of a major portion of our investment in this area
of research [105].

Directing our discussion specifically to muscle tissue bioreactors, successful
organ-level muscle bioreactor development will, at least for the time being, neces-
sitate parallel development of in vivo and hybrid bioreactor systems [21, 22] that
are integrated in some way with a living host organism. A number of models have
been developed to provide muscle with a satisfactory environment for long term
culture [21, 22, 53, 111, 112]. Many of these systems have attempted to recapitulate
the mechanical and electrical environment of the organism (Fig. 5), but in general
it is still impossible to maintain the health of a functioning whole muscle organ
ex vivo for more than a few days.

Fig. 5 An in vitro bioreactor for whole muscle organ maintenance. (a) Muscle-powered robotic
“fish” and (b) the schematic representation of the fish [60, 198]. The semitendinosus muscles of
a frog are sutured near the base of the robot on each side (one is visible, sutured at each end). The
robot swims in amphibian Ringer’s solution, and muscle activity is controlled by an embedded
microcontroller encapsulated in silicone, shown at the top of the biohybrid fish robot
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3.3 (Category 3) In Vivo Guided Muscle Tissue/Organ
Development

As described above, the body can be viewed as the ultimate bioreactor [35, 36,
113-117]. For many applications the use of the body as a bioreactor has many
advantages over ex vivo or in vitro tissue engineering approaches, in particular it
greatly simplifies the entire process if autologous cells and tissues are used so as to
avoid tissue rejection. There are several examples of success with this approach in
muscle tissue engineering. For example, de novo engineered skeletal and cardiac
muscle have been implanted in vivo to promote vascularization and the formation
of functional nerve-muscle synapses by surgical neurotization [35, 36, 115, 116,
118]. After 3—4 weeks of implantation engineered muscles have demonstrated
~eightfold increase in peak contractile force capacity [35], and neurotization
resulted in an increase of ~fivefold in the contractility over non-neurotized controls
[116]. Implantation also results in vascularization and a significant increase in the
viable radius for cell survival of the engineered muscle constructs [36].

When using a host organism as the bioreactor it is possible to either isolate the
muscle tissue construct within an implanted chamber, or to leave the construct
exposed to the internal environment without barrier isolation (Fig. 6) [35, 36, 115].
In any case it is essential to control the length of the muscle construct to prevent
hypercontraction or stretch-induced muscle injury and subsequent damage to the
muscle construct. It is also important to position the engineered construct in a
receptive area of the body so that it is in apposition with a vascular bed and nerve
supply and is able to receive passive mechanical signals. Potential regions within
the body that match these criteria include the inguinal cavity and the diaphragm.

a b

Fig. 6 a A skeletal muscle construct prepared for implantation within a silicone chamber, with
axial vascular supply from the femoral vessels. b Implanted 3-dimensional cardiac muscle con-
struct (C) first engineered in vitro over a period of 4 weeks then implanted subcutaneously in a
rat. The muscle construct is not isolated from the host by use of a chamber, but rather supported
by an open elliptical acrylic frame (F) using the suture anchors from the in vitro culture system
(S). Three weeks after implantation, the cardioids were recovered and contractility was evaluated
[23, 43, 227]
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3.4 (Category 4) In Vitro Guided Muscle Tissue/Organ
Development

The modern use of bioreactors to grow muscle tissue in vitro is heavily based
upon an earlier and much more extensive scientific literature on bioreactors for
bone and cartilage tissues. Often modern muscle tissue engineering bioreactors
are just physical adaptations of existing systems already developed for these
other tissue systems [119]. Interestingly, a recent review paper entitled
“Bioreactors for tissues of the musculoskeletal system” [120] does not contain
any information whatsoever on bioreactors for use with skeletal muscle tissue.
This is not an isolated omission. The comprehensive and widely regarded book
“Principles of Tissue Engineering, 3rd edition” has an entire section devoted to
musculoskeletal tissue engineering (section XV), but there is not actually any
material on skeletal muscle tissue engineering, only bone, ligament, tendon,
and cartilage are covered [121]. Though skeletal muscle tissue engineering in
vitro has a long history [91-93, 122-131], it is eclipsed to the point of near
exclusion by the more dominant areas of skeletal tissue engineering. This is
largely due to the complexity of the inputs required for skeletal muscle in rela-
tion to the other musculoskeletal tissues. Bone, cartilage, ligament, and tendon
appear to require only passive mechanical input, whereas muscle requires both
active and passive mechanical activity, often elicited by externally applied elec-
trical interventions. Furthermore, the coordination of the mechanical and elec-
trical inputs to produce the high force lengthening contractions that preferentially
lead to greater increases in muscle mass are increasingly difficult to achieve
without damaging the muscle construct. The important parameters to consider
in this class of bioreactors (in vitro development) will be discussed in detail in
the following sections.

4 Modern Approaches

Modern muscle bioreactors are classified according to whether they employ
2-dimensional cell cultures or 3-dimensional muscle constructs, the types of inter-
ventions to which the muscle is subjected (i.e., electrical, mechanical, or both),
and whether or not functional measures of muscle contractility can be made.
Bioreactors in this category can be further subdivided into various classes based
upon their primary intended function, for example, whether the objective is dis-
covery (basic science to study the response to a variety of stimuli) or delivery
(uniform parameters for production of tissues for high-throughput screening)
[132—-134]. From the standpoint of understanding the technology of modern mus-
cle tissue bioreactors it is best to consider primarily the types of stimulation
employed and the basic architecture of the system that is used to achieve the
intended stimulation.
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4.1 Discovery Versus Delivery

As the name suggests, discovery bioreactors are intended for testing a number of
different interventions to determine which is optimal for improving the parameter
of muscle function that will form the basis of study and at what point a state transi-
tion has occurred within the tissue. As a result, they are generally small, independ-
ently controlled bioreactors, designed to hold up to six samples with ~four of the
independent bioreactors fitting on one shelf of an average tissue culture incubator.
In this orientation, four simultaneous experiments can be performed on one shelf
and the number of samples in each group gives the investigator sufficient power to
rapidly determine which intervention has had the optimal effect, if any. Once a
paradigm of intervention has been determined, larger scale delivery bioreactors
could be developed. These delivery bioreactors hold more tissues that undergo a
uniform intervention program. These machines should have the capacity to per-
form nondestructive tests of tissue development and transition to new intervention
programs once a state transition occurs.

4.2 Mechanical Stimulation

Mechanical stimulation has been widely employed in muscle cell culture and tissue
engineering [11, 12, 14-17, 20, 28, 122-126, 128, 131, 135-176]. Many of these
technologies have been reported only in abstract form, never quite achieving pub-
lication in a peer reviewed journal. Almost all of them have been hand built for use
by a specific research group and their close collaborators. Mechanical stimulation
of muscle can take various forms. For 2-dimensional muscle cultures, the forces are
sometimes applied by the action of fluid flow to create shear, by mechanical vibra-
tion, or by the application of uni-or bi-directional mechanical strain applied to an
elastic substrate on which the muscle cells are grown. When a 3-dimensional mus-
cle organoid has been formed, it becomes possible to apply uniaxial strain directly
to the tissue construct. The use of 3-dimensional tissues also permits direct meas-
urement of tissue function, principally the contractility and excitability of the engi-
neered muscle tissue. Three-dimensional muscle constructs can be passively
stretched by an external mechanical actuator, or the culture conditions can be set up
in such a way that the muscle tissue itself generates sufficient force to cause either
active or passive length changes against a compliant anchor point. It is also impor-
tant to realize that 3-dimensional muscle tissue constructs generate baseline axial
stresses on the order of 3-5 kPa, similar to the stress generated during wound clo-
sure [8]. The reaction of the myotubes against fixed anchor points in culture has the
important effect of causing myotube alignment along the axis formed by the two
anchor points, even when no other external forces are applied [3, 4, 177]. This
occurs in the static culture of engineered 3-dimensional muscle tissue, so it is cor-
rect to say that in general it is not possible to maintain engineered muscle in culture
without some form of mechanical stimulation being present.
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4.2.1 Mechanical Strain of Two Dimensional Muscle in Culture

The culture of layers of contracting myotubes in what amounts to two-dimensional
sheets has been done for many decades using standard cell culture equipment
[91-93], and this practice continues to the present for a very wide range of studies
in the basic biology of muscle, not strictly within the field of tissue engineering.
Tissue engineering properly enters the scope of this research when there is an attempt
to organize the 2-dimensional layers of cells in some way to achieve a higher order
or tissue organization. This may be through an attempt to achieve cellular alignment
by micropatterning of surface topology [178] or adhesion molecules [179], by
mechanical [180] or electrical stimulation, or by the controlled mechanical release of
successive sheets of muscle cultures to build up 3-dimensional muscle tissue con-
structs [181-187]. The application of mechanical stimulation to 2-dimensional
muscle cultures is relatively straight forward. It is generally not possible to mechan-
ically affix to individual myotubes grown in culture because the myotubes grow in
mechanically cohesive sheets with adhesion points to the substrate all along the
length of each myotube. Therefore, the method most commonly employed is to
culture the sheets of myocytes and myotubes on thin elastic substrates [135, 188—
190] which are then stretched by any number of mechanical means.

Elastic substrates for 2-dimensional muscle cell culture are usually made from
thin sheets of medical-grade silicone or from cast sheets of PDMS (polydimethyl-
siloxane). Though on first pass it would seem there are a virtually limitless variety
of mechanical stimulation systems of this general category, in practice the number
of basic system architectures is reasonably limited. To begin with, the elastic sub-
strate can be deformed to provide either uniaxial or biaxial mechanical strain [191],
and the strain fields produced can be either uniform [192] or nonuniform. Uniform
strain fields simplify analysis, whereas nonuniform strain fields appear to have a
more realistic basis in biological muscle function [193-195].

Uniaxial strain is accomplished by growing the muscle on a strip of elastic
substrate and applying a mechanical displacement along a single axis [180, 196,
197]. Generally, if the substrate is uniform in geometry and material constitutive
properties, the resulting strain field is approximately uniform. A less commonly
employed alternative to this is to grow the muscle on a thin-walled tube fashioned
from an elastomer, then inflating the tube while the cells are in culture. For thin-
walled tubes of relatively small diameter the circumferential strain dominates, thus
providing essentially uniaxial mechanical strain to the muscle tissue growing on
the outside of the tube. This method, though relatively simple, is not widely
employed because it is difficult to visualize the layer of muscle cells on the tube
in culture.

Biaxial strain is readily accomplished by growing the muscle on an elastomer
sheet that is typically constrained around its periphery, and then applying a
mechanical displacement to the sheet by any number of means, including pneu-
matic distension or retraction of the sheet (which acts as a diaphragm) [119], or
by mechanical distension of the elastomer sheet from the bottom (the opposite
side from which the cells are being cultured) by means of a mechanical actuator
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of some kind. This could be a moveable platen, a braille reading machine, an
electromagnetic solenoid, a voice coil actuator, a stepper-motor driven rod,
hydrostatic pressure, or any other means that could be imagined. The resulting
biaxial strain field can be measured directly by optical methods or calculated in
a computer model [119, 198, 199]. The methods that have been reported for
applying mechanical strain to 2-dimensional cultures are many, but only a very
few systems have become commercially available for this purpose such as those
marketed by Flexcell®, and none of the major commercially available systems
are specifically designed for use only with muscle tissue [197, 200, 201].

Recent work has demonstrated that muscular thin films can be constructed on
very thin PDMS substrates that are capable of generating active contractions to
produce movement and mechanical work [202]. Although many new systems are
reported to apply 2-D strain to cells in culture, it is unclear that any of them is a
significant improvement over any of the previous systems. Since no 2-D system has
been widely adopted for use to the exclusion of others, it is likely that all such
systems have equivalent limitations.

4.2.2 Mechanical Strain of Three Dimensional Muscle Constructs

The culture of 3-dimensional muscle constructs is a very different technology than
the culture of 2-dimensional sheets of muscle. Three dimensional muscle tissue
constructs can be either self-organizing or they can be constructed using myocytes
cast into biodegradable gels or grown on natural [203] or synthetic scaffolds [188,
204-207]. An alternative method for growing 3-D muscles and other tissues is the
use of the NASA rotating bioreactor, commercially available from Synthecon
[208-210]. Using microcarriers which are suspended by the rotation of a cylindri-
cal culture vessel on a horizontal axis, it is possible to grow relatively large 3-D
clusters of all types of tissue, including muscle [145, 211-213] which in some
cases appear to be organized into tissue-like structures. Because of the differences
in structure of skeletal muscle organs when compared with hollow organs contain-
ing smooth or cardiac muscle, the rotating bioreactor systems appear to be more
suitable for the growth of smooth and cardiac muscle organs than for skeletal
muscle organs.

With current technology, most self-organized muscle constructs tend to be small
cylinders comprised predominantly of parallel myotubes, ranging in size up to sev-
eral cm in length and up to about 1 mm in diameter [3]. Gel-cast muscle constructs
can be of any shape, but usually are initially rectangular in cross section for ease of
casting [36, 136, 151, 188, 190, 204, 207, 214]. It is with the three-dimensional
muscle constructs that we begin to see significant tissue organization, especially in
the self-organizing constructs that involve nonmuscle cell co-cultures [3, 4, 7, 8, 12,
131, 215-220]. These often have tissue-like structural features both along the axis
and the radius of the constructs (Fig. 7), such as a fascicular arrangement of myotube
bundles [3], or myotendinous junctions near the mechanical attachment points at
each end [219, 221].
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Three-dimensional muscle constructs offer important design opportunities and
challenges for muscle tissue bioreactor design. These constructs can generally be
excited electrically to generate active force, they spontaneously contract in culture,
and they also generate baseline passive (elastic) forces. Because of force shunting
in the scaffold material, the measurement of contractility in scaffold-based engi-
neered muscle is often quite difficult unless the scaffold has a stiffness of approxi-
mately the same or lower magnitude than the muscle tissue itself. This is rarely
achieved unless highly dense arrangements of parallel myotubes can be organized
within low-stiffness gels [141, 142, 151, 152, 175, 176].

Unlike 2-D mechanical loading, the 3-D tissues do not contain adhesion points
to a substrate along their length. The 3-D tissue constructs have only one adhesion
point (actually a region) at each end which means that, once formed, the 3-D
muscle constructs may be mechanically stimulated by connecting one end of the
tissue to a mechanical actuator and performing uniaxial shortening and/or length-
ening of a known distance and frequency. While having no adhesion points along
its length increases the ease of bioreactor design, it also means that there are high
strain concentrations at the interface between the engineered tissue and the points
of attachment to the bioreactor. A durable mechanical interface is essential for the
successful application of any mechanical intervention to engineered muscle. If
the interface is weak, the tissue will fail at the interface under strain. A number
of techniques and materials have been used to address this problem including
making circular constructs to eliminate the interface [141, 143, 174-176, 222—
2241, using a highly porous plastic material [Flexcell(r)], using a material with a
high surface area such as a woven suture [3, 4, 7, 8, 216, 217], or replacing the
anchor material with engineered or native tendon [215, 221]. To date, only the
last technique has produced a tissue interface that does not fail under high loads
approaching physiologic stresses, ~280 kPa.

4.3 Electrical Stimulation

Electrical stimulation has been used for many years in muscle 2-dimensional cell
culture to study its effect on myotube formation [225], myocyte alignment [226],
fiber type [90, 152, 226, 226-230], metabolic function [231-234], transcription
[227, 229, 231, 233-238], and protein synthesis [239, 240]. These studies are
limited largely by the fact that 2-D cultures can only be stimulated for short peri-
ods (generally up to 4 days) before the myocytes detach from the culture dish
[233]. In 3-dimensional muscle constructs, electrical stimulation can be used both
to evaluate the contractility and excitability of the engineered tissues as well as to
attempt to guide the development of the engineered tissues during culture [3, 4, 6].
Further, unlike 2-dimensional culture, 3-D constructs can be stimulated for a
period in excess of 2 weeks without failure. Indeed, chronic low-frequency stimu-
lation, 20 Hz train of five pulses with a rest phase of 3.75 s between pulse trains,
has been shown to slow the contractility of a predominantly fast engineered
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muscle [235] demonstrating that electrical stimulation in vitro can alter the pheno-
type and function of engineered muscle. It appears to be more difficult to model a
fast nerve/muscle system in vitro since engineered muscle is prone to electro-
chemical damage, however, few studies have tried to accomplish this task in engi-
neered tissues. There is a much larger literature on the requirements for muscle
stimulation in vivo, which should aid in the development of future in vitro electri-
cal stimulation paradigms.

Chronic low frequency electrical stimulation of 10-20 Hz for 8-24 h a day has
been successfully used in vivo to transform the fiber type of whole muscle organs
from predominantly fast to predominantly slow twitch [32, 75, 81, 226, 241-265].
Many fewer studies have attempted to maintain the mass and contractility of
chronically denervated fast muscle or shift the phenotype of muscle from slow to
fast. This is a difficult task since fast muscle has a much lower work-to-rest ratio
and a far more random firing pattern than slow muscle. Therefore, varying rest
periods and innovative stimulation patterns may be essential to the development of
the fast phenotype. In general, because electrical stimulation does more damage as
the intensity, frequency, or duration of the stimulus is increased, some researchers
report that for both in culture and in vivo electrical stimulation, optimal results are
obtained by utilizing stimulation protocols that mimic the minimal activity pat-
terns that are thought to prevail in vivo [28, 47-51, 266]. With increased levels of
electrical stimulation it is thought that the damaging effects of the stimulation
outweigh the beneficial effects of the increased activity. This is almost certainly
due to limitations in the electrode and electrical interface technology currently
available for tissue bioreactors.

4.4 Measurement of Forces Generated by Muscle Constructs

With the ability to measure both active and passive contractility of muscle, it
becomes possible to devise muscle bioreactor systems that can both elicit muscle
contractions by electrical stimulation or chemical additives to the media, as well as
measure the resulting contractions. Many important parameters of the contractility
of muscle can be measured, including the peak twitch and tetanus, rate of increase
of force, half relaxation time, excitability, the delay period between stimulus and
response, and dynamic measures of contraction velocity and power. These meas-
ures can be used as quantitative biomarkers for the state of the muscle tissue in
culture, allowing nondestructive assessment of the developmental stage and general
health of the engineered muscle [2—4, 8, 21, 22, 28, 216].

Force measurements also require some means by which the muscle constructs
may be attached at two or more points so that the muscle tissue can be fastened at
one end to a force transducer and held under tension while suspended in the culture
media. As discussed above, this remains one of the greatest challenges in muscle
bioreactor design. Several general approaches have been employed, including
attachment to steel pins [177], steel screens [131, 156], Velcro [137, 212, 267], silk
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suture [3, 4, 7, 8, 216, 217], engineered tendons [215, 221, 268], or, alternatively,
muscle geometries that naturally allow two point attachment such as a thin ring,
which can be held in tension by placing two posts or hooks at opposite poles inside
the ring and applying tension [5, 176, 269].

To assure accurate measures of contractility, it is necessary to exclude any
force shunts, that is, it is necessary to make sure that all of the force generated by
the muscle is transmitted to the ends of the construct and not to an internal scaf-
fold or laterally to an external point of mechanical contact. A sensitive force
transducer is required, generally capable of resolving down to 1 uN of force, and
up to several mN [270-273]. The force transducer must pass through the wall of
the bioreactor in some way such that it does not mechanically contact the wall,
so usually this requires a wire or hook that passes over the open top of the biore-
actor into the culture media to make a connection with the muscle construct. This
arrangement results in a significant risk of contamination. To allow fully closed
bioreactor systems it will be necessary to develop practical, immersible, high
sensitivity force transducers which can be sealed into the bioreactor chamber.
Some attempts have been made to use remote external camera optical methods
with compliant attachment points inside the bioreactor chamber. The contracting
muscle causes a detectable displacement of the compliant anchor point, usually
the bending of a calibrated cantilever. The movement of the end of the cantilever
is measured optically, and the force is calculated from the known stiffness of the
cantilever. This method has been recently proposed for use in high-throughput
drug screening devices in which measures of muscle contractility are to be used
(Vandenburgh et al., 2008).

4.5 Perfusion

Perfusion bioreactors are sometimes employed with engineered muscle tissue for
two reasons. The first is to provide improved mass transfer by circulating the cul-
ture media [111], the second is to use the fluid dynamic forces to induce tissue
organization and development. Several perfusion bioreactor systems have been
specifically developed for use with functional muscle tissue (Birla et al., in press)
[138, 211, 274-276]. Unlike bone, muscle does not appear to respond to fluid shear
stress as an anabolic stimulus.

This brings into question the need for dynamic fluid forces in the formation of
mature skeletal muscle. Without the need for fluid dynamic forces, the main goal of
muscle tissue perfusion is improved delivery of nutrients and removal of waste. In
this case, a mass transfer system is warranted. Mass transfer systems can use either
low shear stress mass perfusion or gyration and gentle shaking of the bioreactor.
Both methods can be designed to increase the pO,, decrease pCO,, and maintain pH
[138, 267, 275, 276]. Gyrating and shaking bioreactors are less well suited for
3-dimensional muscle constructs that are anchored to the underlying substrate. In
these cases, a mass perfusion system is more feasible. Mass perfusion of scaffold-
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based engineered tissues with flow rates from 0.6-3 mL min~! increases the number
of cells deep within the matrix [138, 275]. A flow rate of 0.6 mL min™! can produce
uniform cell density up to ~1 mm deep [275]. While the increase in functional cell
depth is encouraging, neither the accumulation of protein nor the total DNA within
the constructs was improved over static culture [138]. Furthermore, the rate of
myosin heavy chain degradation was greater in the perfused muscle constructs than
those grown in static conditions. One possible explanation for this finding is that
mass perfusion often uses positive displacement (peristaltic) pumps to circulate the
media. Peristaltic pumps compress a flexible tube to force the fluid through the
perfusion loop. Unfortunately, mechanical friction and compression of cell culture
media within silicon tubes often results in precipitation, aggregation, and loss of
proteins within the serum. Many of the proteins lost in this manner are the chemical
factors within the serum that promote muscle tissue growth and development. Other
types of perfusion pumping systems, especially those that involve rapidly moving
turbines or valve elements or sliding contact mechanism seals are also thought to
cause damage to both whole blood and cell culture media [277]. Therefore, the
development of more appropriate methods of perfusion pumping is required.
Possible alternatives include magnetohydrodynamic pumping [278], passive gravity
head-pumps [279], and positive pressure pumping systems with minimal valve clo-
sure cycles, similar to that employed by Lindbergh and Carrel. Positive pressure
systems pump media from a positive gage pressure chamber to a slightly less posi-
tive gage pressure chamber on the other side of the perfusion loop. Since there is no
mechanical compression of the media within the tube and fewer valve closure cycles
per volume pumped, there are fewer problems with protein loss from the serum.
Damage to the perfusate, especially the dissolved proteins, is also thought to result
at the liquid—gas interface present in most perfusion systems. This would require the
use of compliant reservoirs which can expand and contract to accommodate changes
in perfusate volume, as well as an overall zero head space bioreactor design
[280-282], to eliminate all liquid—gas interfaces by interposing semipermeable mem-
branes where this interface might normally occur.

4.6 Chemical Stimulation

An increasing number of chemical agents and hormones are known to have important
physiological effects on skeletal muscle growth and development. Importantly, differ-
ent chemical agents effect muscle at different developmental states in vitro. For
instance, the hormone myostatin and its inhibitor follistatin [283, 284], as well as
fibroblast growth factor [285, 286] alter the terminal differentiation of myoblasts
resulting in a greater/lesser number of myoblasts within the engineered muscle con-
struct capable of fusing to form myotubes. A variety of drugs and hormones promote
the terminal differentiation and fusion of myoblasts. For example, creatine increases
myoblast fusion by approximately 40% [287]. Other agents that affect fusion include
l-arginine (via the production of nitric oxide), and the insulin like growth factors
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(IGFs) [52, 288-296]. Some hormones effect muscle function during more than one
developmental state. For example, thyroid hormone (T3) promotes the terminal dif-
ferentiation of muscle cells by directly activating the transcription of the myogenic
regulatory factors MyoD and myogenin [297-299] and also regulates the develop-
ment of more excitable and more mature muscle constructs. T3 increases excitability
through the regulation of the Na+- K+- ATPase [300], directly controls muscle relaxa-
tion through the expression of the sarcoplasmic reticulum calcium reuptake channel
[301, 302], and affects muscle maturation by directly altering the expression of adult
myosin heavy chain [303-305]. Functionally, the presence of T3 results in a muscle
that is more excitable, produces more force, and has a shorter time to peak tension
and half relaxation [306]. In dwarf mice, with normal innervation and loading pat-
terns, adult MyHC isoforms are not expressed in either the heart or skeletal muscle
without thyroid hormone treatment [304]. However, while thyroid hormone has direct
transcriptional effects on muscle, in cultured myocytes it is not sufficient by itself to
produce adult muscle fibers. These findings suggest that a permissive level of thyroid
hormone is required for the maturation of skeletal muscle fibers from an embryonic
to adult phenotype. In the final state of muscle development, drugs such as cyclosporin
A can be used to promote myosin heavy chain expression and the production of fast
muscle [235]. Other hormones, such as IGF 1 and testosterone, can also be used dur-
ing this state to promote muscle hypertrophy and increased force production. Further,
addition of growth hormone, ascorbic acid, and proline can be used at this time to
promote the production of extracellular matrix proteins resulting in a more mature
muscle with either a fast or slow phenotype that produces more force and is able to
transfer that force effectively to its anchor points resulting in improved contractility
with less risk of tissue injury. Therefore, just as with mechanical and electrical inter-
ventions, chemical interventions need to be administered within the bioreactor in a
state-specific manner to promote the final muscle phenotype.

4.7 Multiple-Mode Stimulation

Bioreactors that permit multiple modes of stimulation of engineered muscle have
recently become relatively common in the literature. For example, bioreactors that
allow control of mechanical stimulation and perfusion or electrical and mechanical
stimulation have been reported by several groups [124, 126, 127, 131, 136, 153,
157, 161, 163, 171, 307].

As any system becomes more complex, it generally also becomes increasingly
subject to failure. This remains true unless there is a radical change in the archi-
tecture of the system to accommodate the increased complexity while vastly
reducing the overall probability of failure. One of the major reasons that new mus-
cle bioreactor systems do not gain wide acceptance and use is that they have
become so complex that they are difficult to set up, and once in use they are highly
prone to failure. A familiarity with the various failure modes in muscle bioreactors
is an important aspect in bioreactor design because the system architecture must
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minimize these failure modes in order for increasingly complex bioreactor systems
to be practical.

5 Failure Modes for Muscle Tissue Bioreactors

Even though a bioreactor may function precisely as designed, it may still fail to
elicit the desired response from the tissue specimen. Usually this is the type of
“failure” that is reported in the scientific literature. But bioreactor system failures
that cause unanticipated experiment termination are exceedingly common, and
generally are only discussed briefly, if at all, within the methods sections of publi-
cations. Typically the discussion of bioreactor system failures are not categorized
and analyzed and reported in sufficient detail to inform the reader fully. Thus, as a
result, fundamental errors in the design of muscle bioreactor systems are undoubt-
edly repeated many times independently. As muscle tissue bioreactors become
more complex, and as the culture periods ex vivo extend into many months, there
are an increasing number of failure modes that become more likely to occur. The
design of a muscle tissue bioreactor should include a careful consideration of all
possible failure modes and provide countermeasures and some means for monitor-
ing for these failures [21, 22, 136]. Briefly, the major failure modes include:

5.1 Septic Contamination

This mode of failure affects all types of muscle bioreactors and at room temperature
typically results in rapid functional deterioration of the engineered tissues within 24h
in the absence of countermeasures. Barrier asepsis is prone to failure in complex
bioreactor systems, especially those with intrusive sensors that come into contact
with the culture media, and for any type of perfusion system [21]. Chemical
countermeasures using broad spectrum antibiotic/antimycotic formulations in the
culture media are effective [3, 4, 8, 216, 217], however the use of streptomycin can
interfere with contractility in developing muscle because it is an aminoglycoside
antibiotic which blocks stretch-activated channels (Birla et al. 2008) [308]. For long
term culture of engineered muscle in bioreactor systems, it may be necessary to
initially use, then taper off the concentration of certain chemical antibiotics/
antimycotics. With increasing system complexity, the inclusion of media perfusion,
intrusive sensors, mechanical actuators, and multichambered bioreactors with complex
fluid manifolds, this failure mode has increased in practical importance to the point
where it may be stated with some confidence that it sets the practical limit for muscle
tissue bioreactor system complexity using the current methods and technologies.
Until radical new system architectures are developed which mitigate this problem,
further progress toward increasingly complex yet practical and usable muscle
bioreactors is unlikely.
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5.2 Mechanical Failure Within the Tissue

Also known as contraction induced injury, this mode of failure is prevalent in muscle
tissue subjected to maximal contractions during forced lengthening, and affects
engineered muscles, as well as aged and dystrophic muscle in vivo [309-311]. The
effective countermeasure for tissue bioreactors will almost certainly involve
employing control algorithms that prevent repeated eccentric contraction of fully-
activated muscle actuators [21]. Living muscle can functionally adapt to tolerate
lengthening contractions if the proper maintenance protocols are employed. An
attempt can be made to implement such protocols in the muscle actuator bioreactors
using feedback control.

5.3 Mechanical Failure at the Tissue-to-Tissue Interfaces

Less common for muscle in vivo, this is a major failure mode for explanted
whole muscles and in vitro engineered muscle tissues in general. For whole
explanted muscles, the interface typically involves suture or adhesive applied to
the pre-existing tendons. Lack of process control in this tissue/synthetic junction
leads to unpredictable mechanical failures over time. In engineered tissues the
problem is more serious, as tissue failure frequently occurs at the tissue/syn-
thetic interface under relatively mild mechanical interventions. The failure is
hypothesized to be due to stress concentration at the tissue/synthetic interface
resulting from a mismatch of the mechanical impedance between the muscle
tissue and the material to which it is attached [215, 221, 268], compounded by
inadequate force transduction from the appropriate intracellular force generating
machinery through the myofiber cell membrane to the extracellular matrix, leading
to cell membrane damage at the interface, with subsequent rapid tissue degrada-
tion and necrosis. This is a serious technological limitation to further advance-
ment in muscle tissue engineering, and it is probable that fully-functional in
vitro engineered skeletal muscles can not be realized until the technical chal-
lenge of engineering functional myotendinous junctions has first been mastered.
This remains a major objective of current research in muscle tissue engineering
[215, 219-221, 268]. The ECM of skeletal muscle is contiguous with the tendon
tissue and provides both axial and transverse mechanical connectivity between
the contractile proteins in muscle and the tendon [312-314], and thus the tendon
at each end of an adult phenotype skeletal muscle is an important part of the
whole muscle organ. Unlike muscle tissue, tendon tissue is 80-90% extracellular
matrix, composed chiefly of parallel arrays of collagen fibers. Tendon is a much
less fragile tissue than muscle. This reduces the difficulty of attaching engineered
tendon to a synthetic material. Still, the tendon-to-synthetic interface, where biol-
ogy interfaces with machine in the bioreactor system, is a separate yet equally
important technical challenge.
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5.4 Metabolic Failure

This failure mode results most frequently from inadequate delivery of metabolic
substrates and inadequate clearance of metabolic byproducts, and is exacerbated at
elevated temperatures. This failure mode can thus be equated at some level with the
current inability to adequately engineer and perfuse vascular structures within in
vitro engineered skeletal muscle. In the absence of vascular perfusion, the best
countermeasure for this failure mode is to restrict the size of the muscle construct
to remain below the V| (viable radius), where viable radius is defined as the maxi-
mum radius of a cylindrical muscle construct that can be achieved where living
cells occupy the full depth of the tissue construct (Fig. 7). Though it is possible to
generate much larger diameter tissue constructs, in these tissues the viable cells
(fibroblasts, myocytes, myotubes, and fibers) will all be located in an annulus on
the periphery of the tissue construct, surrounding a necrotic, noncontractile core of
cellular debris and extracellular matrix [11, 148]. In static culture of 3-dimensional
muscle in vitro, the viable radius is generally limited to about 40-50 wm for mam-
malian cardiac [23] and ~150 wm for mammalian skeletal muscle constructs [11,
83, 133, 148]. For this reason, muscle constructs larger than these grown in static
culture in vitro will suffer metabolic failure at the core and have reduced peak con-
tractile specific force (sPo), which is the peak contractile force normalized by
dividing by the total cross sectional area of the tissue construct, in units of kN/m?
or kPa [11]. This mode of failure typically initiates at the axial core of cylindrical
muscle actuators [3]. For this reason, sustained angiogenesis and perfusion is a
major technical objective in current tissue engineering research.

Fig. 7 Cross section of an engineered skeletal muscle (leff) showing an annulus of fibroblasts
surrounding a core of viable, contractile skeletal muscle myotubes (adapted from [3]). In this case
the tissue radius is <V for skeletal muscle, ~150 um. On the right is shown a longitudinal section
of engineered cardiac muscle tissue through the middle of the tissue construct. The radius of the
roughly cylindrical construct decreases from left to right. At the extreme left, the core of the tissue
is disorganized and filled with nonviable, noncontractile cellular debris. As the radius of the con-
struct approaches ~50 um (to the right) the necrotic core disappears and viable cells are present
throughout the tissue cross section
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5.5 Cellular Necrosis and Cell Death

Other than metabolic failure induced necrosis, the second most common reason for this
failure type is cellular hypercontraction and hyperextension in the muscle construct
resulting in contraction-induced injury and in extreme cases in rapid necrosis [310,
315-317]. This mechanism can occur more or less uniformly across the muscle cross
section, but will theoretically occur more frequently in areas with reduced physiologic
cross-sectional area or inhibited sarcomeric function. These mechanisms are not neces-
sarily due to dynamic mechanical interventions. Muscle maintained at an inappropriate
length, either too short or too long, will deteriorate more rapidly, even if the muscle is
quiescent. In explanted muscles, maintenance at lengths greater than the plateau of the
length-tension curve appears to be the most damaging over time [318]. The occurrence
of these failure mechanisms can be minimized in muscle bioreactors by use of nonde-
structive biomarkers of development, also known as nondestructible tissue biomarkers
and the automated monitoring of the health of each muscle.

5.6 Toxic Contamination

A serious problem for all in vitro engineered muscle tissues is exposure to toxic agents.
The best countermeasure for each of the three major sources of toxins is barrier exclu-
sion of external toxic agents, the use of biocompatible materials in the media fluid
space of the bioreactor, and the clearance of toxic metabolic byproducts via a perfusion
and filtration system integrated with the bioreactor. The identification of which materi-
als are biocompatible and which are not is somewhat problematic because this depends
upon many variables including the cell types in question, the required level of compat-
ibility, the amount and purity of the materials themselves, and several other factors.

There are many examples of where problems arising from toxic contamination of
the bioreactor can occur. One example is the residual presence of sterilizing agents
such as ethanol. Another is outgassing or leaching of chemicals from otherwise
biocompatible materials [319]. This is sometimes the case with Delrin (poly-
oxymethylene) a commonly used material in medical implants and bioreactors
which contain trace amounts of formaldehyde which can interfere with cell cultures
unless properly treated prior to use [319, 320]. Also, the biocompatibility of many
widely used biocompatible materials changes with repeated use and exposure time
to culture media [319], so with the increasing duration of culture times of engineered
muscles these considerations gain importance.

5.7 Electrochemical Tissue Damage

This failure mode affects muscle tissue under any conditions (in vivo or ex vivo)
where electrical stimulation is applied. The single best countermeasure in all cases
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is to promote and maintain tissue phenotype exhibiting very high excitability, thus
minimizing the required electrical excitation energy by up to three orders of mag-
nitude [28]. In addition to vastly improving the excitation efficiency of the tissue,
adult muscle phenotype excitability can yield as much as a 99.9% reduction in
electrical pulse energy requirements for any given level of muscle activation, when
compared with chronically denervated or tissue-engineered muscle tissue at early
developmental stages [28]. For this reason, the development of electro-mechanical
muscle bioreactor systems and maintenance stimulation protocols form a core com-
ponent of all current research on muscle tissue engineering. Additional counter-
measures include the selection of appropriate electrode materials, the use of
minimally energetic stimulation protocols [47-50, 266], the use of pure bipolar
stimulation pulses with careful attention to charge balancing [47, 48], and the use
of high impedance outputs to the electrodes when not stimulating [47].

5.8 Operator Error

Ideally, a large number of semi automated bioreactor systems could be monitored
by one or only a few individuals with a modest level of skill. To the extent that the
use of muscle tissue bioreactors remains a labor intensive task carried out only by
highly skilled individuals it will remain impractical to consider industrial-scaleup
of bioreactor capacity. For some applications, such as basic research, this limitation
is less important, whereas for others such as large-scale drug screening or the pro-
duction of animal-based agricultural meat products in bioreactors this limitation
renders the application both logistically and financially infeasible. But in any appli-
cation, the increased frequency of operator error will lead to increased inefficiency
and cost of operation. Semi-or fully-automated systems will only partially alleviate
this problem, because at present most of the errors seem to occur during system
setup: cleaning and disinfecting, harvesting and introduction of primary myogenic
precursor cells and scaffolds, etc. To address this failure mode effectively will
almost certainly require a dramatic change in the basic techniques currently
employed for cell isolation, purification, and cell culture.

6 Conclusions and Future Directions

If one studied only the “recent” advances in muscle tissue engineering bioreactors
from about the last decade, one might conclude that the advances in this area have
been rapid, as have been recent advances in the basic understanding of the molecular
biology of muscle development. However, a careful study of the history of tissue and
organ bioreactor development clearly shows this not to be the case. As new technolo-
gies have become available, such as microfabrication, new and better imaging tech-
nologies, exponential increases in computing power, improved techniques and
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materials for basic biological research, and the availability of new biocompatible
materials, these have been employed in the design of new muscle tissue bioreactor
systems. Certainly, as a result there has been some advancement in our scientific
understanding of muscle tissue development, but it is fair to say that this advance-
ment has been at best incremental. There is no indication that any recent attempts to
develop a muscle tissue bioreactor system have been systematic, comprehensive and
successful in terms of achieving a major and lasting advance in the technology.

7 Key Questions and Technical Requirements

Whole organ maintenance ex vivo—What essential element is missing from our
understanding that would allow us to maintain whole organs ex vivo indefinitely?

Signals required for muscle development in vivo—What are the essential signals
required to drive muscle development from isolated myogenic precursor cells
through to adult phenotype whole muscle organs?

Emulation of the essential developmental signals—How can each of these essential
signals be duplicated in a satisfactory manner ex vivo?

Tissue-to-tissue interfaces—How can the essential tissue-to-tissue interfaces be
engineered? As a minimum these will include vascular, muscle-tendon, and perhaps
also nerve-muscle.

Tissue-to-synthetic interfaces—How can the essential tissue-to-synthetic interfaces
be engineered? These will include connection of the vascular network to a per-
fusion system, the mechanical connection between tendon and machine, and a
means to elicit active contractions in the muscle, either directly by electrodes or via
a functional nerve-muscle interface.

Co-culture technology—How can diverse co-cultures be maintained in vitro? How
can co-cultures of myogenic precursor cells be independently guided to form com-
plex tissues in the same bioreactor compartment?

Nondestructively testable biomarkers of development—What are the nondestructively
testable biomarkers that can be used to monitor the phenotype of the developing
muscle in vitro? These must include as a minimum contractility, excitability, and
metabolism.

Sensors—What existing sensor and actuator technologies exist, and which new
technologies must be developed, in order to allow feedback control of muscle
development in vitro using NDTB as the plant output? The sensors must be non-
toxic, durable under prolonged implantation or cell culture conditions, low power,
very low cost (essentially disposable), mass producible, cell culture compatible,
and preferably noninvasive.

Feedback control—How do we effectively employ the NDTB as markers of muscle

development within a feedback-controlled bioreactor system? It is unlikely that one set
of input stimulus parameters will guide a muscle from the early stages of development
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through to an adult phenotype. Muscle bioreactor systems must be capable of monitor-
ing development nondestructively and applying dynamic changes to setpoints for
several controlled variables in order to guide the developing muscle to the desired
phenotype.

Usability—How can systems be built that are user friendly enough to gain general
acceptance?

Reliability and cost—What manufacturing processes can be employed (and what
new processes might need to be developed) that will allow a very high level of
bioreactor system integration to vastly improve reliability while reducing cost?

Radical change in basic bioreactor system architecture—Many tissue culture bio-
reactor systems have reached a point at which increased complexity or extension of
the period of use is no longer practical due to the many failure modes and the cor-
respondingly high probability of system failure. This is particularly true for per-
fusion systems, bioreactors that contain multiple tissue specimens, and systems
with many sensors and actuators that protrude into the aseptic spaces of the
bioreactor.

Logical development sequence—What interim strategies are most advantageous?
Should implantable or hybrid bioreactor systems be developed first?
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Abstract The challenges for the tissue engineering of connective tissue lie in
creating off-the-shelf tissue constructs which are capable of providing organs for
transplantation. These strategies aim to grow a complex tissue with the appropri-
ate mechanical integrity necessary for functional load bearing. Monolayer culture
systems lack correlation with the in vivo environment and the naturally occur-
ring cell phenotypes. Part of the development of more recent models is to create
growth environments or bioreactors which enable three-dimensional culture.
Evidence suggests that in order to grow functional load-bearing tissues in a bioreactor,
the cells must experience mechanical loading stimuli similar to that experienced
in vivo which sets out the requirements for mechanical loading bioreactors.
An essential part of developing new bioreactors for tissue growth is identifying
ways of routinely and continuously measuring neo-tissue formation and in order to
fully identify the successful generation of a tissue implant, the appropriate on-line
monitoring must be developed. New technologies are being developed to advance
our efforts to grow tissue ex vivo. The bioreactor is a critical part of these develop-
ments in supporting growth of biological implants and combining this with new
advances in the detection of tissue formation allows us to refine our protocols and
move nearer to off-the-shelf implants for clinical applications.
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1 Introduction

The challenges for tissue engineering lie in creating off-the-shelf tissue constructs
which are capable of providing organs for transplantation. In the case of connective
tissues, this presents not only the challenge of growing a complex tissue with mul-
tiple cell types and matrix orientation outside the body, but also mechanical integ-
rity for functional load bearing. Recent research has been heading in the right
direction, however, to date this challenge has not been met. Although a long way
off from functional bio-implants, developments are being made in biology and
engineering of cells and their growth environments which are moving this field
forward. A key part of the process is developing new bioreactors to support tissue
growth which presents a requirement for identifying ways of routinely and continu-
ously measuring the growth of ex vivo tissues in a bioreactor environment. In this
chapter, we explore the development and constraints of bioreactors for the tissue
engineering of connective tissues. The new developments in non-invasive monitor-
ing of tissues in terms of imaging and microscopy as well as on-line measurements
of metabolic parameters are also outlined.

2 Development of in Vitro Culture Models

The cell culture of connective tissues has historically relied on monolayer culture
models. These monolayer cultures have been well characterised and include precur-
sors for the mature bone phenotype such as bone marrow stromal cells or perio-
steal-derived cells from calvaria [1]. In addition, cell-culture systems for
chondrocytes, osteoclasts [2] and osteocytes, which do not grow in confluent layers
and present challenges for long-term maintenance in culture conditions, have been
well described. These cell culture protocols have been well used in improving our
understanding of the underlying biology of the cell populations present in bone and
cartilage. They have also been utilised in our attempts to understand the role of
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physical forces and mechanical loading on bone cells in culture using a variety of
2D mechanical culture systems such as four-point bending [3-5]. The importance
of these monolayer systems is that they are sterilisable, scaleable, reproducible,
disposable, and visually suited to microscopy systems etc. The problems with these
monolayer systems include the lack of correlation with the in vivo environment and the
naturally occurring cell phenotypes, and the lack of adaptability to a 3D environment,
because of limitations in mass transfer.

The tissue-engineering community is attempting to move away from these
monolayer systems and develop 3D models which can be used for biological
investigations as well as drug testing. The ultimate aim is to move towards gener-
ating tissue for transplantation, and the knowledge developed using these new in
vitro models will aid in this. Part of the development of these models is to create
growth environments or bioreactors that can replace monolayer culture systems
and sets out the requirements for these bioreactors very clearly.

One of the first examples of a commercial bioreactor for tissue engineering
which met the above requirements was the rotating-wall bioreactor designed by the
National Aeronautics & Space Administration (NASA). These bioreactors have
been designed to enable the culture of constructs in a state of free fall which applies
low shear stresses to the cells. Previous studies have shown that the use of a rotating
bioreactor increases the number of cells present in constructs after 28 days of cul-
ture compared to static and perfusion cultures [6]. This is thought to be a result of
an improvement in mass transport between the cells seeded within the constructs
and the culture media [7]. This is advantageous because in vivo most cells benefit
from the close proximity of capillaries that provide the mass transfer requirements
of oxygen and nutrients between the cells and the blood [8]. These systems are now
being marketed under the label Synthecon or Cellon products. Osteoblast-like cells
cultured in these bioreactors display characteristics more representative of in vivo
osteoblasts [9, 10] and show a more mature phenotype compared to static 3D cul-
tures [11]. Mesenchymal stem cells (MSCs) cultured in these bioreactors on silk
scaffolds have also shown enhanced calcium accumulation compared to static cul-
tures and resulted in constructs that resembled trabecular bone with respect to
structure and mineralised tissue [12].

3 In Vivo Versus In Vitro Bioreactors

What is the gold standard for bioreactors? There is a growing body of evidence to
show that the in vivo environment presents the most optimal environment for engi-
neered tissue implants to grow. Stevens et al. [13] recently published a strategy for
in vivo engineering of organs using the periosteal environment as a bone bioreactor.
By implanting biomaterials under the periosteal flap in situ on the bone surface in
vivo, the authors demonstrate how they can generate bone that is removable and
useable for transplantation to other sites in the body. Even more remarkable evi-
dence for an in vivo bioreactor in humans is the work published by Wanke et al.
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[14] where titanium meshes were implanted with bone morphogenetic protin 7 in
the muscle of the dorsum of a patient. The mineralised bone scaffold was cellular-
ised and generated over a period of months prior to use in transplantation in the jaw
of a patient. For the tissue engineer, these studies identify core principles for bone
tissue growth which can be taken into account when considering the best bioreactor
design for an in vitro environment. The core principles for a bioreactor are:
(a) Maintaining sterility, (b) Good mass transfer, (c) Suitable for scale up, (d) Reproducibility
of samples, (e) Controlled metabolic environment, (f) Ability to impose physiologi-
cally relevant mechanical stimulation to tissues. Added to this is the need to get the
growth media and spatial arrangements of the scaffolds in the right configuration.

4 Application of Physiological Mechanical Environments

Evidence suggests that in order to grow functional load-bearing tissues in a bioreactor,
the cells must experience mechanical loading stimuli similar to those experienced in
vivo—in other words, the in vivo stress environment must be mimicked inside the
bioreactor. The in vivo environment of bone and cartilage is such that they receive a
combination of different types of mechanical loading including tension, compression,
bending, shear and torsion and in order to replicate this more closely, recent approaches
to bioreactors enable the application of several different types of physical stimulation to
the constructs [15]. Application of relevant in vivo physiological loads presents a chal-
lenge for the design of bioreactors relevant to a wide range of tissues. These applied
stresses are necessary in order to initiate biochemical reaction pathways—for example
through the activation of mechanosensitive (MS) Ca*™ ion channels or the re-orienta-
tion of the cytoskeleton—which allow human bone and cartilage to develop their
characteristic mechanical properties [5]. It is also evident that many stems cells such
as mesenchymal stem cells require mechanical cues in order to direct their
differentiation [16]. These cues may even be more important than some biochemical
cues [19, 37].

Bioreactors enable the culture of these cells in a 3-dimensional environment and
can be used to apply reproducible and accurate regimes of mechanical forces to
cell-seeded constructs [17]. Bioreactors can therefore be used to investigate the
effects of mechanical stimulation on cells in a 3D environment which has previ-
ously been shown to enhance the differentiation of mesenchymal stem cells along
numerous lineages ([18]).

Recently, bioreactors have been developed which apply mechanical forces via
piston/compression systems, substrate bending, hydrodynamic compression and
fluid shear (for review see [19]). Many of these different types of bioreactor are
discussed in other chapters in this volume. Figure 1 shows a perfusion compression
bioreactor first designed in 1991 by El Haj et al. [20] to maintain viable bone explants
ex vivo. The bioreactor has subsequently been adapted to enable the growth of cell-
seeded constructs [21]. Yang and El Haj (2005) cultured poly-l-lactic acid (PLLA)
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Fig. 1 (a) Diagram of the perfusion compression bioreactor as described by El Haj et al. (1990,
1992) for culture of explants and cell-seeded constructs for tissue engineering; (b) and (c¢) show
photographs taken of the constructs within the chamber demonstrating the methodology for meas-
uring the amount of compression on the top of the scaffold. Problems arising from the consistency
across the top of the construct can be seen
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scaffolds seeded with MG63 (osteosarcoma cell line) cells in this adapted system.
After 3 weeks of culture under perfusion, the cell-seeded constructs were submitted
to a loading regime of 0.1% strain for 1 h per day at a frequency of 1 Hz for 7 days
with media being perfused through the system at a rate of 0.1 ml min!. A combina-
tion of compression and perfusion resulted in a significant increase in the expression
of osteogenic markers compared to static and perfusion only samples. This bioreac-
tor has also been used for the culture of tissue-engineered cartilage and demonstrated
that in vivo physiological loads are sometimes too excessive for engineered con-
structs. It was also demonstrated that low levels of strain can have greater growth-promoting
effects [22].

There are, however, problems associated with these types of bioreactors. Any
force-producing mechanism that invades the bioreactor (such as in piston/compres-
sion systems) may cause infection. The scaffold materials must transmit the force
to the cells and in order to withstand the loads in a compression perfusion bioreac-
tor, the scaffolds must be strong. This often results in long degradation times. In
order to generate new biological matrices, the support scaffolds are often rapidly
degrading which compromises their mechanical properties and makes them weak.
These mechanically weak scaffolds therefore may not be capable of transmitting
the required forces and may be unsuitable for a large range of available bioreactors.
Although the forces required to activate MS ion channels via cell membrane defor-
mation are small (5-100 pN; [23]) this requirement may present technical problems
for bioreactor and scaffold design.

5 Magnetic Force Bioreactor

Other challenges for bioreactors include continuous profusion of cell nutrients, long-term
sterility and, in the case of compression systems, the matrix transmits the applied forces
to the cells within the pores. In addition, it is not possible to apply spatially varying
stresses in three dimensions in order to form complex tissue structures such as a complete
joint with a cartilage/bone interface. There are also serious problems with scale-up when
multiple compression systems are applied to large numbers of samples, for example in
the case of high-throughput screening applications.

A new development in bioreactor design is based on the theoretical principles
and prototype design of a novel mechanical conditioning system—a magnetic force
bioreactor (MFB) which is designed to apply stress directly to the cell membrane
using forces acting on magnetic nanoparticles—comprising a magnetic core with a
polymer outer coating [24] (Fig. 2). In this system, biocompatible magnetic parti-
cles are attached to the cell membrane (e.g. via RGD, collagen or integrin recep-
tors) or directly to an ion channel membrane protein. The cells may be in 2D culture
or seeded into porous, bioresorbable scaffolds and introduced into a bioreactor.

The applied force simulates mechanical loading of the cell membrane without
requiring direct access to the cells inside the bioreactor and without requiring the
stress to be transmitted from the scaffold to the cells. Loads can be varied easily by
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Fig. 2 The magnetic force bioreactor. The system is comprised of a magnetic plate which can be
cyclically adjusted under the base of a table. The table supports a number of configurations which
include a standard 6-well plate containing cell-seeded constructs. Magnetic particles are attached
to the cells mechanosensitive receptors in a variety of configurations [24]

changing the magnetic field strength and gradient or the magnetic properties of the
nanoparticles. Cells carrying particles with different magnetic properties can be
seeded into different regions within the 3D scaffold, producing a spatial variation
in force using the same magnetic field geometry.

The application of cyclical external magnetic fields (at physiological frequencies
such as 1-3 Hz) applies either a translational force (due to the attraction of magnetic
nanoparticles along the magnetic field gradient) or a combination of translational
force and torque (for larger, magnetically blocked nanoparticles and microparticles)
which is transmitted directly to the cell membrane or the cytoskeleton and can be
varied in three dimensions within a scaffold. Hughes et al. [25, 26] have demon-
strated how magnetic microparticles attached to ion channels through His-tagged
clones can be remotely activated by time-varying magnetic fields.

Initial results from static 3D and 2D cultures using these systems demonstrated
significant up-regulation of bone-matrix proteins [24, 27]. After 1 week in culture, both
osteocalcin, osteopontin and alkaline phosphatase showed up-regulation when com-
pared to controls. Work is now progressing toward building complexity in the biological
models with co-cultures and multiple tissues. The system is also allignable to a per-
fusion bioreactor allowing mass transfer to be addressed. The MFB systems should
provide several advantages over current mechanical stimulation systems such as:

* Unprecedented, high precision control of the physical stress parameters through
variation of the magnetic force.
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e As the stress is applied directly to the cell membrane, the need for mechanically
strong scaffold materials is eliminated.

e Particles are remotely coupled to the magnet array with no components con-
nected into the bioreactor. This eliminates a potential infection route.

e The system is scalable and presents the potential to apply a spatially varying
load profile via seeding with particles of differing magnetic properties.

In addition to cell culture and 3D scaffold-based culture work, the MFB has been
used to investigate the magnetic activation of calcium pathways in human bone
marrow stem cells. Observation of Ca?* fluorescence activity in these cells showed
significant levels of baseline calcium activity in 30-50% of cells, with many of
these demonstrating oscillating intracellular calcium levels. The application of 600
G static magnetic fields did not greatly influence the behaviour of cells already
undergoing Ca** oscillations, however cells with steady baseline Ca** levels showed
clear characteristic transients in response to magnetic stimulation—indicating acti-
vation of mechanosensitive calcium pathways [25, 26].

This system should also be adaptable to other biomedical applications in which
it is important to mimic the in vivo stress environment in vitro. An example of this
is high-throughput drug/toxicity screening in a dynamic culture environment. It is
critically important to test and screen drugs on cells and tissue in a dynamic culture
environment in order to more clearly understand how the compound will behave in
vivo where mechanical forces are constantly being applied to the cells. This cannot
be achieved with the static monolayer, or even 3D, culture systems presently in use.
The MFB can be easily adapted for this type of screening in both multi-well mon-
olayer cultures and multi-well 3D cultures.

6 Monitoring On Line

In order to fully identify the successful generation of a tissue implant, the appropri-
ate on-line monitoring must be developed. In the bio processing industry, the pro-
tocols for on-line monitoring are well described. Measurements of pH, pO, and
other metabolites are taken routinely on line in large-scale cell-culture environ-
ments and the key markers in these scale-up environments are for levels of infection
and cell death. In tissue engineering, on-line monitoring has only recently been
considered fully. Ideally, the aim is to monitor tissue growth and formation. This
builds a complexity into the analysis which currently relies upon terminal experi-
ments where newly generated tissues can be fully characterised. Ultimately, if
engineered tissues are to be delivered to patients for transplantation then routine
on-line assessments of the state of the implant are necessary. In this way, identifica-
tion of when tissues are ready for delivery will be determined routinely.

New ways for non-invasive monitoring by imaging tissue constructs are being
developed. Optical technologies such as Optical coherence tomography (OCT) [28] or
variations such as Doppler OCT [29] and polarisation OCT [30] are being put forward
as cheap and simple methods for monitoring structural tissues. Figure 3 shows an
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Fig.3 OCT images showing the microstructural variations induced by different culture conditions.
In the non-stimulated group (static group), cells and extracellular matrix have developed in the
middle or at the surface of the channel as seen respectively in (a) and (b). Morphologically similar
microstructural variations are found for the perfusion group (c¢) and (d) with a greater degree of
matrix laid down in the perfused channels (Image adapted from Bagnaninchi et al. [30])

image of a chitosan scaffold with microchannels seeded with cells and cultured in a flow
bioreactor. This technique has been used to quantitatively assess the effects of flow on
cell growth in the channels [30]. Combining the OCT with other modalities, such as
Doppler, to measure flow through the bioreactor and microchannels within the tissue,
or polarisation to determine matrix orientation, allows us to image tissues with time.
Polarisation OCT is also being developed to enable the orientation of the matrix during
tissue growth to be monitored (Fig. 4). Bioreactors can be designed to enable optical
interrogation of the growing tissues, however a key issue in optical modalities is the
penetration depth of light. In the case of OCT, this is limited to 2-3 mm depth of imag-
ing which is suitable for some tissue constructs, such as cartilage, but not appropriate
for larger scale implants.

Other methods are being explored such as permittivity measurements [32] or
NMR spectroscopy systems for the non-invasive measurement of cell numbers within
the 3D culture [33]. Alternative strategies for the monitoring of the behaviour of tis-
sue-engineered constructs involves the development of fluorescent scaffolds which
can be measured with time to assess decay of fluorescent intensity in relation to
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Fig. 4 (a) and (b) are respectively the intensity (SO) and phase retardation map of a human tendon.
Low area of scattering correlates with fat infiltration as seen on the histology (¢), while the high
scattering sphere correlates with high concentration of cell clusters and matrix formation [31]

degradation of the material. Fluorescent markers can be used in a number of ways but
labelling cells with fluorophores may not be suitable for follow on implantation.

Metabolic monitoring relies on existing sensing methods for in vivo and bulk cell
bioprocessing systems. In terms of bioreactor process monitoring, there are two pos-
sible strategies available using biosensors. One strategy involves the use of sensors
being placed inside of the bioreactor. This invasive method, where the biosensor can
be located either in the culture fluid or in direct contact with the cells or tissue/scaf-
fold construct can be advantageous in situations when sample extraction and transport
could cause difficulties. Boubriak et al. [34] have monitored metabolic gradients
within tissue-engineered constructs using embedded sensors within scaffolds.
Another example is the use of microelectrodes built into the bioreactor. The microe-
lectrodes are used to measure the concentration of O, when a change in oxidation
potential occurs. There are several disadvantages with this strategy however. The
electrode must be introduced into the sample and at different locations, calibration is
lengthy and difficult, and problems can arise with sterilisation [35]. Invasive fibre-
optic sensors have also been used for PO, and pH measurements. The fluorescent
intensity is measured directly for the pH measurement and the quenching effect of O,
is used for the PO, measurement [36].
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Non-invasive sensing can be carried out using optical methods such as
spectrophotometry or fluorimetry. This approach obviously avoids the diffi-
culties of needing to sterilise the sensors, but there is more of a challenge in
achieving high specificity and high sensitivity for target molecules such as
glucose. Reporter patches fixed to the inside of an optical window in the bio-
reactor wall are being investigated. Such patches contain ion-sensitive dyes or
O,-quenchable fluorophores [36]. The use of biosensors outside the bioreactor
offers many advantages. The problems with sensor sterilisation is completely
avoided and any sample preparation required, such as dilution to within the
linear range of the sensor, pH adjustment by the addition of an appropriate
buffer, and temperature measurements, can be accomplished easily.

7 Conclusions

New technologies are being developed to advance our efforts to grow tissue ex vivo.
Using core elements such as stem cells and biomaterials combined with a range of
growth promoting agents—both biochemical and mechanical—we can influence
tissue growth and formation. The growth environment or bioreactor is a critical part
of these developments in supporting growth of biological implants. Combining this
with new advances in detection of tissue formation is allowing us to refine our
protocols and move nearer to off-the-shelf implants for clinical applications.
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Mechanical Strain Using 2D and 3D Bioreactors
Induces Osteogenesis: Implications for Bone
Tissue Engineering

M. van Griensven, S. Diederichs, S. Roeker, S. Boehm, A. Peterbauer,
S. Wolbank, D. Riechers, F. Stahl, and C. Kasper

Abstract Fracture healing is a complicated process involving many growth fac-
tors, cells, and physical forces. In cases, where natural healing is not able, efforts
have to be undertaken to improve healing. For this purpose, tissue engineering may
be an option. In order to stimulate cells to form a bone tissue several factors are
needed: cells, scaffold, and growth factors. Stem cells derived from bone marrow or
adipose tissues are the most useful in this regard. The differentiation of the cells can
be accelerated using mechanical stimulation. The first part of this chapter describes
the influence of longitudinal strain application. The second part uses a sophisticated
approach with stem cells on a newly developed biomaterial (Sponceram) in a rotat-
ing bed bioreactor with the administration of bone morphogenetic protein-2. It is
shown that such an approach is able to produce bone tissue constructs. This may
lead to production of larger constructs that can be used in clinical applications.
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1 Introduction

1.1 Clinical Problem

Large bone defects caused by tumors, infectious diseases, or trauma clearly result
in the medical need for bone regeneration. If possible an autologous bone graft
(mostly derived from the iliac crest) is carried out. However, the quantity of the
obtained material is often not sufficient in case of a large bone defect. Alternatively,
allogeneic bone from donor (corpse) patients (e.g., cryopreserved) is transplanted,
which is critical with regards to infection risks (AIDS, hepatitis). Therefore, alter-
native methods have been developed.

1.2 Mechanical Forces and Bone Formation

The effects of biophysical force on bone remodeling have become increasingly
evident in recent years. It is well known that extended periods of immobilization
lead to bone loss. This is especially apparent in situations of weightlessness.
Subjects exposed to weightlessness have shown diminished or arrested bone forma-
tion [1], reduced collagen production [2], increased osteoclast numbers [3], and
consequently a decrease in mechanical properties of bone. Mechanical loading is
one of the few positive stimuli for bone formation, and the use of suitable exercise
regimes has been proposed as being potentially of significant benefit in maintaining
bone mass in postmenopausal women and accelerating bone mass recovery after
bed rest [4, 5].

Various studies demonstrate that mechanical loading is an essential factor for
bone metabolism. Mechanical passive states of the skeletal system due to zero grav-
ity, functional immobilization, or postoperative bedfast have been shown to result
in decreased bone formation and mineralization as well as reduced protein synthe-
sis [1, 6]. On the other hand, bone mass increases upon application of elevated
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skeletal load [7]. In vitro and in vivo studies have shown that physical forces like
load, fluid flow, and electromagnetic fields can regulate the function of mesenchy-
mal progenitor cells. For bone tissue engineering, mechanical force types like linear
straining or pressure load correlate most closely to the physiologic conditions and
therefore are most widely used in connection with cultivating bone cells and gen-
erating bone-like tissue. However, the methods of strain application vary widely
concerning substrate materials and geometry as well as physical parameters like
strain duration, elongation, and frequency.

1.3 Effects of Strain

Strain application described in the literature differs widely concerning not only
substrate geometry and material but also strain parameters like frequency, elonga-
tion, and strain duration. An optimal frequency of 1 Hz has been reported by
Kaspar et al. [8] and has been used by many other groups [9—11]. Strain amplitudes
are chosen depending on the utilized cell types. Cyclic elongation of bone marrow
stromal cells (BMSCs) in physiological ranges (0.035-0.25%) did not show any
effect on proliferation rates and type I collagen synthesis [9]. Another study finds
significant increases (p < 0.05) of alkaline phosphatase activity and type I collagen
synthesis with 8% elongation [12]. However, this high elongation may have dam-
aged the cells as they produced more type I1I collagen. Therefore, we used a moderate
elongation of 5% in order to induce notable cellular reactions without causing any
cell damage.

Mechanical load aligns collagen fibers and this tissue reorganization increases
functionality [13]. Thus, mechanical loading is important for maintaining the
physiological properties of mature bone. There have been several investigations
dedicated to examining the influence of cyclic mechanical stretching upon osteob-
lasts obtained from cancellous bone chips [14, 15]. Mechanical stress has been
demonstrated to stimulate the secretion of osteogenic proteins [14]. It could be
demonstrated that cyclic stretching stimulates osteoblast proliferation and CICP
(procollagen I propeptide) production but decreases the synthesis of alkaline phos-
phatase and osteocalcin [14].

1.4 Cell Source

This raised the question whether mechanical loading may also be able to enhance
precursor cell differentiation to osteoblasts. This would be important in light of tis-
sue engineering of bone constructs for regenerating bone tissue after trauma or
osteoporosis linked complications. As an alternative to obtaining autologous bone
from the iliac crest, which is associated with considerable donor site morbidity, the
field of tissue engineering promises the opportunity to develop a synthetic construct
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based on cells seeded onto an appropriate matrix. Bone marrow stromal cells have
been identified as an attractive cell source for a wide variety of tissue-engineering
strategies. Since even in older individuals, bone marrow stroma harvesting is a rela-
tively easy procedure, bone marrow contains a pluripotent population of cells capable
of differentiating along multiple mesenchymal lineages (e.g., bone, ligament, adipose
tissue, cartilage, muscle tissue), and can easily be expanded ex vivo utilizing routine
cell-culture techniques [16-22]. Thus, BMSCs can serve as a basis for tissue engi-
neering of autologous implants without concerns over transplant rejection.

Cyclic compressive loading of rabbit BMSC in agarose cultures stimulated
chondrogenesis [23]. Furthermore, mechanical strain has been shown to promote
osteogenesis of BMSCs in vitro, verified by the upregulation of osteogenic marker
proteins like alkaline phosphatase [9, 12, 24], osteocalcin [12, 24], osteopontin
[25], and type I collagen [12, 26]. These results, however, are dependent on the type
and intensity of strain. Mechanical strain may act with different frequencies and
strength, which appears to have relevance under normal physiological circum-
stances [27, 28]. In vitro, there are several devices for the application of strain. The
three main systems are (1) circular membranes (Flexercell), (2) longitudinal strain
[12, 29], and (3) 4-point bending [30]. The disadvantage of the circular membranes
is that the strain distribution across the membrane is heterogenous. Therefore, in
our studies we have used a longitudinal strain device.

1.5 Strain Elicits Cellular Signals

As shown above, mechanical strain can influence the differentiation of BMSC into
osteoblasts. However, what is not clear, are the pathways by which mechanical
strain is transmitted into biological signals. In previous studies, in human patellar
tendon fibroblasts, we have shown that cyclic longitudinal mechanical strain
induces the secretion of nitric oxide (NO) [31] and the activation of Jun-N-terminal-
kinase/stress-activated protein kinase (JNK/SAPK) in a time-dependent manner
[32]. Montaner et al. observed a link between JNK/SAPK and Nuclear Factor-
kappa B (NFkB) transduction pathways [33]. Both JNK/SAPK and NFkB are,
among others, involved in proliferation and apoptosis of different cell types [34].
Indeed, cyclic longitudinal mechanical strain can modulate proliferation [35] and
apoptosis [36] of patellar tendon fibroblasts. Also in bone cells, similar strain-
induced mechanotransduction pathways have been recognized. These include
cyclic adenosine-mono-phosphate (cAMP), cyclic guanosine-mono-phosphate
(cGMP) [37, 38], cfos [39], inositol tri-phosphate (IP3) [40], intracellular calcium
[41], cyclooxygenase-2 (COX-2) and prostaglandins [39] and inducible nitric oxide
synthase (iNOS) and NO [39]. Furthermore, cyclic longitudinal strain induced core
binding factor alphal (cbfal) [12]. Parts of these pathways are mediated via spe-
cific mechanosensitive calcium-channels [42] or integrins [43]. The latter ones
induce enhanced phosphorylation of cytoskeletally anchored proteins such as
mitogen-activated protein kinase (MAPK) [43].
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1.6 Biomaterials

Depending on the tissue that is supposed to be replaced, substrate materials have to
be provided for cell growth, which need to fulfill different requirements with regard
to their mechanical stability, biodegradability, and porosity. These matrices have to
be biocompatible, should support cell attachment, growth and differentiation
towards the desired phenotype. Highly porous materials provide space for the bone
tissue and allow an optimal cell growth inside the scaffold. Many materials have
been reported to fulfill these requirements including natural/synthetic polymers,
metals, and ceramics [44—48]. Ceramics like hydroxyapatite, calciumphosphates,
alumina, zirconia and composite materials, etc. are widely used as scaffold material
[49-54]. Moreover, hydroxyapatites, calcium phosphates, or composite materials
are known to enhance the osteogenic differentiation when seeded with progenitor
cells or preosteoblastic MC3T3-El1 cells [55, 56]. Furthermore, a controllable deg-
radation of scaffolds is often desired, which should not cause any inflammatory
reactions in vivo. After transplantation, cells of the surrounding tissue invade the
scaffold.

1.7 Bone Engineering

One innovative approach to bone tissue engineering is to seed osteoblasts or their
precursor cells onto an appropriate 3D matrix and to culture this scaffold in vitro
before implantation into the defect of a patient. During the generation of bone tis-
sue different osteoblastic markers such as alkaline phosphatase (AP), collagen I
(COL 1), osteocalcin (OC), and bone sialoprotein (BSP) are chronologically
expressed [57]. Finally, the cells are embedded in their extracellular matrix (ECM)
and begin to mineralize by depositing mineral along and within the grooves of the
collagen fibrils [58].

1.7.1 Growth Factors

The differentiation of cells into bone cells is mediated by growth factors.
Specific growth factors for bone differentiation are bone morphogenetic pro-
teins (BMPs), members of the TGF-f superfamily [59-61]. BMPs stimulate the
differentiation of different cell types to osteoblasts including undifferentiated
mesenchymal cells, BMSCs, and preosteoblasts [62]. For the in vitro promotion
of the differentiation process into bone tissue mainly BMP-7 and BMP-2 are
used [62, 63], whereas BMP-2 increases the AP and OC level in MC3T3-E1
cells [64]. This certifies the eminent influence of BMP-2 and of BMPs in gen-
eral during the process of bone tissue formation and is thus considered as vital
for bone tissue engineering.
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1.7.2 Bioreactor Cultivation

For an optimal supply of the cells with oxygen and nutrients within the scaffold the
cultivation is ideally performed in a bioreactor system, since static cultures are
insufficient to mimic the in vivo conditions. In a bioreactor, oxygen, pH and the
transport of nutrients and metabolic waste in the tissue microenvironment can eas-
ily be controlled. The most commonly used bioreactors for bone tissue engineering
are the spinner flask, perfusion culture systems, and the Rotating-Wall Vessel
Reactor (RWVR). In spinner flasks, the cells can be cultured either on scaffolds
fixed on needles or seeded onto microcarriers [65, 66]. Perfusion culture systems
provide a continuous exchange of medium, which ensures the removal of metabolic
waste and supplementation of essential nutrients throughout the cultivation.
Perfusion systems are frequently applied for the cultivation of bone tissue [67-71].
The RWVR was originally developed by NASA to mimic gravity [65]. Gravity is
an important factor for bone stability and integrity (astronaut’s disease). Using the
RWVR, the scaffolds are cultured in a free-fall manner. The RWVR has already
been used successfully for the cultivation of bone and cartilage cells [72].

This chapter deals with the 2D and 3D cultivation of stem cells for bone tissue
engineering. First the 2D aspects are described. Thereafter the 3D part is presented.

2 2D Culture (Monolayer)

2.1 BMSC

2.1.1 BMSC Isolation and Cultivation

Human bone marrow aspirates were obtained during routine orthopedic surgical
procedures involving exposure of the iliac crest. The Hannover Medical School’s
ethics committee approved all procedures, and informed consent was obtained from
all donors.

For cell isolation, bone marrow aspirates were washed with cell culture medium
[DMEM/Ham’s F12 (1:1) (Biochrom, Berlin, Germany)] supplemented with 10%
fetal calf serum (Biochrom, Berlin, Germany), 100 ug ml! penicillin/streptomycin
(Biochrom, Berlin, Germany), 2.5 ug ml' amphotericin B (Biochrom, Berlin,
Germany), 7.5% sodium hydrogen carbonate (Merck, Darmstadt, Germany), buffered
with 4-(2-hydroxyethyl)-piperazin-1-ethane sulfonic acid (HEPES) buffer (Roth,
Karlsruhe, Germany; pH 7.0). The cell pellet was centrifuged over a Percoll gradient
(Amersham Biosciences, Buckinghamshire, UK; d = 1.131 g ml") for 15 min at
1,750 % g. The supernatant was washed again with cell culture medium and was then
cultivated in standard cell culture flasks at 37°C and 5% CO, in humidified atmos-
phere for at least 5 days. The culture medium with non-adherent cells was removed.
In order to obtain enough BMSC, cells of the third passage were used.
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BMSCs were incubated with differentiation medium (culture medium as above
supplemented with 50 ug ml! B-ascorbic acid, 10-mM B-glycerol phosphate, and
10-nM dexamethasone 21-dihydrogen phosphate) for at least 1 week before the
start of the experiments.

2.1.2 Cyclic Longitudinal Strain

The cell-stretching system consisted of rectangular, elastic silicone dishes in which
the whole dish, not only the cell culture surface, was deformable. The dishes were
designed for use in a stimulation apparatus driven by an eccentric motor that
allowed variation in amplitude (0.5-10%) and frequency (0.5-2 Hz) of applied
strain (Fig. 1). The dishes consisted of a two-component silicone elastomer
(Silbione® RTV 71556 A + B, Rhone-Poulenc Silicon GmbH, Liibeck, Germany)
at a ratio of 10:1 of silicone oil:crosslinker. The rectangular dishes were 8 cm long
x 3 cm wide x 1 cm high, and the wells had a 5 cm x 2.3 cm cell culture surface.
New dishes were autoclaved at 121°C and preconditioned for 3 days in culture
medium before the cells were seeded.

BMSC:s of the second passage were harvested, counted and an overall viability
of more than 90% was observed using the trypan blue exclusion test. 1.5 x 10° cells
were seeded on each silicone dish. After 24 h of culture, the concentration of fetal
calf serum was reduced to 1% for 24 h in order to align most cells into the G, phase
of the cell cycle.

The cells in the silicone dishes were cyclic-longitudinally strained at a frequency
of 1 Hz and amplitude of 5%. Short time strain was applied for either 15 or 60 min.
The observation periods after cessation of strain were 6, 12, and 24 h. Long time
strain was applied three times for 8 h with pauses of 15 h between the single strain-
ing periods. As a control, cells were grown on silicone dishes, but did not receive
any strain.

2.1.3 Proliferation

Cell proliferation was monitored using BrdU incorporation (Roche, Mannheim,
Germany). BrdU was added to the cells on the silicone dishes directly before every

] [
&
Ki f’:‘i H % ":;no?‘ltfrgller &
f J I\ l =
fixation silicone dish

Fig. 1 Stimulation apparatus driven by an eccentric motor for cyclic stretching of silicone
dishes



Mechanical Strain Using 2D and 3D Bioreactors Induces Osteogenesis 103

25

short time strain long time strain

i

in

experiment /control
f—rt

0.5

6h 12h 24h 3x8h
time after strain end
O 15min 60 min O 3x8h

Fig. 2 Proliferation rates of strained BMSCs measured with a standard BrdU assay. The bold line
represents values of static controls. Values are given as mean of six samples + SEM. Statistically
significant values are designated by an asterisk (*)

stretching period of 8 h. BrdU detection was performed according to the manufac-
turer’s instructions. Relative proliferation rates were determined by comparing
strained cells with static control cells.

Six hours after 15 min of cyclic longitudinal strain, proliferation rates of BMSCs
were significantly increased to 1.95 + 0.14 compared to static control cells (p <
0.05) (Fig. 2). Twelve and 24 h after cessation of this 15 minutes of strain, no dif-
ferences in proliferation from control cells could be detected. After 60 min of cyclic
longitudinal strain a similar pattern to the 15 min of strain was observed. However,
no significant differences could be detected in comparison to static controls.
Highest proliferation rates were observed 6 h after cessation of the 60-minutes’
strain (1.34 = 0.19). Again, proliferation rates returned to levels as seen in static
controls at 12 and 24 h. Application of repetitive long time cyclic longitudinal
strain resulted in lower proliferation rates compared to static control cells.

2.1.4 Apoptosis

After the application of mechanical strain, cells on the silicone dishes were washed
with PBS and then 1-ml fluorescent activated cell scanner (FACS) binding buffer was
added. The cells were detached from the dishes using a cell scraper and spun down for
5 min at 1,750x g and 4°C. Cell pellets were resuspended in 100-ml FACS binding
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Fig. 3 Apoptosis and necrosis rates of long time strained (3 x 8 h) BMSCs measured with flow
cytometry after dyeing with FITC coupled annexin and propidium iodide. The bold line represents
values of static controls. Values are given as mean of six samples + SEM

buffer and incubated for 20 min in the dark with 5-ml fluorescein isothiocyanate
(FITC)-labeled Annexin V (Bender MedSystems Diagnostics GmbH, Vienna, Austria)
to detect early apoptotic cells and 5-ml propidium iodide (Bender MedSystems
Diagnostics GmbH, Vienna, Austria) to detect late apoptotic and dead cells. Cells were
washed and analyzed by flow-cytometry. Relative rates of apoptosis and cell death
were calculated by comparing strained versus static control cells (Fig. 3).

Apoptosis rates were slightly increased 6 h after 15 min of strain application. 60
min of cyclic longitudinal strain induced apoptosis after 12 and 24 h. Both apopto-
sis and cell death rates after long time strain decreased to 0.81 + 0.02 and 0.84 +
0.17, respectively, compared to static control cells (the difference was statistically
insignificant).

2.1.5 Mineralization

Mineralization was detected by using von Kossa staining. Cells on the silicon
dishes were washed twice with phosphate buffered saline. Subsequently, cells were
fixed for 10 min using 3% phosphate buffered formaldehyde. A 3% silver nitrate
solution was added to the cells for 30 min in the dark. Silver-calcium precipitation
in the matrix was developed using 1% pyrogallol for 3 min. Finally, surplus silver
was removed and the precipitates were fixated using 5% sodium thiosulfate for 3
min. Lime precipitates were dark colored. Nuclei were counterstained using nuclear
fast red.



Mechanical Strain Using 2D and 3D Bioreactors Induces Osteogenesis 105

After 60 min of strain, cells showed significant mineralization. Static control
cells displayed no mineralization at all. After 15 min of strain, no mineralization
was observed.

2.1.6 Western Blotting

The influence of cyclic longitudinal mechanical load on expression and activation
of signal transduction proteins (JNK, ERK, p38) was studied by western blot.
Cells were washed with PBS and lysed using 100-ul Laemmli buffer (2.5%
sodium dodecyl sulfate (SDS), 12.5% glycerol, 0.025 M TRIS, 0.5 mM ethylene
diamine tetraacetic acid (EDTA), 2.5% mercapto ethanol, 0.01% bromphenol
blue) and vigorously detached from the dishes.

Gel electrophoresis and blotting was performed onto a nitrocellulose membrane.
After incubation with the specific antibodies, bands were visualized using the enhanced
chemiluminescence (ECL) system (Amersham, Biosciences, Buckinghamshire, UK).
Band intensity was analyzed densitometrically and semi quantified relating to the band
intensity of B-actin. The amount of activated MAP kinase was related to the amount
of total corresponding protein. Strained cells were compared with the respective static
controls (Fig. 4).

Activation of p38, ERK, and JNK was determined only in long time strained
cells (Fig. 4). Phosphorylated p38 could not be detected. p38 was less expressed in
strained cells compared to the static controls. Phosphorylation rates of all detected
proteins in strained cells were not significantly different from static control cells.
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Fig. 4 Expression rates of MAP Kinases (p38, ERK, JNK) in long time strained cells. Left col-
umns: protein levels of strained cells related to static controls. Right columns: activated proteins
in strained cells related to the respective protein level of activated and non-activated protein
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Fig. 5 Viability of adMSCs after mechanical strain of once (1xS) or thrice (3xS) 15 min, 60 min,
or 2 h of cyclic elongation (5%, 1 Hz). Values are given as mean of six samples SEM. Statistically
significant values (p < 0.001) are designated by an asterisk (**)

2.2 Adipose-Derived Mesenchymal Stem Cells (AdMSC)

2.2.1 AdMSC Isolation and Cultivation

AdMSCs were isolated from adipose tissue according to established methodologies
[73]. AAMSCs were cultured with standard proliferation medium (normal medium
= NM, Dulbecco’s Modified Eagle’s Medium, 10% fetal calf serum, 2-mM
glutamine, antibiotics). For experiments, only third and fourth passage cells were
used. For osteogenic differentiation, adMSCs were cultured with differentiation
medium (DM = NM supplemented with 10-nM dexamethasone, 50 mg ml ascor-
bic acid and 10-mM beta-glycerol phosphate) or BMP-2-containing differentiation
medium (10 ng ml™).

2.2.2 Strain Experiments

The cell straining was the same as for the experiments using BMSC. Preceding
strain application, adMSCs were cultivated with DM for 7 days. Serum was
reduced to 1% for 24 h directly before experiments started. Cyclic mechanical
strain was applied with the frequency of 1 Hz and 5% elongation. Strain duration
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was 15, 60 min, and 2 h, respectively, and a repetitive strain of three-times 15, 60
min, or 2 h with each having an intermission of double the strain time (i.e., 30,
60 min, and 4 h, respectively). As a control, cells were grown on silicone dishes,
but did not receive any strain. Each experiment was carried out with n = 6. After
strain experiments, an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazo-
lium-bromide) assay was performed, or cells were harvested for RNA isolation
and Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) or for alkaline
phosphatase activity test.

2.2.3 MTT Assay

After finishing the one or three cycles of mechanical stimulation, the cultivation
medium was removed. 3-ml fresh medium and 300-ml MTT solution 5 mg ml!
in PBS) were added. After 4 h incubation at 37°C, 3-ml SDS (10% in 0.01 N
HCI) were added to dissolve the formazan crystals. After overnight incubation,
formazan absorption of the supernatant was measured at 570 nm in a plate reader
with 630 nm as absorption reference. Non-cell seeded silicone was used as nega-
tive control.

An MTT assay was performed after one and three 2-h periods of strain as well
as 15 and 60 min of strain and revealed no significant differences between strained
cells and controls (Fig. 6). Obviously, 2 h of strain did not cause any detrimental
effects in so far that cell viability was considerably affected.

2.24 RT-PCR

For RT-PCR, RNA was isolated with the Trizol® method and cDNA produced from
each sample and a PCR for the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was performed for each individual sample. For bone
marker PCRs the six respective samples were pooled. Agarose gel bands were
densitometrically semiquantified and related to GAPDH expression. Investigated
bone markers were type I collagen, core binding factor alpha 1 (cbfal, runx2),
osteopontin (OPN), AP, bone morphogenetic protein 4 (BMP-4), and OC.

BMP-2 Addition: AAMSCs were cultivated with standard proliferation medium
NM, osteogenic differentiation medium, and with BMP-2-containing medium in
tissue culture flasks. The expression of osteogenic markers was determined via
RT-PCR. Type I collagen, cbfal/runx2, osteopontin, BMP-4, and osteocalcin were
detected (Fig. 7). Interestingly, all these markers were detected even after cultiva-
tion with NM without any differentiation supplements. Probably, this was due to
confluent growth of the cells which is known to sometimes trigger differentiation
processes. Osteopontin, osteocalcin, and alkaline phosphatase expression were
lowest in the standard cultivation medium, higher in osteogenic differentiation
medium and highest in BMP-2-containing medium. Since the differentiation stimulus
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Fig. 7 Expression rates of bone marker genes detected with RT-PCR in adMSCs strained for 15
min. GAPDH: glyceraldehyde 3-phosphate dehydrogenase, Coll: type I collagen, OC: osteocal-
cin, AP: alkaline phosphatase, OPN: osteopontin. Relative band intensities are related to GAPDH
band intensity. All values are given as experimental mean of six samples SEM of individually
performed GAPDH PCRs

of BMP-2 is supposed to be higher than that of dexamethasone, these findings may
be related to the BMP-2 supplemented to the medium.

Strain: With RT-PCR of strained cells, bone markers like collagen I, alkaline phos-
phatase, osteocalcin, osteopontin, and BMP-2 and -4 were detected. So the cells exhib-
ited the desired osteogenic phenotype. Mechanical strain affected osteogenic marker
expression differently, depending on strain duration and repetition. Additionally, colla-
gen IIT PCRs were performed. Collagen III is typical for scar tissue, thus, indicating the
cells initiated repair mechanisms. Therefore, changes in collagen III expression can be
interpreted with regard to detrimental effects of the applied strain.

Short time strain of one period of 15 min did not have distinct effects on osteo-
genic marker expression compared to static control cells (Fig. 8). Collagen III
expression in 15-min strained cells was higher than in controls indicating the cells
had initiated repair mechanisms. Three periods of 15 min of strain, however,
resulted in increased osteopontin and BMP-2 expression compared to controls and
once-strained cells, while collagen III expression was lower than after singular
strain, but still above the control level. So obviously, repetition of strain provides
an extra stimulus regarding osteogenic markers and moreover, cells seem to become
customaced to a physically active environment when the strain is repeated.

One period of 60 min of strain had significant effects on bone marker expression
(Fig. 9). Alkaline phosphatase, osteopontin, osteocalcin, BMP-2 and BMP-4
showed considerably higher expression levels in strained cells than in controls.
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Fig. 8 Expression rates of bone marker genes detected with RT-PCR in adMSCs strained for 60
min. GAPDH: glyceraldehyde 3-phosphate dehydrogenase, Coll: type I collagen, OC: osteocal-
cin, AP: alkaline phosphatase, OPN: osteopontin. Relative band intensities are related to GAPDH
band intensity. All values are given as experimental mean of six samples SEM of individually
performed GAPDH PCRs
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Fig. 9 Expression rates of bone marker genes detected with RT-PCR in adMSCs strained for
2 h. GAPDH: glyceraldehyde 3-phosphate dehydrogenase, Coll: type I collagen, OC: osteocalcin,
AP: alkaline phosphatase, OPN: osteopontin. Relative band intensities are related to GAPDH band
intensity. All values are given as experimental mean of six samples SEM of individually per-
formed GAPDH PCRs



Mechanical Strain Using 2D and 3D Bioreactors Induces Osteogenesis 111

PDMS (Wacker) base layer on glass-wafer
UV-exposure with shadow-

" L. PVD of gr\.)]d R mask, post-bake 3 min 120°C
_ _ _ _ [through r——
i " M electrode mask l developement with xylene,

cure for 12 h at 60°C

bonding of contact wires with

5_!’?“""‘ photo-patternable conductive silicone, removal of
L silicone (R,\\[:?'l?%:ﬁ. Gelest, glass-wafer, fixation of silicone
o DCM, photoinitiator), =
L pre-bake 3 min 120°C i contact wire
photo-patterned silicone, - . B

_—

partially covering gold film

Fig. 10 Fabrication of flexible microelectrode dishes

The 60-min strained cells obviously possessed a different differentiation status than
the control cells. But collagen III levels were very high indicating cellular damage.
Repetition of 60 min strain again yielded lower collagen III levels, but still the
control level was not achieved. Additionally, repetition of 60 min strain did not
induce bone markers like one 60-min period did, and no further differences between
thrice-strained cells and controls were discovered.

One period of 2 h of strain yielded slightly elevated expression rates of osteocal-
cin, osteopontin, and BMP-2 compared to static controls, while three periods of 2
h of strain had no such effects (Fig. 10). However, collagen III levels in these
experiments were comparable or even lower than in static controls indicating cell
adjustment to mechanical strain.

2.2.5 Fabrication of Flexible Microelectrode Dishes

Flexible microelectrode dishes were prepared by Physical Vapour Deposition
(PVD) of gold (99.99%, ABCR, Karlsruhe, Germany) through an appropriate
mask on a I-mm Polydimethylsiloxan (PDMS) base layer (Elastosil RT601,
Wacker, Miinchen, Germany). Photopatternable silicone (PPS) was created by
mixing 200 mg 2,2-dimethoxy-2-phenylacetophenone (Sigma, Schnelldorf,
Germany) in 400 ul DCM with 10 g RMS-033 (Gelest, Tullytown, PA). The gold
film on PDMS was spin-coated with PPS at 3,000 rpm, followed by a prebake of
3 min at 120°C. The PPS-film, covered with a shadow-mask, defining the micro-
electrode structure, was exposed to UV radiation. Unpolymerized silicone was
removed after a 3-min postbake at 120°C by flushing with xylene at 3,000 rpm.
Final curing and removal of excess photoinitiator and xylene occurred overnight
at 60°C. Contact pads were bonded with conductive silicone (Emerson&Cuming)
to a flat cable for connecting the impedance measurement system. In a last step,
completing the dish, a silicone cavity was fixed with PDMS around the electrode
array (Fig. 11).
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Fig. 11 Electric cell substrate impedance sensing (ECIS)

Fig. 12 Sponceram carrier disc and microscopic structure (www.zellwerk.biz)

2.2.6 Electric Cell-Substrate Impedance Sensing (ECIS)

A flexible microelectrode dish was equilibrated with DMEM (10% FCS, P/S) over-
night and seeded to 50% confluence with MC3T3-El cells (5 x 10* cells cm™?).
Impedance measurements were carried out by applying 1 V., AC, 4 kHz through a
1 MQ resistor to the microelectrodes (Fig. 12). In-phase and out of-phase electrode-
current were recorded by a Lock-In Amplifier and a homebrew Labview-tool.
At 40 h mechanical stimulation was carried out (5% strain, 1 Hz, 2 h). At 208 h
cells were killed with triton-X 100. Microscopic pictures of the dry electrodes were
shot directly after fabrication of the dish and at the end of the cultivation.

ECIS measurements combined with mechanical stress were carried out on
MC3T3-El cells (Fig. 12). After the attachment of cells and complete spreading,
mechanical stimulation was carried out at 40 h. The cyclic stimulation led to a
significant increase in the impedance of electrode No. 3 due to microfractioning,
but the electrode remained operational.
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Microscopy of electrodes 1, 2, and 4 confirmed that these electrodes were
not compromised by the cyclic stress as much as electrode 3 (pictures not
shown). Impedance of all four electrodes could be measured until the end of the
cultivation at 208 h when cells were killed with triton-X. The next generation
of electrodes will be outfitted with a chromium adhesion layer between the gold
film and silicone to prevent microfractioning and signal alteration caused by
strain. With these dishes ECIS-measurements under strain will be carried out to
determine the influence of cyclic mechanical stimulation on cell morphology
and proliferation.

3 3D Culture in a Rotating Bed Bioreactor

3.1 Sponceram®

Sponceram® is a ceramic support material consisting of doped zirconium oxide
(Fig. 13). The structure of the material combines a unique mixture of macro- and
micropores. The large surface (2 m? g'!') enhances cell adherence and stimulates the
formation of extracellular matrix. Both Sponceram®(pore size: 900 um) as well as
Sponceram® with hydroxyapatite (HA) coating (pore size 600 mm) were used as
carrier discs (65 wm in diameter, 3 mm thickness) for the ZRP-Bioreactor.

3.2 Cell Cultivation in the ZRP-Bioreactor

The ZRP-Bioreactor can be equipped with up to 20 thin Sponceram® discs
(Fig. 14). In our study, the reactor was equipped with four Sponceram® carrier discs
(65 mm in diameter, 3 mm thickness) and respective spacers for the cultivation

Fig. 13 ZRP® bioreactor with rotating bed
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Fig. 14 Glucose consumption of MC3T3-E1 cells on Sponceram® in the ZRP® bioreactor. Left:
cultivation in standard proliferation medium. Right: cultivation initially with standard proliferation
medium followed by change on day 10 to BMP-2-containing medium (10 ng mL")

of MC3T3-E1 cells. Cell inoculation was carried out with a total volume of 2 ml
cell suspension/disc (seeding cell number: 55 x 10° per disc). For the cultivation of
primary osteoblasts the reactor was equipped with two Sponceram® and two
Sponceram/HA® carrier discs and respective spacers for the cultivation. Osteoblasts
of the third passage were used and the inoculation was carried out with a total
volume of 2 ml cell suspension/disc (seeding cell number: 1 x 107 per disc).

The cell suspensions for the cultivations were injected through a feeding pipe
onto the carrier discs (Fig. 14). To distribute the cell suspension homogenously onto
the discs a rotation speed of 4 rpm during cell seeding was applied. To allow adhe-
sion onto the Sponceram® surface the reactor was filled with 300 ml of medium
30 min after cell inoculation. The following cultivation was performed at 37°C,
2 rpm, and a pH of 7.3.

One culture experiment of the MC3T3-El cells was performed for 21 days using
standard medium. The second one was performed for 10 days using standard
medium followed by 11 days cultivation using BMP-2 medium (medium composi-
tion: see above). The cultivation of the osteoblasts was performed for 26 days in
differentiation medium. After the cultivations in the ZRP-Bioreactor the disc-
shaped scaffolds were used for the investigation of matrix mineralization, scanning
electron microscopy, and RT-PCR analysis.

3.3 Glucose Assay

Cell growth during the bioreactor cultivations was determined by the estimation of
glucose consumption using the YSI 2700 automated glucose analyzer (Yellow
Springs Instruments, USA).

As an indicator for cell proliferation the glucose consumption was measured
during the cultivation in the ZRP-Bioreactor (Fig. 15). The results revealed that the
glucose consumption was 8% higher in BMP-2 medium (total consumption: 9.142
2) than using standard medium (total consumption: 8.389 g).
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Fig. 15 Matrix mineralization after ZRP® cultivation of MC3T3-E1 with standard medium and
BMP-2-containing medium, respectively. Left: von Kossa staining, right: Alizarin Red staining

3.4 Matrix Mineralization

The Sponceram® discs were removed from the bioreactor after cultivation, washed
with PBS and fixed in ice-cold 100% ethanol for 20 min at room temperature. The
Alizarin Red staining was performed by washing with PBS followed by staining
with 1% Alizarin Red in 2% of ethanol for 15 min at room temperature. For von
Kossa staining fixed cells were washed with deionized water and incubated for 30
min in 5% AgNO, in the dark, washed again and exposed to ultraviolet light for 2
min. Cells were fixed with 5% sodium thiosulfate for 2 min and washed three times
with deionized water.

The mineralization of the extracellular matrix was qualitatively determined by
histochemical staining with Alizarin Red and von Kossa. Cells cultivated in BMP-2
medium showed a highly intense von Kossa and Alizarin Red staining (Fig. 16).

Interestingly, MC3T3-E1 cells cultured in standard medium in the ZRP-
Bioreactor showed mineralization of the extracellular matrix.

3.5 Scanning Electron Microscopy

Cell grown Sponceram® discs were fixed in Karnovsky buffer at 4°C over night
prior to scanning electron microscopy. Samples were then dehydrated in solutions
containing increasing percentages of acetone (10, 30, 50, 70, 90, 100%) and subse-
quently imaged with a JEOL JSM-6700F scanning electron microscope.

Scanning electron micrographs showed the cell morphology of MC3T3-El
cells cultured on Sponceram®. The first experiments under static conditions in
96-well dishes showed that the cells grew well inside the macroporous structure
of Sponceram® showing a cuboid morphology of osteoblast-like cells with and
without BMP-2 (Fig. 17a—d). Cells were cultured for 10 days. They grew as an
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Fig. 17 RT-PCR for the bone markers type I collagen (al(1)Col), osteocalcin (OC) and bone
sialoprotein-2 (BSP) of MC3T3-El cultured in the ZRP® bioreactor. Numbers underneath the gel
represent band intensity related to GAPDH band intensity

interconnecting network having intercellular contacts to the surrounding cells. In
comparison to the scaffold cultured in the bioreactor the cell density under static
conditions is low without a visible ECM formation. Cultivating the cells for 21
and 28 days respectively in the bioreactor resulted in a dense cell layer thus the
ceramic scaffold was no longer visible (Fig. 17e-h). A tight layer of ECM cov-
ered the scaffold as no scaffold structure could be observed. The examination of
the cell morphology after cultivating the scaffolds with or without BMP-2 did not
show significant differences. Fibrils in the ECM can be observed whereas few are
arranged in a parallel structure.

3.6 Reverse Transcriptase-Polymerase Chain Reaction
(RT-PCR)

MC3T3-El cells were cultivated on scaffolds in the ZRP-Bioreactor as described
above. Cells were removed from the disc by incubation in the enzyme mix ZW-DT-
04 (Zellwerk GmbH, Oberkraemer, Germany) at 37°C for 2 h and centrifuged at
400x g for 5 min. Cells were disrupted with RiboLyse tubes green (Hybaid,
Heidelberg, Germany) for 40 s at 6.0 Fast Prep FP 120 (Bio 101® Systems,
Qbiogene, Heidelberg, Germany). The RNA was isolated by the SV total RNA
Isolation System (Promega, Mannheim, Germany).

RT-PCR was carried out with 2 ug RNA using the Superscript II system
(Promega, Mannheim, Germany) with oligo dT primer in a total volume of 40 ul.
PCR was performed in a PCR-Thermocycler (MWG Biotech, Ebersberg, Germany)
using specific primers. The reaction volume was 50 ul with an equivalent RNA
concentration of 0.1 ug.

Amplification reactions were performed using the following primers (each 10
pmol) and protocols (30 cycles):
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ol (I) collagen: Forward: 5’-TTC TCC TGG TAA AGA TGG TGC-3’
Reverse: 5-GGA CCA GCA TCA CCT TTA ACA-3’
Annealing 57°C, 255 bp product

Osteocalcin (OC): Forward: 5-ACA AGT CCC ACA CAG CAG CTT-3’
Reverse: 5-GCC GGA GTC TGT TCA CTA CCT-3’
Annealing 62°C, 187 bp product

Bone sialoprotein (BSP): Forward: 5’-CTG TAG CAC CAT TCC ACA CT-3’
Reverse: 5-ATG GCC TGT GCT TTC TCG AT-3
Annealing 56°C, 1,055 bp product

GAPDH: Forward: 5-GCC ACC CAG AAG ACT GTG GAT-3’
Reverse: 5-TGG TCC AGG GTT TCT TAC TCC-3’
Annealing 60°C, 455 bp product

The differentiation process into bone cells in both cultures including the ECM
mineralization was confirmed by analyzing osteoblastic marker proteins. Results of
mRNA levels showed that collagen I, osteocalcin, and bone sialoprotein were
expressed independently of BMP-2 medium (Fig. 18). The marker protein/GAPDH
ratio revealed that the osteocalcin expression was higher using standard medium
conditions cultivating in the ZRP-Bioreactor compared to BMP-2 medium.
Collagen I expression level was similar in both cultures; bone sialoprotein level was
higher using the BMP-2 medium.

4 Discussion

The significance of mechanical loading for bone metabolism has been demonstrated
extensively in various studies. Mechanical passive states of the skeletal system due to
weightlessness, functional immobilization, or prolonged postoperative bed rest have
been shown to result in decreased bone formation and mineralization as well as reduced
protein synthesis [1, 2]. On the other hand, bone mass increases with increased skeletal
loading [4, 5]. In the mean time, the application of physical forces has entered the field
of tissue engineering using electromagnetic fields, ultrasound or mechanical loading
including pressure, fluid flow, torsion, and tension. For bone tissue engineering,
mechanical forces like linear stretching or pressure correlate most closely with the
physiological conditions and, therefore, are most widely used in connection with bone
cells or bone-like tissue. However, the methods of strain application vary widely accord-
ing to substrate material and geometry. Physical parameters like strain duration, elonga-
tion and frequency can also be varied to suit differentiation potential of stem cells.

4.1 2D Culture

In order to differentiate BMSCs into osteoblasts and additionally precondition
them, BMSCs were strained on flexible silicone dishes in a cyclic longitudinal way.
The applied frequency (1 Hz) and elongation (5%) were chosen in accordance with
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other studies that implied that these values are optimal [8, 9, 74]. Since it has not
yet been described what the optimal strain duration is, at first short time strain (15
or 60 min) was applied and the strained cells were tested for proliferation rates and
mineralization.

Fifteen minutes of strain gave rise to a significant twofold increase of the prolifera-
tion rate 6 h after strain ended but 12 h after strain end the proliferation rate was back
to normal. Sixty minutes of strain, however, did not yield an increased proliferation
rate. Overall, 15 min short time strain appears to be the better strain duration yielding
increased proliferation. However, all observed effects were only short-lasting and cell
metabolism seemed to be back to prestrain levels 12—24 h after the cessation of strain
application. Application of repetitive strain regimens to fibroblasts are known to
induce sustained increased proliferation rates with hardly any apoptosis [75]. This
protective effect was accounted for by the induction of HSP72 [75]. Therefore, in the
present study, repeated long time strain (3 x 8 h) was also applied.

Long time strained BMSCs showed a 40% reduction of proliferation rate which
could be a sign for an advanced differentiation status. Proliferation rates are
decreased during differentiation and terminally differentiated cells often do not
proliferate at all. Furthermore, FACS analysis after repeated long time strain
showed no increase in the percentage of either early apoptotic or late apoptotic
cells. As a matter of fact, apoptosis rates were even lower than those observed in
static controls. In fact, earlier studies indicate an association between apoptosis
rates and differentiation status. Weyts et al. induced apoptosis in osteoblasts by
mechanical strain but observed decreasing apoptosis rates with longer cultivation in
osteogenic medium [76]. Therefore, the low apoptosis rate after repeated long time
strain observed in this study may not only indicate the development of strain toler-
ance but also an advanced cell differentiation status. The increased differentiation
of the BMSC:s is strongly supported by the pronounced mineralization as detected
by von Kossa staining.

We were not able to relate MAP kinase phosphorylation to any cellular reaction
after repeated long time strain. Obviously BMSCs do not activate MAP kinases
permanently, but only for a short time to induce the subsequent reactions.
Interestingly, low MAP kinase levels after repeated long time strain suggest
increased MAP kinase degradation after numerous activations due to the applied
strain. Thus, it is very possible that the MAP kinases have been phosphorylated
extensively. Further experiments will be carried out in order to investigate early
MAP kinase activation. The increased expression of ERK in strained cells without
phosphorylation should also be investigated.

In conclusion, this 2D study implies that short time strain of up to 1 h does not
lead to persistent induction of human BMSC osteogenic differentiation. Thus,
longer and/or repeated strain seems to be necessary in order to maintain a continu-
ous differentiation stimulus. Moreover, this prepares the cells for a mechanically
active environment. Mechanical strain may be a useful tool to help differentiate
BMSCs to osteoblasts. Such differentiated cells can be seeded onto scaffolds and
implanted to treat bone defects.



120 M. van Griensven et al.

4.2 Rotating Bed Bioreactor Culture

The MC3T3-El cell line derived from mouse embryo calvaria at the osteopro-
genitor stage was used to study the development of bone cells on Sponceram®
scaffolds. It is a well-established cell line to investigate the differentiation proc-
ess into bone [77].

The scaffold used for tissue engineering plays a critical role as it has to provide
a tissue specific environment and architecture. Biocompatibility is essential as well
as the supply with nutrients and cytokines. Additionally, the scaffold should pro-
mote or enhance cell proliferation and differentiation.

To guarantee the generation of a functional bone tissue substitute, it is necessary
to develop an appropriate scaffold culture system that mimics the in vivo environ-
ment. Developing the scaffold using static culture conditions is not sufficient since
the transport and distribution of nutrients and metabolic waste is inhomogenous
without mixing of the medium. Additionally, using static conditions the dynamics
of the in vivo environment found in bone-like mechanical stimulation are missing.
The results of static cultivations showed that Sponceram® is an appropriate scaffold
for fast cell proliferation. The use of static culture conditions is only limited by the
insufficient nutrient and oxygen supply. In contrast, the course of glucose consump-
tion showed that the cell proliferation was not limited during the bioreactor
cultivation.

The mineralization of the ECM was independent of the addition of BMP-2 as
demonstrated by von Kossa and Alizarin Red staining. Both cultivations had a posi-
tive von Kossa and Alizarin Red staining with a higher intensity on scaffolds cul-
tured in BMP-2 medium. This fact seems to be obvious due to the differentiation
induction of the growth factor. However, by analyzing the glucose concentration it
was shown that there was an 8% higher consumption during the cultivation with the
growth factor even though this cultivation was 7 days shorter. This leads to the
conclusion that the higher mineralization could additionally be induced by an 8%
higher cell number on the scaffold or because of a stronger calcification activity. To
investigate the differentiation in more detail the expression of several proteins cor-
relating with bone differentiation were determined. Alkaline phosphatase and col-
lagen I are both proteins found in early osteoblastic differentiation [78]. The
expression of collagen I as the primary and main matrix protein of bone tissue was
identical after both bioreactor cultivations as revealed by RT-PCR results. In con-
trast the results of the static cultures showed an increase in AP activity only in the
presence of BMP-2 or differentiation medium, respectively. These findings suggest
that Sponceram® accelerates the early osteoblastic differentiation even in the
absence of differentiation inductors when cultured in the ZRP-bioreactor.

Osteocalcin and bone sialoprotein as non-collagenous proteins are known to
play an important role in matrix mineralization. OC is known to bind calcium and
is likely to be involved in hydroxyapatite regulation [79]. BSP contains an RGD-
sequence that interacts directly with integrins [80]. Results of RT-PCR analysis of
the two ZRP-Bioreactor RBS cultivations demonstrated that Col I, OC, and BSP
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were expressed in both dynamic cultures, independent of the addition of BMP-2.
These results confirm the above-mentioned findings, that the scaffold itself is able
to induce differentiation in bone cells with concomitant mineralization when cul-
tured in the bioreactor system. This promotion can be due to the composition of the
Sponceram® scaffold and/or is related to its 3D structure. Scaffold materials like
hydroxyapatite, tricalciumphosphates, or composites are known to induce differen-
tiation via an interaction of the inorganic material with cellular components. This
fact should also be considered here although Sponceram® does not comprise these
components. In addition, the ideal culture conditions in the ZRP-bioreactor ensure
a homogenous nutrient distribution throughout the scaffolds. This supported rapid
cell proliferation and differentiation.

Considering the marker gene/GAPDH ratios there was a higher expression of
osteocalcin using the standard medium and a higher expression of BSP using
BMP-2 medium. This difference can be due to the fact that the two proteins under-
lie time-dependent up and down regulations thus different expression levels corre-
late with the two different culture durations.

In summary, this study demonstrated that Sponceram® within the ZRP-bioreactor
is applicable for the differentiation of MC3T3-El cells into the osteoblastic pheno-
type. The macroporous structure of the scaffold contributed to a fast cell attachment
and proliferation. The ultimate shape of the used scaffold and cultivation procedure
provided the differentiation. Additionally, the alternate contact of cells to the
medium and the oxygen atmosphere supported the proliferation and differentiation
process of the MC3T3-El cells within the scaffold.
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Bioreactors for Tissue Engineering of Cartilage

S. Concaro, F. Gustavson, and P. Gatenholm

Abstract The cartilage regenerative medicine field has evolved during the last
decades. The first-generation technology, autologous chondrocyte transplantation
(ACT) involved the transplantation of in vitro expanded chondrocytes to cartilage
defects. The second generation involves the seeding of chondrocytes in a three-
dimensional scaffold. The technique has several potential advantages such as the
ability of arthroscopic implantation, in vitro pre-differentiation of cells and implant
stability among others (Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O,
Peterson L, N Engl J Med 331(14):889-895, 1994; Henderson I, Francisco R, Oakes
B, Cameron J, Knee 12(3):209-216, 2005; Peterson L, Minas T, Brittberg M, Nilsson
A, Sjogren-Jansson E, Lindahl A, Clin Orthop (374):212-234, 2000; Nagel-Heyer S,
Goepfert C, Feyerabend F, Petersen JP, Adamietz P, Meenen NM, et al. Bioprocess
Biosyst Eng 27(4):273-280, 2005; Portner R, Nagel-Heyer S, Goepfert C, Adamietz
P, Meenen NM, J Biosci Bioeng 100(3):235-245, 2005; Nagel-Heyer S, Goepfert C,
Adamietz P, Meenen NM, Portner R, J Biotechnol 121(4):486-497, 2006; Heyland J,
Wiegandt K, Goepfert C, Nagel-Heyer S, Ilinich E, Schumacher U, et al. Biotechnol
Lett 28(20):1641-1648, 2006). The nutritional requirements of cells that are synthe-
sizing extra-cellular matrix increase along the differentiation process. The mass
transfer must be increased according to the tissue properties. Bioreactors represent an
attractive tool to accelerate the biochemical and mechanical properties of the engi-
neered tissues providing adequate mass transfer and physical stimuli. Different reactor
systems have been [5] developed during the last decades based on different physical
stimulation concepts. Static and dynamic compression, confined and nonconfined
compression-based reactors have been described in this review. Perfusion systems
represent an attractive way of culturing constructs under dynamic conditions. Several
groups showed increased matrix production using confined and unconfined systems.
Development of automatic culture systems and noninvasive monitoring of matrix
production will take place during the next few years in order to improve the cost
affectivity of tissue-engineered products.
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1 Introduction

The cartilage regenerative medicine field has evolved over the last decades. The
first-generation technology involved the transplantation of in vitro expanded
chondrocytes to cartilage defects. This technique showed good long-term clinical
results as reported by several independent orthopedic scientists [1-3]. Despite the
good results of the first-generation technology of autologous chondrocyte trans-
plantation (ACT) some of the concerns regarding the transplantation of immature
chondrocytes in suspension led to the development of a second generation of ACT.
This technology involves the seeding of chondrocytes in a three-dimensional scaf-
fold. Other techniques include the use of in vitro-generated neocartilage using
cartilage-carrier-constructs [4—8]. The technique has several potential advantages
such as the ability of arthroscopic implantation, in vitro pre-differentiation of cells, and
implant stability among others [9—15]. The nutritional requirements of cells that are
synthesizing extra-cellular matrix (ECM) increase along the differentiation process.
The mass transfer must be increased according to the tissue properties. Bioreactors
represent a great tool to accelerate the biochemical and mechanical properties of



Bioreactors for Tissue Engineering of Cartilage 127

the engineered tissues providing adequate mass transfer and physical stimuli [13].
Nondestructive monitoring of the cell-scaffold constructs is of profound impor-
tance to evaluate the evolution of three-dimensional dynamic cultures for human
applications.

2 Articular Cartilage

2.1 Composition

Chondrocytes are the cells that make up cartilage. The amount of chondrocyte cells in
the cartilage is less than 10% of the tissue volume. The chondrocyte cells produce an
extra-cellular matrix that is composed of a dense network of collagen fibers (collagen
II) and proteoglycans (PGs). The collagen content in cartilage is about 10-30% while
the content of PGs is 3—10% (wet weight). The remaining composition is water. Other
compounds are inorganic salts and small amounts of other matrix proteins, glycopro-
teins and lipids. It is the collagen and PGs that provide structure for the tissue and
together with water determine the biomechanical properties and functional behavior of
cartilage. The articular cartilage can be divided into different zones: the superficial
tangential zone (10-20%), middle zone (40-60%), and deep zone (30%). There is also
a calcified zone close to the bone.

2.2 Collagen

Collagen is a protein that is very common in the body. Three procollagen polypep-
tide chains (alfa-chains) that are coiled into left-handed helices, which are then
coiled in a right-hand helix around each other, form the basic biological unit of
collagen called tropocollagen. The tropocollagen then assembles into larger colla-
gen fibrils. This crosslinking of tropocollagen is responsible for the tensile strength
of collagen. The diameter of the collagen varies but the average diameter in articu-
lar cartilage is 25-40 nm. The distribution of collagen in the articular cartilage is
not homogenous and varies through the different zones of the cartilage. In the
superficial tangential zone the collagen fibers are densely packed and randomly
orientated in planes parallel to the articular surface.

2.3 Proteoglycans

Proteoglycans are polysaccharide—protein compounds that can exist as either
monomer or as aggregates. The polysaccharide part is about 95% with the other 5%
being protein. The PG monomer is a protein core, about 200 nm long, covalently
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bound to several glycosaminoglycans (GAGs) and oligosaccharides (both
O-linked and N-linked). There are about 150 GAG chains attached to the protein
core. Some of the polysaccharides found in the articular cartilage are keratan
sulfate, chondroitin sulfate, hyaluronic acid, dermatan sulfate, and heparan sulfate.
The length of the keratan sulfate chain is about 13 disaccharide units while the
chain length for the chondroitin sulfate is 25-30 disaccharide units. The GAGs
are negatively charged, at least one per disaccharide making the GAGs repel
each other but it also causes them to attract cations and interact with water. The
amounts of these GAGs change as the cartilage ages. Chondroitin sulfate
decreases while keratan sulfate increases. Most of the proteoglycan monomers
form aggregates with hyaluronate [16].

2.4 Tissue Fluid

About 80% of the wet weight of the cartilage is fluid. The fluid contains mostly
water but also gases, metabolites, and a large amount of cations which stabi-
lizes the negative charges from the GAGs. The nutrient and oxygen transport
and waste removal in the cartilage take place through diffusion exchange
between the tissue fluid and the synovial fluid. Only a small percentage of the
fluid is intracellular. About 30% of the fluid is believed to have a strong asso-
ciation with the collagen fibers thus being very important for the structural
organization of the ECM. This interaction with the ECM provides the ability to
resist and recover from compression. The rest of the fluid (about 70%) can
move freely during loading [17-22].

2.5 Interaction Between Components in Cartilage

The negatively charged GAGs attract mobile cations in the tissue fluid such as
sodium and calcium, which creates an osmotic pressure (Donnan Osmotic Effect) of
approximately 0.35 MPa. The collagen network inhibits swelling, leading to a pre-
stress in the collagen network. When the cartilage is compressed the internal pres-
sure in the matrix exceeds the osmotic pressure and the fluid begins to flow out of
the cartilage. This leads to an increase in the charge density from the GAGs, which
then increases the osmotic pressure and charge—charge repulsion. This finally leads
to equilibrium with the external stress. This property complements the tensile
strength of the collagen fibers. The compression strength of the proteoglycans is
derived from the osmotic swelling pressure and from the PG aggregates that are
entangled in the collagen network. The elastic modulus for the collagen—PG matrix
is approximately 0.78 MPa [17, 19, 21-23].
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2.6 Biomechanics of Articular Cartilage

To understand the mechanical response of cartilage one can view it as biphasic tis-
sue. First is the fluid phase, which comprises interstitial fluid and the inorganic salts.
The other phase is the solid phase, which is represented by the extra-cellular matrix.
So the cartilage can be seen as a fluid-filled, porous, and permeable material. Since
the cartilage has a fluid part and a solid part its mechanical response is viscoelastic,
a combination of the viscous response from the fluid and the elastic response of the
solid. Because of this viscoelasticity the response to a constant load or constant
deformation is time dependent. These responses are called creep and stress relaxa-
tion, respectively. If the response from a constant mechanical load is a quick initial
deformation followed by a slow but increasing deformation until equilibrium is
reached it is called creep. The other type of response is defined as a high initial stress
followed by a slow decrease of the stress and this happens when a viscoelastic mate-
rial is exposed to constant deformation and this is called stress relaxation.

The viscoelastic behavior during compression is mostly related to the flow of
interstitial fluid but with shear it is mostly due to the motion of the collagen and PG
chains. The part of the viscoelasticity that is caused by interstitial fluid is known as
biphasic viscoelastic behavior and the part that is caused by the macromolecules of
the matrix is known as flow independent or intrinsic behavior [24-27].

2.7 Permeability of Articular Cartilage

A porous material becomes permeable if the pores are interconnected thus making
it possible for the fluid to flow through the material. The porosity () is defined as
the fluid volume divided by the total volume. The permeability (k) is a description
of how easy it is for the fluid to pass through the material and is inversely propor-
tional to the frictional drag (K). So it is a measure of the force that is needed to
move the fluid at a given velocity through the porous material. The frictional force
is caused by the interaction of the fluid and the walls of the pores. The permeability
k is related to K in the relationship:

There is also Darcy’s law:

k= on
AP = P)
Q is volume per unit time through the sample with the area A. P, — P, is the pressure

difference between the different sides of the sample and % is the height of the
sample [17-19, 23, 26].
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Fig. 1 Different bioreactor systems used in tissue engineering. (a) Direct perfusion bioreactor. (b)
Rotating-wall vessels. (¢) Spinner flask. (d) Compression bioreactor

3 Bioreactor Systems

The role of a bioreactor is to mimic the in vivo conditions of a tissue. The bioreac-
tor should be able to control the different variables that define the environment of
the tissue. The pH, partial pressures (pO, and pCO,), temperature, nutrient supply,
and mechanical environment are a few of the parameters that need to be controlled
(Fig. 1) [28-34].

3.1 Spinner Flasks

Spinner flasks are the most common mechanically stirred bioreactors (Fig. 1c). They
use a magnetic stir bar to mix the medium. In this way the diffusion limit of 100-200
um is overcome and the scaffolds are exposed to fresh nutrients and oxygen. Stirring
is often performed at 50 rpm because this velocity inflicts no apparent physical dam-
age to the cells, although a fibrous capsule can form on the scaffold surface. The
mass transfer will not be uniform in the scaffold and there will be pH gradients and
shear gradients which lead to inferior tissue formation. Some spinner-flask systems
include ports and filters for gas exchange, which will lead to a more closed bioreac-
tor but manual handling is still a must for medium exchange [35-37].
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3.2 Rotating-Wall Vessels

The rotating-wall vessels (Fig. 1b) expose the scaffolds to an environment with low
shear stresses and high mass transfer rates. The walls of the vessel rotate at a rate
that balances the scaffold in the medium by evening out the forces exerted on
the construct. The forces are the drag force (F), the centrifugal force (F), and the
gravitational force (Fg) [36, 38, 39].

3.3 Hollow-Fiber Bioreactors

Hollow-fiber reactors use perfusion through semi-permeable fibers which increase
transport of nutrients and oxygen. The cells are embedded in a gel inside the lumen
of the fibers and the medium is transported from the exterior.

3.4 Dynamic Compression Bioreactors

By applying mechanical load, the compression reactors (Fig. 1d) try to emulate the
physical environment of the tissue to generate functional tissue grafts. The dynamic
compression is often control by a computer in which frequency and time interval
for compression can be regulated. The dynamic strain of the scaffold is often super-
imposed on a static one whose purpose is to hold the scaffold still, as well as to
emulate the static pressure that the cartilage is exposed to. The configuration of
frequency, load, strain, and duration has varied a lot in different studies. With fre-
quencies between 0.0001 and 3 Hz, compression stresses exerted on the scaffolds
vary from 0.1 to 24 MPa and strain levels between 0.1 and 25% [40].

4 Perfusion Systems

Flow perfusion reactors continuously perfuse medium through the porous scaffold
construct. A pump causes the medium to flow through the tubing and into the chamber,
where the scaffold is confined so that the medium passes through the scaffold and not
around it. This design improves the mass transfer in the interior of the three-dimensional
scaffold. This enhances the nutrient delivery otherwise limited by external and internal
diffusion. The fluid also exerts mechanical stimuli on the scaffold and cells in the form
of fluid shear stress. The amount of shear stress that is exerted on cells in a perfusion
chamber is dependent on the flow rate used. Shear stress on each individual cell will be
dependent on the microstructure of the scaffold where size, porosity, and
interconnectivity of the pores are of importance. An advantage of this kind of system is
that the risk of contamination is much lower since the medium is not changed manually
[40-43] (Fig. 2).
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Fig. 2 Flow through a porous scatfold

5 Physical Environment

There are two different kinds of flow type, laminar flow and turbulent flow. There
can of course be a flow that contains both types (at either different times or posi-
tions in the flow) as well as a flow that is in a transition phase between the two
flows. The physical variables that determine what kind of flow is present are the
density (p), the viscosity (u), the flow velocity («), and the geometry (d) where the
liquid is present. These parameters can be combined to provide a dimensionless
parameter which is called the Reynolds number (Re).

pud
u

Two flow patterns will behave the same if the Re is the same even if the input
variables (p, u, u, and d) are different. For small Re the flow is laminar and for
large Re the flow is turbulent. There is no straight cut-off point but with a Re of
over 1,000 the flow can begin to be turbulent. The laminar flow is predictable and
there exist calculation formulas. Therefore, checking the flow at the same spot at
different time points will give the same result. The turbulent flow on the other
hand is more chaotic and calculations need to be done using statistical computa-
tional methods.

The average flow velocity can be calculated if the flow rate is known. The flow
rate can be controlled by settings on the pump. The flow rate is defined as volume
per time. The average flow velocity will be known since the system is confined
and all volume must continue to be in the system. It can also be seen as steady

Re =
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Fig. 3 Schematic picture showing mass flow

mass flow in which mass cannot accumulate or be compressed to a smaller vol-
ume (incompressible media). This is true for this experiment when the chamber
is filled (Fig. 3).

The mass that is transported through one cross-section area must go into the next
cross-section area. So this will give rise to the following equation:

P AV, = PyAY, =m

A represents the cross-sectional area and v is the velocity. The mass flow rate is
represented by m’. The density of the media is the same in both chamber parts so
no indices are necessary on the p. So the equation can be rewritten in which the
mass flow rate can divide by the density.

y=-=1
A

In this simplified equation ¢ is the flow rate (volume per time). From the equa-
tion above it is possible to obtain the average velocity of the media in the different
parts of the chamber.

It is not only the average velocity of the media that is interesting, but also the
flow velocity profile of the medium. In this case the chamber will be like a rectan-
gular pipe (or duct). In a laminar flow profile the velocity will always be highest in
the middle of the flow. The velocity then decreases from its maximum in the middle
and reaches zero at the edges of the chamber. The fact that a media particle in con-
tact with the chamber wall stays at rest is called the no-slip condition.

The formula for the flow velocity in a rectangular pipe looks like this:

zm(2i—1)
i+ h(————— .
u(y Z):ﬁ Uy Z (™ 1— cosh( 2a ) cos(yn(Zl_l)‘
) 3 N 3 . J
7 1920 e D T RN snPPRID, 2a
b 2a a

In this formula u_ is the average velocity; 2a and 2b are the length and the width
of the chamber. The y and z parameters correspond to the length and width coordi-
nate with the origin in the center of the chamber. The highest velocity will be
located in the center and be twice as high as the average speed.
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6 Perfusion Systems for Cartilage Generation

Several research groups have used perfusion systems to evaluate matrix synthesis
from, for example, chondrocytes and also employed such systems for bone tissue
engineering applications [43—46]. Portner et al. [4-8] developed a flow-chamber
reactor system that enabled the cultivation of six cartilage-carrier-constructs in
parallel. In this novel chamber a very thin medium layer enhances gas and nutrient
transfer. Cartilage-carrier-constructs cultured with this chamber showed a higher
degree of differentiation than static controls.

Davisson et al. [47] performed a study to compare matrix synthesis and cell content
in three-dimensional cultures of chondrocytes under static and different kinds of
perfusion conditions. They used both static and perfusion seeding and evaluated two
different flow rates of perfusion during culturing. In the perfusion seeding 20 million
cells per system were used in 30 ml of medium. The flow rate during seeding was 2.5
ml min™" (500 um s7') for 5 h, after this the flow rate was lowered to 0.05 ml min~' (10
um s7') and left overnight. After perfusion seeding the scaffolds were either put in a
static culture, perfusion cultured at a flow rate of 0.05 ml min™ (10 um s™), or per-
fusion cultured at a flow rate of 0.8 ml min™" (170 um s™"). The static-seeded scaffolds
were maintained in static culture conditions. At day 1 the samples were radiolabeled
with ¥SO,. Other samples were cultured for 7 days at flow rates of 0.05 ml min™', and
were then divided into the same three groups (static, flow rate 0.05 ml min~!, and 0.8
ml min™') after which they were radiolabeled. Samples were evaluated at day 3 (radi-
olabeled at day 1) and day 9 (radiolabeled at day 7). The cell content at day 3 was
significantly higher for samples that were perfused the whole time. A flow rate of 0.05
ml min™" for the whole period gave the highest value. On the other hand, the static
culturing gave more newly synthesized S-GAGs at day 3. At day 9 it was once again
samples that had been exposed to perfusion that had the highest cell content, signifi-
cantly higher than in the static culturing. The S-GAG production was significantly
higher for samples cultured with perfusion at a flow rate of 0.05 ml min™' for the whole
9-day period as well as for 7 days followed by 2 days of perfusion at a flow rate of 0.8
ml min~' compared to the static control. The highest production value was achieved
with a flow rate of 0.05 ml min™' for 7 days followed by 0.8 ml min™ until day 9. So
flow rates as well as the time samples are exposed to perfusion are important factors
in achieving the best results.

The perfusion chamber made by Bancroft et al. [30] is designed so that the flow
penetrates the scaffold in a downwards motion, to avoid gas bubbles on the downside
of the scaffold, whereas a flow from the other direction could perhaps create them.
They used Plexiglas as the material for their chamber, which they sterilized with
ethylene oxide. Plexiglas was used because it is transparent which makes it possible to
follow the flow through the chamber. The scaffold is held in a cassette that is trapped
between two O-rings made of neoprene with a screw on top to provide a tight seal.

Strehl et al. [43] cultured explanted cartilage pieces in a perfusion system. The
system showed that the perfused pieces maintain hyaline cartilage morphology and
tissue-specific content. The perfusion culturing was carried out in a serum-free
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environment and was compared to static cultures made with serum (fetal calf and
human) and under serum-free conditions. The samples were also compared to fresh
cartilage. Samples were analyzed after 14, 28, 48, and 56 days. At day 14 there
were some differences but they were extremely evident at day 56. The perfused
samples maintained a low mitotic activity during the whole culture time, compara-
ble to levels seen in fresh cartilage. Immunohistochemistry levels for aggrecan,
collagen I, collagen II, and COMP where much more like the fresh hyaline cartilage
for the perfusion samples then for the different static samples. There was an upreg-
ulating tendency for collagen I in the static-culturing systems. The morphology of
the samples changed drastically for the static samples over the 56 days of culture
and an extensive weight and size loss was measured. On the other hand, the mor-
phology for the samples that had been cultured in the perfusion chamber had a
similar morphology to the fresh hyaline cartilage. The serum increased the mitotic
activity, which also led to dedifferentiation of the chondrocytes. And the dediffer-
entiation of the cells was correlated with degeneration of the matrix.

Zhao and Ma [44] used a perfusion system for growing human mesenchymal stem
cells. When growing the cells they found no difference in growth patterns between the
upper and lower side of the scaffold at day 28. On the other hand, they found a much
higher amount of proliferating cells on the upper surface (comparable to that found
in the perfusion case) then on the lower surface in the static control case at day 21.
In both the static and the perfusion culture the metabolic rates increased exponentially
but the magnitude of the glucose consumption and lactate production was 1-2-times
higher in the perfusion case. They found indications that the static culture had oxygen
delivery limitations. This is seen in the ratio of the lactate production/glucose con-
sumption. There is a significant effect on cell proliferation as well as on ECM secretion
at oxygen tension below 40 mmHg. In the later stages of the static culturing the oxygen
tension was lower than this while the perfusion samples were never close to this. Zhao
and Ma developed a bioreactor system that seeded the cells and cultured the cells by
perfusion. In this study they used human mesenchymal stem cells and the scaffold
material was PET. It was designed in a way so that there could be different circulation
loops with either the media/cell suspension being forced through the scaffold or the
media/cell suspension having the possibility to flow over the scaffold surface (upper
and lower surface). In the seeding process the cell suspension was forced through the
scaffold in a recirculating motion for 3 h. Seeding efficiency at two different cell con-
centrations and at three different flow rates was evaluated. The cell distribution was
also evaluated. The media could flow above and below the scaffold and through the
scaffold but it was not forced through the scaffold when doing the perfusion cul-
turing. The flow rate was 0.1 ml min™ for up to 40 days. The perfusion results were
compared to the static culture results. In the static seeding the cell
suspension was passed through the scaffolds four times and the whole process took
1 h. The samples were then put in wells and the media was changed every other day
for up to 38 days. Both the static and perfusion culturing was performed in a 5% CO,
incubator. Cell numbers were evaluated with DNA assays and metabolic activity was
evaluated by analyzing the glucose and lactate at the inlet and outlet of the perfusion
chamber. The seeding results showed an inverse correlation between flow rates and
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seeding efficiencies. When decreasing the cell density per chamber (each chamber
containing three scaffolds) from 7.2 x 10° to 1.2 x 10° the seeding efficiency doubled.
This was performed at a flow rate of 0.1 ml min~'. For higher flow rates the difference
decreases and no statistical difference is found at 0.4 ml min™'. The seeding was uni-
form in the perfusion scaffolds, with no statistical difference between the upper and
lower side of the scaffold and with no difference between the three scaffolds that
shared a chamber. To observe the morphology of the tissue construct SEM and histo-
logical sections were used. After 7 days the static samples had a more dense cellular
mass on the lower side of the scaffold indicating an uneven growth and distribution of
the cells in the scaffold. On the same day the perfusion samples showed a more uni-
form distribution and ECM proteins were found on both sides of the scaffold. The
histological sections of the central regions of the scaffolds confirmed the uniform
distribution in both the static and perfusion constructs. On the other hand, when look-
ing at the peripheral parts of the scaffolds it was seen that there were more aggregated
cells and more secreted ECM proteins around the scaffolds in the static culture. This
was not found in the perfusion scaffolds. At an initial cell density of 1.13 x 10° cells
ml™" the static cultures reached a plateau after 25 days and at day 38 a 4.3-fold increase
was achieved. The perfusion reactor system reached a higher final cell density even
with a lower initial cell seeding density. The cell density increased from 7.91 x 10° to
4.22 x 107 cells ml™! after 40 days of culturing. This is a 50-fold increase. An increase
in glucose consumption and lactate production was seen over time in the perfusion
system especially after 20 days, which indicated a higher metabolic demand at the later
stage of culturing.

In a study performed at our laboratories we evaluated the effect of confined
perfusion on the ECM synthesis of human adult primary chondrocytes cultured
in chitosan scaffolds and explored basic methods to monitor the metabolic activ-
ity of the cultured cells.

Cartilage was harvested from patients undergoing arthroscopy. The media
used for expansion was DMEM-F12, 10% FCS, and 1% antibiotic antimycotic
solution. After the first passage cells were seeded into chitosan scaffolds (thick-
ness = 3 mm, width = 3 c¢m, length = 5 cm, area = 15 cm?) with a fast-delivery
dynamic system using a RADA 16 self-assembly peptide hydrogel (SAPH) at a
density of 2 x 10° cells per cm? of chitosan scaffold. A volume of 1,500 ul of
peptide hydrogel-chondrocyte mixture was statically dispersed along the scaffold
and then dynamically seeded perfusing the mixture through the construct. After
this step the self assembly was initiated perfusing phospate buffer solution (PBS)
from the bottom to the top of the scaffold. The constructs were cultured statically
for 2 days and after this period direct perfusion was initiated in the dynamic
group. The dynamic culture group was cultured using a custom-made confined
perfusion chamber (Fig. 4a—d). For chondrocyte cultures in 3D we used a defined
media consisting of DMEM-HG supplemented with ITS-G, 5.0 ug ml'~ linoleic acid,
1.0 mg ml'~ human serum albumin, 2 ng ml'~ transforming growth factorl (TGF-B)),
10”7 M dexamethasone, 14 ug ml'~ ascorbic acid, and Penicillin-Streptomycin.
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Fig. 4 a and b Computer design of the perfusion chamber, ¢ perfusion chamber prototype 1
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6.1 Flow Velocity Calculations

The mass flow was calculated using the formula m” = p*A*v. This is based on
the fact that the same amount of mass is transported in and out of the system and
that no accumulation occurs. This is true for our system when the chamber is
filled up (Fig. 5).

6.2 Metabolic Parameter Determination

Different metabolic parameters were measured before and after perfusion. pCO,,
pO,, bicarbonate, PH, and oxygen saturation levels were recorded and compared to
determine if there are differences after perfusion of the constructs.

6.3 Histology

After 14 days the 3D scaffolds were fixed in Histofix™ (Histolab products AB,
Sweden), dehydrated and embedded in paraffin. Five-micrometer sections were
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cut and placed onto microscope slides (Superfrost Plus, Menzel-Gléser, Germany),
deparaffinized and stained with Alcian Blue.

6.4 Results

The flow velocity was 0.8 um s™' through the scaffold. Furthermore, the flow rate
along the chamber was 0.05 ml min™".

During the period of evaluation there was a significant difference between the
different metabolic parameters evaluated. The levels of pCO,, pO,, bicarbonate,
PH, and oxygen saturation were affected by the cell metabolism thus increasing or
decreasing (Fig. 6a—c). We found considerable histologic differences between the
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perfused and the static group. The perfusion group showed viable cells with abun-
dant matrix production and areas of early chondrogenic differentiation (Fig. 7). The
static group showed cell necrosis and no matrix production (Fig. 8).

It was also possible to monitor GAG production in the media as well as in the
scaffolds. Perfusion increased GAG: Glucosaminoglycans production over time.
It was possible to detect GAG in the media supernatant as an indirect measure to
evaluate matrix production nondestructively.

GAG concentration in scaffold or media

500+
450+ # Dynamic
400+ culture scaffold
350+ .
¢ 300- & Dynamic
S 50 culture media
2 500- 1 Static culture
150- scaffold
100+
50
0~
14 . 21
Time

Fig. 7 GAG concentrations (ug GAG/scaffold) in scaffolds or supernatant media under static or
dynamic conditions

Static

Fig. 8 The perfusion group showed viable cells with abundant matrix production and areas of
early chondrogenic differentiation. The static group showed cell necrosis and no matrix production
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7 Conclusion

Confined perfusion increased the quality of the tissue-engineered constructs using
a flow rate of 0.05 ml min™'. A defined media with low concentrations of TGF[} was
enough to start early differentiation under the described experimental conditions. It
is possible to monitor the metabolic activity of the constructs using nondestructive
assays. These perfusion studies indicate that perfusion culture is a powerful and
successful tool to use in cell culture. It solves the diffusion limitations involved in
static culturing. In static culturing the chondrocytes are more likely to start produc-
ing collagen I compared to perfusion-cultured cells. It is important not to use too
high flow rates in the beginning since this can lead to removal of the cells from the
scaffold. An increase of the flow rate as the tissue matures has shown better results
compared to using the same flow rate through the whole culturing process.
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Abstract Technical aspects play an important role in tissue engineering. Especially
an improved design of bioreactors is crucial for cultivation of artificial three-
dimensional tissues in vitro. Here formation of cartilage-carrier-constructs is used
to demonstrate that the quality of the tissue can be significantly improved by using
optimized culture conditions (oxygen concentration, growth factor combination)
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1 Introduction

The loss and damage of tissues cause serious health problems. As the existing
therapy concepts are not sufficient, new therapy concepts for practical medical
applications are required [1-7]. To this end, tissue-engineered substitutes generated
in vitro could open new strategies for the restoration of damaged tissues. Formation
of 3D tissue substitutes in vitro requires not only a biological model (e.g., an ade-
quate source for proliferable cells with appropriate biological functions, a protocol
for proliferating cells while maintaining the tissue-specific phenotype), but also the
further development of new culture strategies including bioreactor concepts.

Bioreactors for the generation of 3D tissue constructs can provide a better proc-
ess control by taking into account different demands of cells during cultivation
[8—13]. Furthermore, they can provide the technical means to perform controlled
studies aimed at understanding specific biological, chemical or physical effects.
Moreover, bioreactors enable a safe and reproducible production of tissue con-
structs. An overall comparison of different culture methods shows the advantages
of bioreactor culture. Not only the properties of cultivated 3D tissue constructs can
be improved, but also aspects such as safety of operation argue for the use of bio-
reactor systems. Bioreactors can be used to study effects such as shear flow and/or
hydrostatic pressure on the generation of tissues. For future clinical applications,
the bioreactor system should be an advantageous method in terms of low contami-
nation risk, ease of handling and scalability.

The following considerations are intended to demonstrate how the interdisciplinary
application of biological and engineering knowledge can significantly improve the
properties of tissue-engineered 3D cartilage constructs. The quality of joint cartilage
decreases with increasing age which often leads to orthopaedic treatments causing
high costs [14—17]. Other reasons for cartilage damage are traumatic events which are
the primary cause for local lesions of articular cartilage. Only an early treatment of
the defect may achieve restoration of the initial joint geometry and integrity. However,
for large defects the availability of autologous cartilage is not sufficient to bridge the
affected area. Using heterologous transplants for missing articular cartilage bears the
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risk of infection and immune response. Tissue engineering offers an alternative
treatment method that has the capability to overcome some of the main drawbacks of
current treatments for articular defects [18-22]. Tissue engineering presently creates
cartilage with poor mechanical and biochemical properties. Therefore, the improve-
ment of properties and functionality are critical to the success of these engineered
tissues. For this, new bioreactor concepts play an important role [23-35].

Our research is based on the formation of osteochondral implants which consist
of a ceramic carrier as bone substitute and a layer of cultivated cartilage generated
in vitro. A mosaic-like implantation [15] of these autologous cartilage-carrier-con-
structs may provide a reconstructed surface area inside the knee joint. The cultiva-
tion principle includes the following steps as shown in Fig. 1 [36-38]: (a) explanted
chondrocytes are expanded in monolayer culture until passage 3; (b) afterwards the
cells are seeded onto a solid carrier (cell coating) and cultivated for 2 weeks;
(c) simultaneously expanded chondrocytes are suspended in alginate gel for 2 weeks

(a) proliferation of
S " chondrocytes

cartilage S
defect

I implantation A

—— (c) re-differentation (b) proliferation
i in a|ginate ge' on ceramic carrier

cartilage-carrier\ _ : o

construct

(d) cartilage-matrix
formation (bioreactor)

Fig. 1 Scheme of the cultivation principle for generation of cartilage-carrier-constructs (developed by
P. Adamietz, C. Goepfert and F. Feyerabend, UKE, Hamburg, compare [27, 36]): (a) isolated chondro-
cytes are expanded in monolayer culture until passage 3; (b) afterwards the cells are seeded onto a solid
carrier (cell coating) and cultivated for 2 weeks; (¢) simultaneously expanded chondrocytes are sus-
pended in alginate gel for 2 weeks to induce re-differentiation; (d) the re-differentiated chondrocytes
are then eluted out of the alginate gel and sedimented on the cell-coated carrier. These cartilage-carrier-
constructs are cultivated for cartilage formation for 3 weeks (high-density cell culture)
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Fig. 2 Cartilage carrier construct from porcine chondrocytes, side view of a cartilage-carrier construct
(1: newly formed cartilage by free swelling, 2: solid calcium phosphate carrier, scale 1 mm)

to induce re-differentiation; (d) the re-differentiated chondrocytes are then eluted out
of the alginate gel and sedimented on the cell-coated carrier. These cartilage-carrier-
constructs are cultivated for cartilage formation for 3 weeks (high-density cell cul-
ture). An example of a porcine cartilage-carrier-construct is shown in Fig. 2. The
concept was applied successfully in mini-pigs [39]. Nevertheless, further improve-
ment of the protocol is required. In the following aspects such as expansion of cell
number, ceramic carrier as support, optimization of oxygen concentration and
growth factor supplementation, and impact of hydrostatic and mechanical load on
cartilage formation will be discussed. For all studies the same basic protocol was
applied. Parameters such as content of glycosaminoglycan (GAG), DNA, height and
weight of the constructs, Young’s modulus to describe elastic properties, and the
content of collagen type II are considered. The methods will not be discussed in
detail, as they have been published elsewhere [36-38].

2 Expansion of Cell Number

In cell-based technologies for the treatment of articular cartilage defects, the expan-
sion of small numbers of chondrocytes obtained from biopsies is an integral part of
the manufacturing process. The initial cell number for the generation of autologous
implants is limited by the small size of a biopsy which is assumed to count 0.2 x
109 to 1.2 x 10° cells. Hence, chondrocytes have to be expanded by a factor of
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100-1000 until the required cell number is reached: for cartilage-carrier-constructs
as presented here, an initial cell number of 1 x 10° cells is required. In order to fill
a defect of about 6 cm? it is necessary to subcultivate monolayer cultures until pas-
sage 3. The propagation in T-flasks comprises a couple of trypsination steps leading
to a de-differentiated phenotype of the chondrocytes (reduction of collagen type 11
expression and production of collagen type I) [40, 41]. Here an alternative propaga-
tion technique is presented, which may avoid these drawbacks.

Basically, microcarriers are used for proliferation instead of flasks. The term “micro-
carriers” comprises small beads, either solid or porous, having a diameter of approxi-
mately 100-300 wm and a density slightly higher than the growth medium density of
1.02-1.04 g cm™ [42]. In microcarrier culture, cells grow as monolayers on the surface
of small spheres or three-dimensionally within the macroporous structures. The carriers
are usually suspended in culture medium by gentle stirring. On smooth solid microcar-
riers cells grow on the outer surface until a monolayer is formed. In this case, each
microcarrier can accumulate approximately 100-200 cells. To reach an optimal growth
on all individual microcarriers, an even distribution of cells is required. For most cell
lines more than seven cells per carrier are required during inoculation to ensure that the
population of unoccupied microcarriers is less than 5% and the use of the available
surface area is maximized [43]. In recent years, microcarrier cultures have been studied
extensively in the engineering of cartilage and bone (reviewed by [44]), mostly to inves-
tigate the effect of certain culture conditions (e.g. oxygen concentration) on growth and
degree of re-differentiation of proliferated chondrocytes [45].

Propagation of chondrocytes on microcarriers has the following advantages: (1)
bioreactors can be used for better process control and easier handling, (2) repeated
treatment with proteolytic enzymes (trypsin) can be avoided, and (3) detachment of
chondrocytes after the expansion period for further use is possible, among others.
Nevertheless, the common techniques for use of microcarriers bear some disadvan-
tages. The increase in cell number is usually in the range of 10-20 during a batch
culture, similar to flask culture. Therefore, a number of subculture steps are required
if a certain number of cells have to be generated. During these subculture steps a
detrimental de-differentiation has to be expected similar to propagation in flasks.
Therefore, a culture strategy based on proliferation of chondrocytes on microcarriers
with reduced subculturing steps was developed (Fig. 3). The basic idea is to increase
the surface available for cell growth during the cultivation. For this purpose, a small
amount of microcarriers in a watch glass is inoculated with a low number of cells.
After reaching confluence, new microcarriers and fresh medium are added. Again
after reaching confluence, the microcarriers are transferred to a conical bioreactor or
a shake flask, where new microcarriers and fresh medium are added.

In the following the expansion and re-differentiation capacity of porcine and
human articular chondrocytes (HAC) after expansion on microcarriers or in con-
ventional monolayer culture is discussed. With the technique described above it
was possible to increase the number of primary porcine chondrocyte cells by 1,400-
times without sub-cultivation by trypsination.

First results with human chondrocytes showed a reduced level of cells producing
collagen type I and an increased level of cells producing collagen type II compared
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primary cells from biopsy

~5-10¢
microcarriers
(3 mg)
+ microcarriers + microcarriers
(30 mg) | (300 mg)
—————
cultivation in  transferto  (A) (B)

Petri dish bioreactor

Fig. 3 Strategy for proliferation of primary cells by bead-to-bead transfer on microcarriers without
trypsinization. (A) Conical bioreactor (medorex) for the propagation of cells on microcarriers
(working volume 100 mL); (B) porcine chondrocytes grown on cytodex 3 microcarriers, final cell
density approximately 70 x 10° cells (expansion 1,400 times)

to chondrocytes cultivated for one passage in T-flasks [46]. To study these effects
in more detail, freshly isolated human chondrocytes were expanded by factor 10 in
monolayer culture and by factor 300 on the microcarriers without subcultivation,
and further cultivated in alginate gel according to step (c) of the protocol shown in
Fig. 1 [47]. T-flask expanded passage 1 chondrocytes (P1) formed high amounts of
collagen type I during cultivation in alginate gel. The best results were obtained in
a medium supplemented with IGF-I1 and BMP-7 (compare Sect. 4.2.2). Here, the
ratio of cells producing collagen type II to those producing collagen type I was
approximately 1 by aerating with 10% oxygen. For microcarrier expanded chondro-
cytes (P1%*), the production of collagen type II was significantly increased. Here, a
ratio of cells producing collagen type II to those producing collagen type I of 2.6
was reached by using IGF-I and BMP-7 and aerating with 10% oxygen.

In conclusion, expansion of human articular chondrocytes on microcarriers can
be carried out starting with low cell numbers of 5%10*-2*10° which are obtained
from biopsies. Using this method, repeated treatment with trypsin can be avoided
during the expansion process. The higher rates of extracellular matrix production
and better quality of matrix composition indicate, that the expansion of chondro-
cytes on microcarriers may improve cell-based cartilage repair.

3 Formation of In Vitro Cartilage on Various Types
of Calcium Phosphate Carriers

The treatment of joint defects by transplantation of autologous osteochondral grafts
is a well-established method. However, the application of this technique is limited
due to the fact that the implants have to be obtained from non-weight bearing
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regions of the joint. Therefore, several methods have been developed to produce
osteochondral implants consisting of a bone substitute covered by a layer of tissue-
engineered cartilage. Since chondrocytes are harvested from a small biopsy and
expanded in cell culture, in vitro-cultivated autologous cartilage-carrier-constructs
allow for the therapy of defects avoiding the above-mentioned drawbacks of osteo-
chondral transplantation.

In the last years, the formation of osteochondral implants by tissue-engineering
methods has been addressed by various approaches in vitro and in vivo. Biphasic
implants have been constructed using a mineral biomaterial such as biocoral [48],
bioglass [49, 50] or calcium phosphate-based materials in combination with
chondrocytes delivered to the bone substitute [51-55]. Waldman et al. [56, 57]
applied the concept of high-density cultures of primary chondrocytes on top of the
bone equivalent. The bone substitutes are supposed to provide repair of the
subchondral bone, anchorage of the cartilage layer within the bone and initial
mechanical stability to the injured joint.

Bone substitute materials closely related to the mineral component of bone are
well established in reconstructive surgery. Many in vitro and in vivo studies
de-monstrate the osteoconductive potential of these materials and show ingrowth
and osteogenic differentiation of mesenchymal precursors. In bone surgery, the
replacement materials are selected with respect to their proper sites and functions.
However, little is known about the interaction between cartilage and calcium
phosphate-based implant materials. Using primary bovine chondrocytes, cartilage
formation in vitro could be demonstrated on sintered calcium polyphosphate [56].

In our laboratory, various types of calcium phosphate ceramics were investigated
for their ability to be used as support materials for the formation of a 3D scaffold-free
cartilage layer in vitro. Using the method described by Nagel-Heyer et al. [36] (Fig.
1), the carriers were covered by a layer of expanded articular chondrocytes (P3,
Minipig). In parallel, chondrocytes were cultivated in alginate gel, and then released
together with their cell-associated matrix formed during the re-differentiation process
and cultured in high density on top of the bone replacement material (see Fig. 1).
Incorporation of cell-attached matrix into the constructs resulted in cartilaginous tis-
sue suitable for implantation, omitting artificial scaffolds for the cartilage layer [39].

The calcium phosphate carriers used as support materials included dense B-TCP
and hydroxyapatite (HA) as well as the commercially available porous materials
ChronOs, Cerasorb and a newly developed material, Sponceram HA (Fig. 4). The
surface of the dense carrier materials was modified by ultrasonic milling. Carrier
materials (2 mm in height and 4.5 mm in diameter) were kindly provided by Dr. R.
Janssen (B-TCP and HA sintered as dense carriers), by Dr. M. Alini (AO Foundation,
ChronOs) and by the companies Curasan (Cerasorb) and Zellwerk (Sponceram HA).
For the cultivation of cartilage tissue, the carriers were inserted in tissue culture
devices as described previously [27]. These biphasic constructs were cultivated for 3
weeks and then analysed for GAG and DNA content. The formation of collagen type
II and type I was confirmed by immuno blotting and by immunohistochemistry.

Cartilage formation was observed on all calcium phosphate ceramics used in this
study. To estimate the connection between cartilage layer and bone equivalent, a
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Fig. 4 Cartilage cultivated on various types of B-TCP and HA (grid lines: 1 mm) and SEM
images of Calcium Phosphate Ceramics tested (scale bar: 10 um). (a) B-TCP (as sintered), (b)
B-TCP ultrasonically milled, (¢) Cerasorb, (d) ChronOs, (e) HA (as sintered), (f) HA (ultrasoni-
cally milled), (g) Sponceram HA (with micropores), (h) Sponceram HA (with macropores)
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simple subjective method was applied. When tissue slipped off the carrier material
upon removal from the culturing device, it was characterized as (—). When the car-
tilage layer could be pulled off by tearing with tweezers, the constructs were vali-
dated as (+). When cartilage layers could not be removed without destroying them,
(++) was applied. Ultrasonic milling was able to improve the attachment of the car-
tilage layer to the carrier material consisting of B-TCP (see Table 1). On porous
materials, a firm connection between carrier material and cartilage layer was
achieved. Formation of collagen type II and type I was demonstrated by immunobhis-
tochemical staining of the cartilaginous tissue formed on the various substrates.

Wet weights of cartilage layers were slightly increased by roughening the sur-
face by ultrasonic milling or by using porous materials. The macroporous material
ChronOs yielded significantly higher wet weights than the other carrier materials
(ANOVA, p < 0.05). GAG contents of the cartilaginous tissue were consistently
higher on microporous and macroporous materials than on the dense materials.
Furthermore, GAG/DNA ratios were calculated in order to determine the amount
of cartilage matrix formed by the chondrocytes. GAG/DNA ratios were signifi-
cantly increased when using carrier materials consisting of hydroxyapatite com-
pared to carriers made of B-TCP (Tukey test for multiple comparisons, p < 0.05).
Correspondingly, DNA contents were higher on B-TCP indicating higher growth
rates during cultivation. Taken together, cartilage adhesion to the substrate appeared
to be dependent on material properties as well as surface structure and porosity.
High synthesis rates of cartilage matrix were favoured by using porous B-TCP and
HA. On the other hand, the proportion of matrix formation and cell content (GAG/
DNA ratio) was significantly improved when using HA carriers compared to the
corresponding carriers made of B-TCP.

4 Cartilage Formation Under Reduced Oxygen Tension
and Optimized Growth Factor Combination

4.1 Literature Survey

A critical parameter during the cultivation of cartilage tissue is oxygen supply. The
effect of oxygen during the in vitro cultivation of chondrocytes is poorly understood,
and therefore it is presently a controversial issue [58]. In several studies, chondro-
cytes were immobilized in alginate beads and cultivated under different oxygen
concentrations in the gas phase (for review see [58]). O’Driscoll et al. [59] observed
a limited collagen type II production at very high (90% O,) and very low (1-5%
0,) oxygen concentrations. Domm et al. [60] showed a stimulatory effect of a
decreased oxygen tension (5% O,) on matrix production. In a study of Malda et al.
[61], the pellets of chondrocytes were suspended in a stirred bioreactor under different
oxygen concentrations. They observed an increased production of glycosaminoglycan
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at 5% and 1% O, (v/v) in comparison with aeration at 21% O, (air). The increased
glycosaminoglycan production is accompanied by a decrease in collagen type I
level. On the other hand, several studies of chondrocytes embedded in a 3D matrix
or a scaffold have demonstrated an enhanced matrix formation, particularly prote-
oglycan synthesis under more aerobic conditions [62, 63]. The main difference
between the applied methodologies (alginate and pellet culture vs. cartilage genera-
tion in 3D scaffolds) can be seen in oxygen gradients in the vicinity and within the
formed cartilage [45, 64]. In the case of alginate and pellet culture, oxygen gradi-
ents at the surface of constructs can be neglected, and only oxygen limitations
within the constructs are likely. For the cultivation of 3D scaffolds, even more sig-
nificant oxygen gradients within the formed matrix are likely.

In a recent study by Wernike et al. [65] the influence of long-term confined
dynamic compression and surface motion under low oxygen tension on a tissue-
engineered cell scaffold was studied. Culture under reduced oxygen tension (5%)
resulted in an increase in mRNA levels of type II collagen and aggrecan, whereas
the expression of type I collagen was down-regulated at early time points.
Higher glycosaminoglycan content was found at reduced oxygen tension. Immuno-
histochemical analysis showed more intense type II and weaker type I collagen
staining in constructs cultivated at reduced oxygen levels. Histological results con-
firmed the beneficial effect of mechanical loading on chondrocyte matrix synthesis
(compare Sect. 5).

Besides oxygen concentration, various growth factor supplements to the culture
medium have been studied in the literature, mainly to stimulate re-differentiation of
chondrocytes after de-differentiation during proliferation and subculturing (com-
pare Sect. 2) [41, 66-69]. Research being carried out to determine the characteris-
tics and effects of growth factors in cartilage-tissue engineering has proved that
IGF-I (Insulin-like Growth Factor I) especially and TGF-B1 (Transforming Growth
Factor B1) delivered positive results. From several studies, it is known that IGF-I
and TGF-B1 influence differentiation of chondrocytes and cartilage formation in
vitro. The varying results concerning the effects of these growth factors are attrib-
uted to the differences in culture conditions, species and age of donors, growth
factor concentrations, status of cell differentiation or the addition of serum [70, 71].
To summarize, IGF-I is an important anabolic factor for chondrocytes and in vitro-
engineered cartilage. It can stimulate the proliferation of cells and extracellular
matrix biosynthesis, in particular the production of proteoglycans [40, 67, 71, 72].
The addition of TGF-B1 to the culture medium has shown diverse effects on the
cultivation of chondrocytes. It can stimulate or inhibit cell growth and accumulation
of proteoglycans and collagen type II, respectively [67]. Several reports depict a
synergistical action of several growth factors or other stimuli (e.g. mechanical) [71,
73-75], which means that a combination of these factors can influence the cultiva-
tion in a different way than can each factor alone.

In conclusion low oxygen concentrations and optimized growth factor supple-
ments can improve the quality of engineered cartilage, but they have to be adjusted
for each application in cartilage-tissue engineering.
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4.2 Experimental Results

4.2.1 Cultivation Under Reduced Oxygen Tension

Our work started from an engineering point of view, that is, we investigated the oxygen
transport in culture systems for the generation of cartilage pellets and within the pellet
itself theoretically. Two culture strategies were modelled, a static culture system with
the supply of oxygen through the medium by diffusion and a perfused culture system
with an oxygen-enriched medium (for details see [11]). For static culture, oxygen
concentration in the vicinity of the pellet decreases very rapidly to zero within a very
short time. This effect is mainly due to the very low diffusive transport of oxygen
through the boundary layer between the cartilage pellet and the medium. Alternatively,
a perfused system was modelled, in which oxygen-enriched medium flows over the
cartilage. These calculations show that the mass transfer resistance in the boundary
layer between the cartilage and the medium can be significantly decreased, but still
oxygen concentration within the pellet decreases very rapidly. The main reason for this
limitation is the very low rate of transport by diffusion. Similar conclusions have been
drawn elsewhere [64, 76]. A flow of enriched medium, as in the perfused culture sys-
tem, can overcome this problem only to some extent by decreasing the thickness of the
boundary layer between the tissue matrix and the medium. These findings lead to the
question of whether it is possible to predict the properties of cartilage generated in
these bioreactor systems on the basis of the above conclusions. This will be addressed
below by comparing experimental results from different cultivation systems (alginate,
cartilage formation in static flask or in a flow chamber bioreactor) at different oxygen
concentrations. The discussion will focus on porcine cartilage, human cells will be
introduced only briefly. Detailed information on the methods and basic data are pro-
vided by [11, 27, 38, 77]. The results of the cultivation of porcine chondrocytes under
different oxygen concentrations are summarized in Table 2, data set 1-4. The main
goal of the following discussion is to identify effects due to varying culture conditions.
In each set of experiments chondrocytes from one animal source were used in passage
3, but obviously the animal sources differed between the sets. To exclude variations
due to different animal sources, in each set the data were based on the control experi-
ment (set to “1” for quantitative and to “=" for qualitative parameters). Statistical sig-
nificance was assessed by analysis of variance with p < 0.05 (ANOVA).

Data for alginate cultures (step ¢ in the protocol shown in Fig. 1) at oxygen ten-
sions of 21, 10 and 5% (v/v) are summarized in data set 1, Table 2. The tremendous
effect of lower oxygen concentrations becomes obvious for both the amount of
glycosaminoglycan per DNA (4.8x compared to the control) and the ratio of cells
producing collagen type II to those producing collagen type I (3x compared to the
control).

Data sets 2—4, Table 2 were performed to generate cartilage-carrier-constructs
under different oxygen tensions. Data set 2 comprises experiments in a flow-cham-
ber bioreactor especially designed for the generation of three-dimensional carti-
lage-carrier-constructs compared to cultures in 12-well plates as the control. A
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specific feature of the flow chamber is a very thin medium layer for improved oxygen
supply and a counter current flow of the medium and gas [27, 37]. The intention
was mainly to reduce mass-transfer effects rather than to expose fluid-dynamic
stress on the cartilage. The applied flow rates are much too low for this [78].
Experiments in the flow-chamber bioreactor performed at 21% O, (v/v) showed a
significantly higher matrix thickness but a lower content of glycosaminoglycane
than cultures in 12-well plates as the control. The appearance of the cartilage
obtained in the bioreactor seemed to be closer to the native cartilage with respect to
the shape of cells, distribution of cells within the matrix, and smoothness of the
surface among others. The cartilage obtained from 12-well plates showed an inho-
mogeneous distribution of cells, an uneven surface and holes within the matrix.
Another important requirement for a successful implantation is the consistency of
the cartilage. In the case of bioreactor cultures, the compaction of the cartilage and
the attachment between the cartilage and carrier were very good, indicating that the
construct is appropriate for implantation in this respect. In contrast, the cartilage-
carrier-constructs cultivated in 12-well plates were soft and the attachment between
the cartilage and carrier was not sufficient. In this case, the cartilage tended to slip
off the carrier with only a slight mechanical impact. Furthermore, the cultivated
cartilage should contain a significant content of collagen type II. This was confirmed
qualitatively by immunohistological analysis.

Experiments at different oxygen concentrations (21, 10 and 5% v/v O,) were
performed in 12-well plates as the control and the constructs were compared quali-
tatively and quantitatively. In data set 3 the oxygen tension during the alginate step
was maintained at 21% O, and only during cartilage formation was the oxygen
concentration varied. Here the appearance of the cartilage obtained under decreased
oxygen tension seemed to be closer to the native cartilage with respect to the shape
of cells, distribution of cells within the matrix, and smoothness of the surface
among others. The thickness of the cartilage formed by free swelling was slightly
higher under reduced oxygen concentration and in the same range as that of the
native cartilage (approximately 1 mm). The amount of glycosaminoglycan per
DNA was significantly higher at lower oxygen concentrations than in control
experiments, but still significantly lower than that in the native cartilage (data not
shown). Qualitatively, the best attachment of the cartilage on top of the carrier was
found for 5% O, (v/v). Furthermore, the cultivated cartilage contained a large con-
tent of collagen type II (data not shown). In data set 4 the oxygen concentration was
reduced during the alginate step as well. Here a further improvement of the carti-
lage properties can be seen.

From these observations, a lower oxygen concentration in the gas phase is recom-
mended. Similar results were obtained for human cells (data not shown). Nevertheless
some open questions remain, especially regarding the results obtained in the flow
chamber reactor. The theoretical simulations indicate that even under ideal conditions
(no mass transfer limitation in the fluid phase) a severe oxygen limitation within the
engineered tissue should be expected. If oxygen supply would be the limiting factor
during cartilage formation, a bioreactor system (flow chamber) with an improved
oxygen supply should lead to a better quality of the engineered cartilage. On the other
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hand, lower oxygen concentrations in the gas phase seem to improve some matrix
properties. From the results discussed above, these discrepancies can be solved only
to some extent. With respect to important biochemical properties, particularly the
content of GAG, the constructs from the flow chamber bioreactor showed signifi-
cantly lower values than those from the 12-well plates, probably due to a higher,
detrimental oxygen concentration in the matrix. On the other hand, other matrix prop-
erties, particularly the attachment between the cartilage and carrier was better for
constructs from the flow chamber than for those from 12-well plates. This may be due
to a better oxygen supply within the matrix close to the surface of the carrier. Further
studies are required to achieve a deeper understanding of the relevant mechanisms.

4.2.2 Growth Factor Combination

The effects of IGF-I and TGF-B1 on porcine chondrocytes were examined during the
re-differentiation in alginate beads (step c, data set 5, Table 2) and cartilage formation
in high-density cultures (step d, data set 6) for the cultivation principle introduced
above in order to optimize the biochemical and biomechanical properties of the carti-
lage-carrier-constructs in vitro [66]. All experiments were performed at 5% O, (v/v).
The absence of any growth factors during the cultivation in alginate gel resulted in
a high GAG to DNA ratio, but the number of cells which produced collagen type II
were fewer compared to cultures with IGF-I or IGF-I + TGF-B1. Hence, these results
demonstrate that the investigated growth factors can support the re-differentiation, here
identified by the collagen type II production. The generated cartilage-carrier-constructs
using no growth factors during alginate culture showed an irregular shape and tissue
interspersed with holes. The analysis of the alginate cultures led to the assumption that
the cells cultivated with IGF-I reached the furthest state of re-differentiation compared
to the cultivation without any growth factors or with IGF-I + TGF-B1. Almost 100%
of the cells produced the cartilage-specific collagen type II, but unfortunately also col-
lagen type 1. However, the resulting cartilage-carrier-constructs (data not shown) were
soft and not stable. It is assumed that the cells have been stimulated by IGF-I to pro-
duce large amounts of proteoglycans. This presumption corresponds to the findings of
many other groups as discussed above. But possibly, the collagen network did not
develop adequately to maintain the cells as a pellet. These data demonstrate that the
production of large amounts of proteoglycans during the alginate culture does not
necessarily lead to the formation of high quality cartilage. Thus, addition of IGF-I
alone during the alginate culture is not sufficient for our application.
Cartilage-carrier-constructs which were cultivated with IGF-I + TGF-B1 during
the alginate phase and afterwards during cartilage formation with IGF-I yielded the
significantly highest GAG to DNA ratio (data set 6, Table 2). In contrast, the sig-
nificantly highest Young’s Modulus was observed for the constructs which were
cultivated with IGF-1 + TGF-B1 during the alginate phase and without any growth
factors during the cartilage formation. The Young’s Modulus achieved (0.0595
MPa) was only 15% of that of native cartilage. For both conditions, histological
sections showed homogenous tissue with an intensive staining against collagen type
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II. According to the presented results, the biochemical appearance of the tissue-
engineered cartilage is close to native cartilage, while it is still necessary to improve
the biomechanical properties.

Articular cartilage in vivo has to transmit high stress [75]. Thus, it is important
that tissue-engineered cartilage can withstand these loadings. Because the Young’s
Modulus is an indicator for the stiffness of the extracellular matrix, we decided to
proceed with our research using IGF-T and TGF-1 as medium supplements during
the re-differentiation in alginate beads and no growth factors during the cartilage
formation in high-density cell cultures.

It becomes obvious that it is not suitable to investigate the phases of the cultiva-
tion principle separately as the different steps are influenced by each other.
Furthermore, it can be concluded that chondrocytes react in a different way to cer-
tain growth factors during re-differentiation or cartilage formation. Nevertheless,
the achievements obtained by optimizing the growth factor combination are signifi-
cant (compare Fig. 5 and Fig. 6).

Re-differentiation of human articular chondrocytes during alginate culture can
be improved by optimization of growth factor combination as well [47]. To prove
this, re-differentiation capacity of human articular chondrocytes after expansion on
microcarriers or in conventional monolayer culture will be discussed (compare
Sect. 2). Freshly isolated chondrocytes were first expanded by factor 10 in monol-
ayer culture and by factor 300 on microcarriers without subcultivation. T-flask
expanded passage 1 chondrocytes (P1) formed high amounts of collagen type I
during cultivation in alginate gel (Fig. 7a). The formation of collagen type II was
stimulated by IGF-I (100 ng mL™") and TGF-B (10 ng mL™"). GAG/DNA ratios
were slightly increased by these growth factors. Microcarrier-expanded chondro-
cytes (P1*) displayed lower amounts of collagen type I forming cells (Fig. 7b). The
formation of collagen type II was inhibited almost completely by TGF-f3 (10 ng
mL™") and by a combination of IGF-I (100 ng mL") and TGF-p.

Treatment with BMP-7 (10, 50 or 100 ng mL™") did not reduce the percentages of
collagen type I positive cells in T-flask expanded chondrocytes, but collagen type 11
production was stimulated by high concentrations of BMP-7 (50-100 ng mL™") and
further increased by the combined action of IGF-I and BMP-7 (Fig. 7c and 7e).

Microcarrier-expanded chondrocytes (P1*) stained only weakly for collagen
type I after 3 weeks in alginate culture (Fig. 7d), when BMP-7 was added to the
culture medium. The production of collagen type II was increased synergistically
by IGF-1 and BMP-7 (Fig. 7d and 7f). GAG/DNA ratios were highest when both,
IGF-I and BMP-7, were used to stimulate the production of cartilage matrix com-
ponents by microcarrier-expanded chondrocytes.

In conclusion, it was shown that BMP-7 alone or in combination with IGF-I
stimulated collagen type II production by both, T-flask and microcarrier-expanded
chondrocytes, but the expansion on microcarriers resulted in a higher ratio of col-
lagen type II to type I synthesizing cells. The higher rates of extracellular matrix
production and better quality of matrix composition indicate, that the expansion of
chondrocytes on microcarriers may improve cell-based cartilage repair (compare
Sect. 2).
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Fig. 5 Biochemical and biomechanical data of porcine in vitro cartilage before (1) and after (2)
optimization of growth factors and oxygen tension (2: data from [66])

5 Cartilage Formation Under Hydrostatic
and Mechanical Load

5.1 Literature Survey

Another attempt to improve tissue-engineered cartilage is the application of mechani-
cal force during the cultivation to produce a phenotypically appropriate tissue. Since
cartilage is exposed to intermittent hydrostatic pressure, direct compression, gliding
or shear due to everyday activities, it is hypothesized that mimicking mechanical load
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Fig. 6 Immunohistology of porcine in vitro cartilage. I: collagen type I, II: collagen type IL
(a) Native, scale bar 500 um; (b) before optimization of growth factors and oxygen tension, scale bar
250 umy; () after optimization of growth factors and oxygen tension, scale bar 250 um (data from [66])

might increase matrix synthesis of in vitro-engineered cartilage [79-82]. Thus, the
aim of several studies was to investigate the influence of intermittent hydrostatic
loading on the re-differentiation of chondrocytes during cartilage formation in vitro.
However, the response of the cartilage matrix to loading is complex and involves
many factors, including tissue and cell deformation, changes in hydrostatic pressure,
and fluid flow [83]. Four main types of force are currently used in cartilage
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cultivation: hydrostatic pressure, direct compression, and “high”- and “low”-shear
fluid environments. All these forces have been integrated into culturing devices used
as bioreactors for articular cartilage. The individual effects have been discussed in
[24], more recent data can be found in [77, 84—104]. Darling and Anthansiou [24]
observed a poor comparability of the results, as experiments were performed with
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different cells (human or animal derived, primary or passaged) or different protocols
used for cultivation (monolayer in flask or on microcarriers, encapsuled, free swelling
cartilage, chondrocytes immobilized in three-dimensional macroporous carriers).
Nevertheless, some general conclusions can be drawn.

During loading of the joint, the effect of hydrostatic pressure is mainly due to
binding of water from the synovial fluid within the cartilage matrix by means of
charged proteoglycanes. Swelling of the cartilage matrix is antagonized by the col-
lagen network. Experimental results indicate best results when hydrostatic pressure
within the physiological range (approximately 7-10 MPa) is applied intermittently
during longer intervals. Permanent pressure seems to be inappropriate. A further
important aspect of hydrostatic pressure is an impact on the solubility of oxygen and
other gases (e.g. CO,). Higher partial pressure of oxygen might lead to increased
oxygen tension within the culture medium. This might have a negative effect, as for
cartilage formation usually a lower oxygen tension is regarded as advantageous (as
discussed above). An increase in carbon dioxide concentration might result in local
decrease of the pH, again a negative effect. Therefore, detailed knowledge on mass
transfer effects is essential for understanding the effects of hydrostatic pressure on
cartilage formation. A literature survey of the effects of hydrostatic pressure is given
in Table 3 and an overview of its impact is given in Table 4.

Direct compression results in a direct contact between joints, whereas different
forces (normal, shear or friction) occur. For experimental simulation of these types
of load, in most cases chondrocytes were cultivated under standard conditions
(flask etc.) and exposed to direct compression within an external reactor for a short
period of time only. In a recent publication [65] cartilage constructs were cultivated
for a longer time within a bioreactor and exposed to direct compression in intervals
(discussed in Sect. 4.1). Similar to hydrostatic pressure, a permanent compression
is regarded as detrimental and loading should be intermittent to stimulate matrix
formation. Besides a “mechano-stimulation” of the cells, improved mass transfer is
regarded as important for improved cartilage properties.

Stimulation of chondrocytes by shear forces is often performed in bioreactor
systems, where high shear forces (mechanically stirred systems, direct perfusion of
a macroporous carrier) or low shear bioreactors (e.g. flow chambers) are distin-
guished. Advantages of stirred bioreactors (mostly spinner flasks), where high
shear forces are exposed to cells grown on microcarriers, within macroporous car-
riers or immobilized in alginate beads, can be seen in an improved cell seeding
rather than in enhanced matrix synthesis. Direct perfusion of cartilage tissue
requires three-dimensional, macroporous, perfusable carrier, which are seeded with
cells and perfused with culture medium at different flow velocities. Thus, different
shear rates can be applied to the cells growing within the porous structures. This
approach requires large interconnected pores within the cartilage matrix, a severe
drawback. Therefore, this technique can not be used for cartilage constructs
intended for later implantation.

Low shear forces can be applied within special bioreactor systems, e.g. the
“rotating wall bioreactor” [105, 106]. The available results indicate that the slow
rotation in this reactor induces low shear rates and a good mixing resulting in
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improved cartilage properties. But it has to be stated, that most of these promising
results were obtained with primary cells rather than with passaged cells. The main
disadvantage of these systems lies in an inhomogeneous flow pattern and therefore
heterogeneous distribution of the forces acting on the cartilage constructs.

The above considerations underline, that the effects of mechanical stimulation
on cartilage formation have not been investigated sufficiently and are not yet under-
stood. Some of the applied systems favour synthesis of collagen, mainly collagen
type II (e.g. direct compression), some induce matrix synthesis (proteoglycans, e.g.
hydrostatic pressure). Furthermore, the optimal conditions have to be adjusted for
each application in cartilage-tissue engineering.

5.2 Experimental Results for Porcine Cartilage

Three-dimensional cartilage-carrier-constructs were produced according to the pro-
tocol described in Fig. 1 using porcine chondrocytes. The alginate step ¢ and/or the
final step d for cartilage formation of this protocol were performed either in bioreac-
tors (intermittent hydrostatic pressure or direct mechanical load) or in 12-well plates
as the control. The main results of these experiments are summarized in Table 4.

5.2.1 Hydrostatic Pressure

Heyland et al. [77] used a bioreactor system to study the response of porcine
chondrocytes to intermittent hydrostatic pressure realized by gassing with overpres-
sure at low oxygen concentrations of 5% (v/v) O,. The hydrostatic pressure was
transduced via the uncompressible medium to the cells. For 6 h per day, intermittent
hydrostatic pressure (0.4 MPa abs.) was applied during the cultivation in the alginate
gel (step c) or during the last week of cartilage formation (step d) with a frequency
1 min on/off. The pressure amplitude of 0.3 MPa used here was within the range of
amplitudes found to have a stimulating effect in other systems [24]. The results of
this study show that intermittent loading can influence matrix synthesis during re-
differentiation of chondrocytes in alginate beads and during cartilage formation.

During alginate culture (data set 7, Table 4) a significant increase in the ratio of
glycosaminoglycan to DNA was found, 25% higher compared to the corresponding
static control. A 40% higher ratio of collagen type II to I compared to the static
control was observed. Furthermore, the immunostaining of the generated cartilage-
carrier-constructs indicated a superior intensity of collagen type II and a lower
intensity of collagen type I compared to the static control. It does, however, seem
obvious that intermittent loading can introduce matrix synthesis, although it should
be pointed out that little is known about the effects of loading stress. The results
indicate that applying intermittent loading during re-differentiation on chondro-
cytes embedded in three-dimensional alginate beads can induce higher rates of
synthesis of the matrix components glycosaminoglycan and collagen type II at low
oxygen concentrations.
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For chondrocytes cultivated in alginate beads at intermittent hydrostatic loading
enhanced chondrogenesis during cartilage formation was observed (data set 8, Table 4).
One interesting result is that a better Young’s modulus was achieved for loaded carti-
lage-carrier-constructs, indicating a stiffer matrix when applying intermittent loading
during both cultivation steps. Obviously, a more stable collagen network with a higher
stability is formed when cartilage is cultivated under hydrostatic load. Promising results
were found for the ratio of GAG/DNA, where an increase of more than 8% in cartilages
with intermittent hydrostatic pressure only during cartilage formation and an increase
of more than 22% in cartilage, applying intermittent hydrostatic loading during both
cultivation steps, compared to the static controls was determined.

The stimulation observed when intermittent hydrostatic pressure was exerted
underlines the positive effects of mimicking in vivo conditions. Although previous
reports have also described the stimulating effects of intermittent loading on gly-
cosaminoglycan synthesis of bovine chondrocytes [24, 82], no advice in the literature
has been found reporting this stimulation for porcine chondrocytes. However, our
results demonstrated that intermittent loading applied during re-differentiation in the
alginate culture and later on the cartilage-carrier-constructs had positive effects on the
characteristics of the matrix. Although no increase in collagen type II expression of the
cartilage-carrier-constructs was observed, a higher Young’s modulus was achieved.
Moreover, glycosaminoglycan production was enhanced throughout intermittent
hydrostatic loading, although it was also shown that a combination of applied loading
during alginate culture and again on cartilage culture yielded the highest values.

5.2.2 Mechanical Load

Existing bioreactors designed for mechanical stimulation mostly enable the stimulation
of the tissue but not its analysis. In order to determine the influence of the load regimes
on the cartilage’s development, it is necessary to remove the samples from the cultiva-
tion process for investigation [107]. Either several tests are done, each interrupting the
cultivation process at a different stage [108], or parallel cultivation of many samples
allows for subsequent removal of samples [20]. Both methods require a high number of
samples since the specimen has to be removed from the cultivation process for testing.
A bioreactor that facilitates cultivation of cartilage under mechanical stimuli as well as
measuring biomechanical properties would be of great value to determine and possibly
optimize the cartilage’s properties throughout the cultivation process. The bioreactor
introduced by Ilinich [109] enables cultivation of cartilage under shear loading as well
as static and dynamic compression and biomechanical testing without interrupting the
cultivation process. The thickness and the Young’s modulus of the cartilage-carrier-
constructs can be determined by means of an indentation or unconfined compression
test. All mechanical stimulations and tests are performed within the cultivation chamber
without discontinuation of the culturing process. This allows permanent monitoring of
the cartilage development throughout the process of cartilage synthesis. The reactor
consists of eight cultivation chambers, made of polyetheretherketone (PEEK), each
containing one cartilage construct (Fig. 8).
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Fig. 8 Bioreactor with eight chambers for cultivation of eight cartilage samples under load appli-
cation [109]). Thickness and Young’s modulus can be measured within the chamber during culti-
vation (left); right: Cross section through a bioreactor chamber with sample support (1),
cartilage-carrier-construct (2), step motor for horizontal displacement (3), common plate (4), shear
displacement step motor (5), steel segment (6), indenter (7), punch (8), load cell (9), membrane
(10), gas exchange port (11)

This bioreactor was used for cultivation of cartilage-carrier-constructs (step d of
the protocol shown in Fig. 1). The cartilage-carrier-constructs within the bioreactor
were cultivated at 5% O, and loaded 10-times per day. Each load interval consisted
of ten load cycles with 5% strain amplitude and a compression rate of 0.05 mm s,
followed by a break of 30 min. In case of compression, starting from a pre-load
force of 0.05 N a compression ratio of 5% was applied, in case of shear loading a
compression ratio of 5% and a displacement of 100 um was applied. The thickness
of the cartilage-carrier-constructs was measured prior to each load interval at a
contact force of 0.05 N. The contact load was required in order to guarantee flush
contact between probe and indenter. For further details compare Ilinich [109].

Data set 9 in Table 4 summarizes the final properties of cartilage-carrier-constructs
cultivated under compression or shear loading. Compared to the control, the content of
GAG/DNA was lower in case of compression and higher in case of shear loading com-
pared to the control. The height of the construct was for all conditions in a similar range;
the Young’s modulus, however, was significantly up to 45% (in case of compression)
increased. For both loading conditions, histological sections showed a homogenous
tissue with a more intensive staining against collagen type II as the control.

6 Final Considerations

The above examples underline the philosophy that engineering knowledge can be
used to improve cultivation systems and applied strategies for cartilage-tissue engi-
neering. On the other hand it has to be realized, that both engineering and fundamental
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studies on cell biology are required to further clarify the observed effects. Since for
all studies presented the same basic protocol was used, the impact of isolated
parameters can be compared (even so it has to be expected that certain cross talk
effects could not be fully eliminated). With respect to oxygen tension cultivation at
5% O, in the gas phase gave the best results. This finding is in agreement with
several other literature studies and might be satisfactory for setting up a cultivation
protocol, but the actual concentration within the tissue-engineered cartilage will be
much lower. Therefore, more sophisticated theoretical or experimental analysis of
the oxygen profile within the cartilage matrix is required. Furthermore, concentra-
tion profiles for CO, are essential, as insufficient removal of CO, might lead to
local pH-gradients.

Studies on growth factor combinations underlined the tremendous potential of
this parameter. In general the conclusions drawn from our studies are in agreement
with others. It should be emphasized that chondrocytes react in a different way to
certain growth factors during re-differentiation or cartilage formation. Therefore, a
growth factor optimization is required for each individual protocol used.

From the studies on hydrodynamic and mechanical load, it can be assumed that
mimicking in vivo conditions such as loading stress during cultivation might be a
useful tool in cartilage-tissue engineering and might lead to optimized culture con-
ditions. But again—some questions remain. The promising results of cartilage-
carrier-constructs cultivated under intermittent hydrostatic pressure or mechanical
load were obtained at a decreased oxygen concentration in the gas phase. Initially,
this phenomenon is difficult to understand, especially in the case of hydrostatic
pressure. As the partial pressure of oxygen in the gas phase depends on total pres-
sure, a higher pressure should even increase oxygen concentration significantly,
leading to even worse matrix properties. However, further investigations by our
group (data not shown) indicated that due to the very low mass transfer between the
static culture medium and the gas phase, oxygen concentration in the culture
medium did not increase during intervals with a higher pressure. Therefore, other
factors that explain the significantly improved matrix properties of constructs cul-
tivated under intermittent hydrostatic pressure compared with static cultures in
12-well plates should be identified. Probably, the mechanical stimulation of
chondrocytes is the main effect. The results obtained under mechanical stimulation
underline this hypothesis. The results of the first cultivation of porcine cartilage
under mechanical compression with the new bioreactor design showed an increase
in stiffness. This is very promising. However, the mean stiffness is still too low
compared to native cartilage (approximately 1.1 MPa [109]). Systematically vary-
ing the parameters of the loading protocol such as the load’s degrees of freedom,
the load amplitude and the amount of stimuli will show whether the properties can
be adapted to the native cartilage to a degree that is sufficient for implantation. As
the shown experiments were performed before optimization of growth factor com-
bination, a further increase in the biomechanical properties of the generated carti-
lage can be expected.

Furthermore, to clarify the biological effects, further biochemical and cell bio-
logical studies combined with analysis of flow and mass-transfer effects and more
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advanced bioreactor systems are required [78, 110-112]. To date the goals and
expectations of bioreactor development have been fulfilled only to some extent, as
bioreactor design in tissue engineering is very complex and still at an early stage of
development. In the future, a very intimate collaboration between engineers and
biologists will lead to an increased fundamental understanding of complex issues
that can have an impact on tissue formation in bioreactors. On one hand, devices
are required with a well-described microenvironment of cells for fundamental stud-
ies. On the other hand, a transition from a laboratory scale to an industrial scale will
require a high adaptability of specialized bioreactors in a standardized production
process. These advances are the prerequisite for ensuring that tissue engineering
will fulfil the expectations for revolutionizing medical care.
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Application of Disposable Bag Bioreactors
in Tissue Engineering and for the Production
of Therapeutic Agents

R. Eibl and D. Eibl

Abstract In order to increase process efficiency, many pharmaceutical and
biotechnology companies have introduced disposable bag technology over the last 10
years. Because this technology also greatly reduces the risk of cross-contamination,
disposable bags are preferred in applications in which an absolute or improved
process safety is a necessity, namely the production of functional tissue for implan-
tation (tissue engineering), the production of human cells for the treatment of
cancer and immune system diseases (cellular therapy), the production of viruses
for gene therapies, the production of therapeutic proteins, and veterinary as well as
human vaccines.

Bioreactors with a pre-sterile cultivation bag made of plastic material are currently
used in both development and manufacturing processes primarily operating with
animal and human cells at small- and middle-volume scale. Because of their scal-
ability, hydrodynamic expertise and the convincing results of oxygen transport
efficiency studies, wave-mixed bioreactors are the most used, together with stirred
bag bioreactors and static bags, which have the longest tradition.

Starting with a general overview of disposable bag bioreactors and their main
applications, this chapter summarizes the working principles and engineering
aspects of bag bioreactors suitable for cell expansion, formation of functional tissue
and production of therapeutic agents. Furthermore, results from selected cultivation
studies are presented and discussed.

Keywords Cell expansion, Disposable bag bioreactor, Functional tissue, Stem
cells, Therapeutic agents
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AAV adeno-associated virus

ACD aseptic connection device

AD Aujeszky’s disease

ADV Aujeszky’s disease virus

B cells lymphocytes which produce antibodies against soluble antigens

BEV Baculovirus expression vector

BHK cells Baby hamster kidney cells

BHV bovine herpes virus

CHO cells Chinese hamster ovary cells

dhfr~ dihydrofolate reductase deficient

E-FL cells embryogenic feline lung fibroblast cells

E. coli Escherichia coli

FDA Food and Drug Administration

G. max Glycine max

GMP Good Manufacturing Practice

GS-NSO glutamine synthethase deficient mouse cell line

HEK cells human embryogenic kidney cells

HSC haematopoietic stem cells

H. muticus Hyoscyamus muticus

H. procumbens
IL-2

ISO

IeG

k xa

Harpagophytum procumbens

recombinant interleukin-2

International Organization for Standardization
immunoglobulin

gas—liquid mass transfer coefficient
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MDCK cells
MEV

M. domesticus
mAb
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N. tabacum
PEI
PER.C6™ cells
PGA

PLA

P/V
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P. pastoris
pDNA

Re

RV

r

rpm
SEAP
SeMet

S. cerevisiae
Sf

T cells
TCID;,
TIB

T. baccata
Tn5 cells
ani

TOI

tu

VLPs
Vero cells
V. vinifera
vvm
WIM
USP

VM

3D

motor

Madin-Darby bovine kidney cells
Madin—Darby canine kidney cells

mink enteritis virus

Malus domesticus

monoclonal antibody

natural killer cells

multiplicity of infection or optimal ratio of virus particles per
cell

mouse myeloma cells

Nicotiana tabacum

polyethyleneimine

human embryogenic retinoblast cells
polyglycolic acid

polylactic acid

power input per volume

Panax ginseng

Pichia pastoris

plasmid DNA

Reynolds number

rabies virus

recombinant

revolution per minute

secreted alkaline phosphatase
selenomethionine

Saccharomyces cerevisiae

Spodoptera frugiperda

thymus cells, belonging to the group of lymphocytes
tissue culture infectious dose

temporary immersion bioreactor

Taxus baccata

cells from Trichoplusi

(insect cells, also called High Five® cells)
optimal density of cells at infection
transducing units

virus-like particles

kidney epithelial cells from African green monkey
Vitis vinifera

volume per volume per minute
wave-induced motion

United States Pharmacopeial Convention
Vibromixer

three-dimensional
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1 Introduction

Disposable bioreactors are intended for single use only. They consist of a cultivation
container which is made of FDA-approved polymeric materials, predominantly
polyethylene, polystyrene, polytetrafluorethylene and polypropylene, and meet USP
Class VI as well as ISO 10993 specifications. The cultivation container is typically
sterilized by gamma radiation, customized and validated. After filling with culture
medium, subsequent inoculation with cells and finishing harvest, it is discarded.
Directly after harvest, a new cultivation in a plastic container can be started.

Compared with their counterparts made of glass or stainless steel, disposable
bioreactors have many advantages such as short set-up times, no sterilization and
cleaning, reduced contamination levels, high simplicity and flexibility, and shorter
production turnaround times [1, 2]. Therefore, their use in processes where it is
necessary to work under GMP (Good Manufacturing Practice) compliant standards
will result in minimized process costs, reduced development time, and reduced
time-to-market for new products. As a direct consequence of the advantageous
features listed as well as increasing cost pressure in pharmacy and medicine, the
acceptance of disposable bioreactors has grown and culminated in numerous
disposable bioreactor developments over the last 10 years [3-5].

Given that a bioreactor is a closed system in which production organisms are con-
verted into the desired product, there are three main categories of disposable bioreac-
tors: (1) traditional small-scale culture systems and their modifications, (2) hollow fibre
bioreactors and (3) bag bioreactors, which will be focused on in the following.

2 Disposable Bag Bioreactors: General Overview
and Categorization

In the case of bag bioreactors, the disposable cultivation container is designed as a
flexible bag. As shown in Table 1 the currently available systems are preferred for
the cultivation of various kinds of animal and human cells at laboratory and pilot
scale. Cultivations performed in batch-, feeding- or perfusion mode are aimed at
cell expansion, r-protein-, mAB- and virus productions in the first instance. Both
suspension cells and adherent cells can be grown. For strictly adherent cells, the
application of microcarriers is stringently required, with the exception of static bags
characterized by unenforced power input.

In static bag bioreactors cell growth and/or product formation are exclusively
caused by conduction and reaction processes within the culture bag and its interac-
tion with its environment. For energy and mass transfer, and thereby cell growth
and/or product expression in dynamic bag bioreactors, the power input generated is
responsible. Taking mass and energy transfer as well as power input into account,
the most widely used bag bioreactors for animal and human cell cultivations can be
categorized into static bag bioreactors, mechanically driven bag bioreactors with
stirrer, Vibromixer or wave-induced motion (WIM), and hybrid bag bioreactors
where mechanical and pneumatic power input are combined (Fig. 1).
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Bag reactor

T : T

Static Dynamic

Combination of |
Mechanically driven mechanically and
| pneumatically driven |

with rocking or

with stirrer with Vibromixer shaking platform

Rotating = | Eccentric
motion motion

Bag bioreactor Wave-mixed

Static bag bioreactor Stirred bag bioreactor with Vibromixer bioreactir

Hybrid bag bioreactor

Fig. 1 Categorization of disposable bag bioreactors suitable for animal and human cell cultivations

2.1 Static Bag Bioreactors

Among disposable bag bioreactors, static gas-permeable culture bags represent the
oldest and most simple closed cultivation devices [6—8]. The existing systems differ
in size and polymer type, and are ideally suited for the expansion, differentiation
and partial freezing of cells.

Despite their widespread application at laboratory and clinical scale, static bags
are limited to relatively low cell densities with low total cell output. Likewise in
t-flasks or well-plates, limitations arise from the restricted surface for cell expan-
sion, the inability of the user to readily monitor and control the culture microenvi-
ronment (CO, incubator is essential), and the necessary manual feeding steps with
increased risk of contamination [9].

2.2 Stirred Bag Bioreactors: Working Principle
and Engineering Aspects

Stirred bag bioreactors with their own measurement and control unit overcome
these limitations by providing better control of culture parameters, automated
feeding strategies, and the ability to support higher cell densities. They are
basically equipped with an aeration device (microsparger or sparger ring) and a
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a b c

Fig. 2 Basic scheme of commercially available stirred bag bioreactors: (a) XDR™-Disposable
Stirred Tank Bioreactor, (b) S.U.B. Single-Use Bioreactor, (c¢) Artelis-ATMI Life-Sciences’Pad-
Drive™ disposable bioreactor

rotating axial flow impeller (Fig. 2a, b) or tumbling impeller (Fig. 2¢), ensuring
mass and temperature homogeneity as well as gas dispersion inside the bag
[10-14].

Beside sparger and disposable impeller assembly, the cylindrical or cubical bag
includes gas filters and ports for integration of sensor probes and line sets. As
exemplified for the S.U.B. (single-use bioreactor) in Fig. 3, the bag is generally
shaped and fixed in a customized steel support container with heater jacket.
Using sterile couplers [e.g. ACDs (aseptic connection devices) from Pall], all three
stirred bag bioreactors allow sterile insertion of standard sensors for pH and
dissolved oxygen.

Whereas the bottom-driven XDR™-Disposable Stirred Tank Bioreactor oper-
ates with a magnetically coupled impeller, the S.U.B. Single-Use Bioreactor is
top-driven and has a mechanical seal. Therefore, it is necessary to penetrate the
S.U.B’s driveshaft through the mixing drive und to lock it into the disposable
impeller assembly during installation. Similar to S.U.B.’s driveshaft, the mixing
paddle of the Artelis-ATMI Life-Sciences’Pad-Drive™ disposable bioreactor is
protected by a film (identical to bag material) to avoid product contact.

In order to assess cultivation results and to compare stirred bag bioreactors to
traditional stirred steel bioreactors, which represent the golden standard in animal
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Fig. 3 Bag (a) and support container (b) of the S.U.B. single-use bioreactor
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Table 2 Hydrodynamic and oxygen transfer efficiency data of a 250-L S.U.B. Single-Use
Bioreactor [15, modified]

Parameter Result

Stirring speed [rpm] 50 100 200

Tip speed [m s7'] 0.53 1.06 2.13
P/V [W m™] 1.6 13.4 106.6
Re 34,000 69,000 137,000
Mixing time [s] 90 60 45

k, xa [h™'] in the range 7-11 7-15 n.d.

between 0.5 and 2 L min™

n.d. not determined

cell culture-based bioprocessing, the hydrodynamic characteristics (fluid flow, fluid
mixing, shear stress pattern, temperature profile etc.) and oxygen transfer efficiency
have to be determined. To date, only mixing characterization results and scale-up
parameters of the 250-L S.U.B. Single-Use Bioreactor have been published. The
values summarized in Table 2 as well as achieved cell densities and product titres
from batch and perfusion experiments with mABs secreting CHO and PER.C6™
cells support the conclusion that the S.U.B. Single-Use Bioreactor is a good alter-
native to stirred steel bioreactors [10, 11, 15-19].

2.3 Bag Bioreactor with Vibromixer

In contrast to stirred bag bioreactors, where the power input is significantly influenced
by the tip speed, the power input of the bag bioreactor with Vibromixer (bio-t bag) can
be regulated by the amplitude and frequency. Here, the key element is the vertically
oscillating hollow shaft with a perforated disk, which is heat-sealed to the flexible plas-
tic bag and contains disposable sensors for the measurement of pH and/or dissolved
oxygen content. The movement of the conically perforated disk induces an axial flow
in the bag, which mixes and aerates the culture medium and the cells (Fig. 4). Depending
on the position of the conical drill holes on the disk, an upward flow (“riser” flow) or
downward flow (“downcomer” flow) results. This may eliminate vortex formation.

It was recently demonstrated that high gas-liquid mass transfer coefficients
ranging between 26 and 82 h™' can be achieved in a 2-L bag bioreactor with
Vibromixer. The investigations were performed at maximum power input and aera-
tion rates between 0.05 and 1 vvm. Running and subsequent investigations focus on
fluid flow modelling [20, 21].

2.4 Wave-Mixed Bioreactors

It is an indisputable fact that the early version of a wave-mixed bag bioreactor,
which was introduced in 1998, and its success story has promoted the development
of disposable bioreactors. Various types of wave-mixed bag bioreactors with rock-
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Fig. 4 Basic scheme of the single-use bag bioreactor with Vibromixer

ing or shaking platforms have been tested for growing animal and human cells, but
BioWave® and Wave Reactor (Fig. 5a) are the most widely used [22—41]. Differing
in bag shape and sensor probes from equally well-suited AppliFlex (Fig. 5b), both
systems are based on the first prototype of a wave-mixed bioreactor. Rocking the
platform induces a wave in the culture bag, which contains culture medium and
cells. In this way, mixing occurs while the surface of the medium is continuously
renewed, and bubble-free surface aeration takes place. Mechanical power input
produced by the rocking platform facilitates mixing and improves mass and energy
transfer within BioWave®.

Hydrodynamic and oxygen transfer efficiency studies on the BioWave® with 1 L,
10 L and 100-L culture volumes were carried out for comparison with traditional
stirred cell culture bioreactors with surface and membrane aeration. It was found that
fluid flow, mixing time, residence time distribution, specific power input and oxygen
transfer efficiency were dependent on rocking angle, rocking rate, bag type and its
geometry, and culture volume. In this context, a modified Reynolds number was
established to describe the fluid flow in the culture bag of BioWave® [42].
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Fig. 5 Basic scheme of wave-mixed bag bioreactors: (a) BioWave® and Wave Bioreactor, (b)
AppliFlex, (¢) CELL-tainer®

Mixing times based on 40 and 50% filling level lie between 10 and 1,400 s and
can be considered as satisfactory values for cell culture bioreactors. As expected,
the most ineffective mixing was observed at the lowest possible rocking rate, rock-
ing angle and maximum filling level of 50%. A reduction of the mixing time is
possible by increasing the rocking rate and/or the rocking angle, which results in a
more intensive wave movement. Whereas the most effective mixing was obtained
in the 2 L bag (9-264 s), the most ineffective mixing was found in the 20 L bag
(40-1,402 s) [43].

By considering filling level, rocking rate and rocking angle, power input analysis for
a 2-L culture bag was conducted [44]. A minimum filling level, maximum rocking rate
and rocking angle result in maximum specific power input, which is one decimal power
higher than operation with maximum filling level (50% culture volume) (Fig. 6).

Assuming a constant rocking angle and culture volume with rocking rates of up
to 20 rpm, the specific power input is directly proportional to the rocking rate. In
other words, a stepwise increase in the rocking rate up to 20 rpm raises the power
input. If the rocking rate is increased further, the power input levels out and may
even be followed by a slight decrease. The last observation can be explained by the
occurring phase shift of the wave towards rocking movement. Experiments con-
firmed our hypothesis that, in this case, the subsequent increase in the rocking rate
causes lower hydrodynamic cell stress but improves nutrient and oxygen transfer
efficiency, which in turn promote cell growth. In addition, residence time distribu-
tion experiments have evidenced that a continuously operating BioWave® in perfusion
mode can be described by the ideally mixed stirred tank model [42].

Oxygen transfer coefficients provided by the BioWave® reach comparable or
higher values than those which have been reported for stirred cell bioreactors
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Fig. 6 Specific power input course in 2 L bag of BioWave® [42, modified]

with membrane aeration or surface aeration [42]. For instance, in a 2 L bag oper-
ating with 1-L culture volume at rocking angles between 6 and 10°, rocking rate
of 30 rpm and aeration rate of 0.25 vvm, k; x a values between 4 and 10 h™' were
obtained. High oxygen transfer efficiency can be ensured by increased rocking
rate, rocking angle and aeration rate. Because of increased surface area, a
decreased filling level in the bag increases k| X a at constant parameters. However,
even small changes in the rocking rate and rocking angle increase the k; x a sig-
nificantly. From our experience, oxygen transfer coefficients in ranges above 11
h™' can only be achieved by aeration rates over 0.5 vvm or aeration with pure
oxygen in BioWave® [44].

More than 70-fold higher gas-liquid oxygen transfer coefficients than in
BioWave® and Wave Reactor are provided by the CELL-tainer, which is a new
wave-mixed bag bioreactor system (Fig. 5¢) [45-47]. From its two-dimensional
movement (a combination of rocking and horizontal displacement), higher cell
densities can be achieved [48]. Contrariwise, it is supposed that specific power
input and therefore hydrodynamic stress for cells is higher in CELL-tainer than in
BioWave® and Wave Reactor.

2.5 Hpybrid Bag Bioreactor

In the hybrid bag bioreactor mixing and aeration is achieved by using the air flow
from a sparger tube and two magnetically driven propellers, all of which are inte-
gral to the bag (Fig. 7). The cell broth is aerated from the bag base, where the low
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Fig. 7 Working principle of the hybrid CellMaker Plus

density mixture of aqueous solution and air generates the “riser” flow. Because of
the unique asymmetric shape of the bioreactor, the upper surface pushes this flow
to the front of the top part of the bag. This transverse movement guarantees gas
exchange with the bag headspace, which can even be independently aerated with
gas mixtures. Finally, the “riser” flow is displaced by the “downcomer” flow, which
has a higher density than the “riser” flow. By applying pressure to the bag head-
space, excessive foam formation (typically representing a serious problem in pneu-
matically driven bioreactors) can be reduced while mass transfer, in particular
oxygen mass transfer rates, are increased. Again, oxygen and pH are non-invasively
measured [49, 50].

3 Use of Bag Bioreactors in Expansion of Functional Cells,
Tissue Formation and Biomanufacturing

As already mentioned, the bag bioreactors described in the preceding sections are
generally suitable for in vitro cultivation of animal and human cells from mL up to
1,000 L scale. The cultivated cell material includes primary cells derived from a
patient’s own healthy tissue or from healthy donors with the same and various cell
lines. Quantity and quality of the products aimed for (which include expanded
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functional cells and 3D tissue for patient-specific therapies, proteins for biothera-
peutics, and viruses for vaccines and gene therapies) are closely linked to bioreactor
design and especially to the resulting hydrodynamic cell stress [51-53].

A further factor, which mainly influences product formation in disposable bag
bioreactors, is the possibility of undesired interactions between the bag material,
culture medium, cultivated cells and secreted product. For example, chemical expo-
sures (so-called leachables and extractables) arising from product-contact with the
side of the bag can change cell metabolism, inhibit cell growth and/or contaminate
the product [54-57]. This may be a problem, especially for patient-specific indica-
tions, where functional cells and tissues are directly transplanted, as in the case of
tissue regeneration, cancer- and immunotherapies.

3.1 Bioengineered Functional Tissue

In vitro generation of tissue implies the consecutive realization of a well-known
three-step procedure involving cell proliferation, cell adhesion on a porous scaffold,
and finally tissue formation. A bioreactor which is able to grow functional tissue
constructs has to provide an in vivo-like biochemical and biomechanical environ-
ment supporting cell and tissue density over weeks [51, 58, 59]. Normally, a bioreactor
at the mL-scale supplies enough tissue for the implantation.

With the exception of cell proliferation, for which static bags are commonly
used, bag bioreactors are relatively unimportant for the production of functional
tissue. Referring to the literature, there is only one report on the generation of
3D tissue in a disposable bag bioreactor. Halberstadt et al. [9] describe the supe-
rior manufacturing of a human dermal replacement in a bag bioreactor system
operating in perfusion mode. This multiple bioreactor system contains 16
Teflon™ bags, a 16-channel peristaltic pump ensuring medium supply, two
medium reservoir bags refrigerated at 4°C and one 100-L waste bag. All 120 mL
bags are attached in parallel by connecting them to silicone tubing via polypro-
pylene connectors. In order to provide the necessary template for cell growth and
dermal tissue development, each Teflon™ bag houses a free-floating 3D mesh
scaffold of biodegradable Vicryl™ (PGA/PLA). The Teflon™ bags were inocu-
lated with human neonatal dermal fibroblasts (6 x 10° cells mL~') which had
previously been harvested from roller flasks. After realization of an optimized
seeding and attachment procedure (24 h slow rotation by using a roller flask
apparatus, 24 h laid flat on incubator shelf) in serum-supported growth medium,
the bioreactor system was assembled, placed into a standard cell incubator, and
the medium pump was turned on. During cultivations of 16 days, the perfusion
flow rate was adjusted by controlling glucose concentrations and lactate concen-
trations. This method resulted in a tissue comparable in histology with that
obtained after 22 days of growth in a single static Teflon™ bag with a Vicryl™
mesh scaffold. It was shown that deposition of collagen type I, decorin and
fibronectin were virtually identical [9] in both continuously perfused and fed
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static culture bags. As these results were encouraging, this perfusion bioreactor
was modified to manufacture the commercially available tissue-engineered skin
replacement Dermagraft® in disposable bags [51]. Each bag (composed of
fibroblasts, extracellular matrix and the mesh scaffold) is sealed and stored fro-
zen at —70°C before it is taken to the patient, where it is opened for direct
application.

3.2 Haematopoietic Cell Expansion

Haematopoietic stem cells (HSC) derived for clinical use from bone marrow,
peripheral blood and umbilical cord blood are the most extensively studied adult
stem cells. Typically, they generate an intermediate cell type (called progenitor
cells) before they give rise to all the blood cell types, including myeloid (mono-
cytes, macrophages, neutrophils, basophils, eosinophils, erythrocytes, megakaryo-
cytes/platelets, dendritic cells) and lymphoid lineages (T cells, B cells, NK cells)
[60, 61]. Compared to ex vivo manufacturing of functional tissue (discussed in
Sect. 3.1), haematopoietic cell expansion normally requires larger cell amounts.
According to Tzanakakis and Verfaillie [62] and Carswell et al. [63], bioreactors
with a capacity between 1 and 1,000 L are necessary in order to produce clinically
relevant cell amounts for haematopoietic cells destined for immuno- or cancer therapies.
Indeed, the majority of clinical trial protocols make use of static gas-permeable
culture bags for haematopoietic cell expansions [60, 64—69].

Consequently, the development and implementation of the first wave-
mixed bag bioreactor-based process for GMP manufacture of biologically
active T cells (Xcellerated T Cells™) for the treatment of chronic lymphatic
leukaemia can be regarded as a great achievement. The starting material for
this process (known as the Wave Bioreactor-based Xcellerate III process) is
an autologous peripheral blood mononuclear cell leukapheresis product from
healthy donors [39]. It is thawed and CD3* T cells are magnetically concen-
trated using custom Xcyte™Dynabeads® M-450 CD3/CD28 T. This occurs in
the presence of anti(ot)-human CD3 and o—human CD28 mAbs that are co-
immobilized on the beads. By binding the immobilized mAbs to the CD3 and
CD28 receptors on T cells, the necessary signals are delivered to induce T cell
activation [70]. Subsequently, the mixture of T cells and beads is transferred
to a 20-L culture bag on the Wave Bioreactor platform in serum-free culture
medium containing recombinant IL-2. While undergoing perfusion, the cells
are activated and expanded at 37°C in 10-L culture volume. After 13 days of
cultivation, the beads are removed with a magnet and activated T cells are
harvested, formulated and cryopreserved. 137 + 34.3 x 10° Xcellerated T
Cells™ at 98.5 + 1% CD3* T cell purity were manufactured. These cells were
characterized by high biological activity and the restoring of T cell receptor
repertoire to a normal diversity. In this way, the treatment of 17 patients was
feasible [40, 41].
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3.3 Production of Therapeutic Proteins and Viruses

Whereas the use of animal and human cells for patient-specific cellular therapies or
even tissue replacement therapies is a rather new field, the production of proteins and
viruses by classical animal cell technology has a long tradition. The number of
applications referred to in the literature in both fields underscores this statement.

Over the past 50 years, bioreactors up to 25 m? have been developed for growing
various animal cell lines (e.g. CHO cells, BHK cells, MDBK cells, MDCK cells,
NSO cells, HEK cells, PER.C6™ cells, Vero cells, hybridomas and insect cells).
Conventional stirred bioreactors made of glass or stainless steel have become the
system of choice in commercial biomanufacturing and R&D processes [71, 72]. As
a result of increasing demands for shorter processing times and reduced production
costs along with high process safety and facility flexibility in pharmaceutical pro-
duction processes, various scalable disposable bag bioreactors have been designed.
The studies currently available confirm the capability and superiority of wave-
mixed and stirred bag bioreactors for animal cell-based therapeutic agents at small-
and middle-volume scale [10, 11, 16-19, 22-41, 73, 74]. Although newer systems
such as CELL-tainer®, bag bioreactor with eccentric stirrer, bag bioreactor with
Vibromixer and the hybrid CellMaker have also showed promising cultivation
results, there is a lack of important data to confirm these findings, unlike for
BioWave® and Wave Bioreactor (and in parts S.U.B. Single-Use Bioreactor), for
which data have already been collected.

3.3.1 Therapeutic Proteins

Animal cell-based therapeutic r-proteins and mAbs are biotechnological products
which are characterized by a tremendous growth. So it comes as no surprise that a
good deal of research focuses on their efficient production using novel technology,
which explains the numerous papers and application reports concerned with the
cultivation of industry-relevant animal cell lines in disposable bag bioreactors.
When cultivation studies with animal model cell lines are not taken into account [4,
43], three main working fields for BioWave®, Wave Bioreactor and S.U.B. Single-
Use Bioreactor in therapeutic protein production become apparent.

Expression of r-proteins in BEV/Insect Cell-Culture Systems

In 1999 Singh [33] published the first short manual on scale up of Sf9 suspension
cells and baculovirus production in the Wave Bioreactor and 10-L culture volume.
In order to start a 20 L bag containing 1-L serum-free culture medium with a cell
density of 5 x 10° cells mL~', the previous harvest of a 2 L bag was used. After 5
days of cultivation at a rocking rate of 20 rpm and 27°C, 4.75 x 10° cells mL~" were
determined and 4 L fresh medium fed. Three days (3 x 10° cells mL™!) later, a fur-
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ther 4 L fresh medium along with the virus (MOI 0.5) were added. Harvest was
performed 2-days post infection. This procedure resulted in virus titres which were
comparable to 100-mL shake flask experiments.

Since baculovirus-based production processes usually take 4-7 days, Weber et
al. [36] developed an improved cultivation protocol for a more rapid Sf9 cell-based
protein generation in a 20 L bag. In order to avoid mass transfer limitations in the
growth phase, they recommended an adjustment of the agitation intensity (rising
rocking rate and rocking angle) to increase cell density and particular attention
being paid to an adequate oxygen supply in the production phase (averaging 2—3
days). With regard to efficient r-protein production, an increase in specific oxygen
uptake by 50% has to be guaranteed after virus infection [75]. Weber and
Fussenegger [76] therefore suggested an appropriate increase in the oxygen transfer
rate by aeration with pure oxygen.

Oxygen enrichment up to 40% at aeration flow rates between 0.033 and 0.066
vvm and a stepwise rocking rate rising (15-20 rpm) at a constant rocking angle of
7° were applied by Schlaeppi et al. [32] in parallel BioWave® fermentations. They
developed a semi-automated large-scale process for the production of recombinant
tagged proteins in a BEV/Sf21 cell culture. Besides cell harvesting, lysis by tangen-
tial flow filtration and automated purification by chromatography, the instrumental
process platform included insect cell fermentation in up to eight BioWave® systems
with 10-L culture volume. It was possible to process four proteins in less than 24 h
with final yields between 1 and 100 mg, and purities between 50 and 95%.

Finally, in baculovirus-infected Sf9 and High Five® cells which have been grown
in Wave Bioreactors (10-L culture volume), selenomethionyl-derivatized proteins
with an SeMet occupance of ~75% were successfully produced by Cronin et al.
[23]. The data presented by the authors support implementation of BioWave® and
Wave Bioreactor for the rapid production of milligram quantities of r-proteins with
BEV/insect cell-culture systems.

Transient Transfection in Mammalian Cells

The majority of r-proteins produced for preclinical and clinical trials are normally
expressed in stably transfected CHO cell lines. However, stable expression associ-
ated with generating a highly productive cell line requires a good deal of time and
resources, and incurs high costs. Transient transfection in mammalian cells repre-
sents an innovative approach to producing a large number of functional human
proteins within a short time and thereby streamlining the process from research to
development [77, 78]. The use of disposable bioreactors in combination with this
method can lead to additional savings in time and costs.

Haldankar et al. developed a protocol for large-scale transient fed batch trans-
fections in a Wave Bioreactor with 10-L working volume. The transient transfec-
tions based on CHO suspension cells and polyethyleneimine (PEI) were performed
with the chimeric human/mouse IgG1 isotype antibody molecule. The seed train
was produced in shake flasks and inoculation was carried out at a cell density of 1
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x 10° cells mL~!. For the Wave Bioreactor parameters, the reader is referred to
[79]. After inoculation, the transfection complex was introduced into the culture
(DNA/PEI ratio 1:3). Production runs were carried out in fed batch mode (trans-
fected culture fed on days 2, 4 and 6 post transfection) and harvesting was per-
formed 6 days or 8 days post transfection. The harvested cultures were
characterized by cell densities between 5.1 x 10° cells mL~! and 1.22 x 107 cells
mL~" and viabilities between 95.6 and 97%. Within 10 days, 100 mg of r-protein
for further study was produced.

mAb Production with Stable Hybridomas and Established Mammalian Cells

Acceptable, reproducible and comparable (to traditional stirred cell culture bioreac-
tors) mAb production was achieved in studies with stable hybridomas, CHO-,
GS-NSO and PER.C6™ cells in a Wave Bioreactor and S.U.B. Single-Use
Bioreactor [15-17, 19, 24, 31, 33, 35].

Oashi et al. [31] and Tang et al. [35] considered mAb (IgG) production of a
hybridoma cell line, which had been grown in a Wave Bioreactor (1-L culture
volume) operating in fed batch (feeding) and perfusion mode. The perfusion
mode was ensured by a specially designed culture bag with a floating membrane
cell-retention filter (7 wm pore size) inside. A weight-based perfusion controller
balanced the medium renewal rate and the harvest rate during perfusion.
Operating parameters of the Wave Bioreactor running with inoculum from pooled
t-flasks are shown in [31] and [35]. The perfusion was initiated at cell density >1
x 10° cells mL~! with an initial dilution rate of 0.1 day™' and 0.2 day~'. To keep
glucose/lactate concentrations constant, the dilution rate was adjusted during
cultivation. The maximum living cell density was between 7- and 10-times higher
and the total mAb between 8- and 13-times higher in perfusion mode than in
batch operation.

Fries et al. studied growth, metabolism and mAb production of GS-NSO cells
and dhfr- CHO cells in a traditional stirred cell culture bioreactor (2-L culture vol-
ume) and the Wave Bioreactor (10-L culture volume). For both bioreactor systems,
which differed in pH control and agitation, the seed train was generated in shake
flasks. Parameters of realized batch cultivations are shown in [24]. In GS-NSO cell-
derived experiments, average maximum living cell densities of 1 x 10°¢ cells mL™"
in the Wave Bioreactor and 0.9 x 10° cells mL™! in the stirred bioreactor were
reached. The average maximum mAb concentration was 83 mg L™ in the Wave
Bioreactor and 64 mg L' in the stirred bioreactor. In the case of dhfr- CHO cell
cultivation in the Wave Bioreactor and stirred bioreactor, larger differences in the
extent of biomass production, metabolic patterns and antibody formation were
observed. The stirred bioreactor guaranteed approximately two-times higher cell
densities and mADb concentrations than the Wave bioreactor. However, an excellent
reproducibility of the Wave Bioreactor’s data was shown. Moreover, volumetric
product formation and mAb quality for both cell lines were found to be quite com-
parable in both bioreactor types.
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In addition, the first application notes and scientific publications have reported
the indisputable suitability of the S.U.B. Single-Use Bioreactor for hybridoma-,
PER.C6™- and CHO cell-based mAb productions up to 250-L culture volume
[15-17, 19].

3.3.2 Viruses for Vaccines and Gene Therapies

The potential of BioWave® for vaccine virus production was systematically inves-
tigated using BHK 21, E-FL. and MDCK cells. Its comparability with and advan-
tages over traditional vaccine production bioreactors (mainly represented by roller
flasks, Cell Factories and stirred microcarrier bioreactors) [73, 74] were evident.

In BioWave® with 450-mL culture volume, Slivac et al. [34] demonstrated its
suitability for the production of Aujeszky’s disease virus (ADV), which is
important for the vaccination of pigs. BHK 21 C13 suspension cells were culti-
vated during a 3-day growth period at a rocking angle of 6°, a rocking rate of 10
rpm, an air flow rate of 0.44 vvm (0.2 L min™") and 5% CO,. The inoculum pro-
duction had previously been executed in spinner flasks. Starting with 5.5 x 10°
cells mL~!, a maximum cell density of 1.82 x 10 cells mL~! and viability of 99%
were achieved during cell growth. In order to prevent nutrient limitations, a par-
tial medium exchange of 65% was realized on the second day of the growth
phase. The production phase was introduced by infecting the cells with gE-
Bartha K-61 strain virus suspension (10%° TCID, ) with MOI of 0.01. After 144
h incubation in the BioWave®, 400 mL of ADV harvest was obtained with a titre
of 10"* TCID,;, mL"". This corresponds to 40,000 doses of vaccine against
Aujeszky’s disease (AD).

Genzel et al. [26] showed that an identical wave-mixed bioreactor with 1-L
culture volume was superior to a stirred bioreactor for equine influenza virus pro-
duction. MDCK cells were grown in serum-supported culture medium at
Cytodex™ 1 microcarrier concentrations of 2 and 4 g L-!. Subsequent to cell and
microcarrier transfer, and cell attachment, the bioreactor’s parameters were set up
at 37°C, a rocking angle of 7°, a rocking rate of 15 rpm, an aeration rate of 0.1
vvm and CO, amounts between 2 and 5%. Washing, medium exchange and virus
addition (MOI 0.04-0.05) were performed as described in [26] after 4 days of
cultivation. The final cell density on the microcarriers (observed after 99 h) was
about double that of the stirred bioreactor. Peak titres of 1077 TCID,, mL™" were
reached 20-h post infection.

Hundt et al. [27] studied the possibility of transferring a roller bottle-based
manufacturing process for a mink enteritis virus (MEV) vaccine (“FEBRIVAC
3-Plus”) to a BioWave®-derived Cytodex™ 1 microcarrier process (1 L and 10-L
culture volume). After 5 days preculture of feline lung fibroblasts (E-FL) in roller
bottles, 2 x 10° cells mL~" and 2 g L' prepared microcarriers were fed to 1 L and
10-L serum-supported culture medium in the bag. Depending on the experimental
setup, the MEV was added at 0 h to the medium (MOI 0.01-0.1). In addition,
three to four medium changes and virus harvests were performed. Compared to
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cultivations in roller bottles, an increase in virus titres by a factor of approxi-
mately 10 was found in the BioWave®. The virus titres ranged between 10%° and
10%* TCID,, mL"".

Further known developments deal with VLP influenza vaccine production
using the BEV system in Sf9 cells, which are grown in a Wave Bioreactor up to
500-L culture volume [80]. Moreover, it was reported that the S.U.B Single-Use
Bioreactor and the ATMI Life-Sciences’Pad-Drive™ disposable bioreactor were
successfully tested for the production of veterinary vaccines with MDBK- as
well as Vero cells and microcarriers (HyQ®Sphere™, Cytodex™ 1) [10, 13, 14].
To date, more detailed information about these processes has not been
published.

In addition to using viruses for veterinary or human vaccine production, their
use in therapeutic gene transfer is another promising field in which disposable
bioreactors are attractive candidates for manufacturing. Recently, a method for
producing recombinant adeno-associated virus vectors (rAAV) exploiting the
BEV system in insect cells was presented [30]. A Wave Bioreactor with 5 L or
25-L culture volume was operated at 27°C, a rocking angle of 9°, a rocking rate
of 25 rpm and an air flow rate of 0.012-0.06 vvm (0.3 L min™'). Oxygen enrich-
ment in the air supply was 30%. The cells were infected with three different
BEVs (MOI 3) at TOI of 2 x 10° cells mL!. The culture was harvested 72-h post
infection. The yield of transducing units (tu), which describe the biological activ-
ity (crucial for gene therapies) of the virus, reached a value of ~2E + 13 particles
L~! of cell culture. This yield was comparable to those obtained in 200-mL shake
flasks, and in 10 L and 40-L stirred bioreactors. Therefore, it is expected that
Wave Bioreactor technology will promote the production of rAAV and further
virus vectors, which are important for gene therapy treatments.

4 Conclusion

In summary, this review indicates that bag bioreactors from mL to 1,000 L scale are
well-established for animal and human cell-based processes wherever simple, safe,
fast and flexible production receives priority. While static bag bioreactors are com-
mon devices at mL-scale, wave-mixed and stirred bag bioreactors are preferred
when higher cell amounts are desired. The increasing tendency to produce thera-
peutic r-proteins, mAbs and viruses is obvious in the fully automated BioWave®,
Wave Bioreactor and S.U.B. Single-Use Bioreactor. This increase applies mainly to
R&D and GMP manufacturing in classical cell culture processes.

In personalized medicine, where ex vivo generated biologically active cells in
clinically relevant numbers are required, the single-use of the bioreactor is not
merely advantageous. Where the approval of functional cells (including stem cells,
their intermediate cell types and lineages) for cancer-, immuno- or tissue replace-
ment therapies is concerned, it becomes a necessity. Thus, the successful imple-
mentation of the Wave Bioreactor-based GMP manufacturing of active T cells for the
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treatment of chronic lymphatic leukaemia represented a breakthrough in haematopoietic
cell expansion.

With the exception of gas-permeable blood bags for the cell proliferation stage,
bag bioreactors are of less importance for ex vivo formation of functional tissue
(such as cartilage, bones, liver tissue and cardiac tissue). There is only one approach
to manufacturing human dermal replacement, this being in a multiple bag bioreac-
tor system containing a mesh scaffold and operating in perfusion mode.

In view of current industrial activities (focusing on new disposable bioreactor
concepts and including intensive efforts to overcome the limitations of existing
disposable bag bioreactors) as well as the rapid knowledge increase in cell culture
technology and modern medicine, it is assumed that disposable bag bioreactors will
become increasingly influential.
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Methodology for Optimal In Vitro Cell
Expansion in Tissue Engineering
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Abstract Expansion of the cell population in vitro has become an essential step
in the process of tissue engineering and also the systematic optimization of culture
conditions is now a fundamental problem that needs to be addressed. Herein, we
provide a rational methodology for searching culture conditions that optimize the
acquisition of large quantities of cells following a sequential expansion process.
In particular, the analysis of both seeding density and passage length was consid-
ered crucial, and their correct selection should be taken as a requisite to establish
culture conditions for monolayer systems. This methodology also introduces addi-
tional considerations concerning the running cost of the expansion process. The
selection of culture conditions will be a compromise between optimal cell expan-
sion and acceptable running cost. This compromise will normally translate into
an increase of passage length further away from the optimal value dictated by the
growth kinetic of the cells. Finally, the importance of incorporating functional
assays to validate the phenotypical and functional characteristics of the expanded
cells has been highlighted. The optimization approach presented will contribute to
the development of feasible large scale expansion of cells required by the tissue
engineering industry.
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1 Introduction

1.1 Tissue Engineering in Regenerative Medicine

Organs and tissues often necessitate reconstruction or replacement due to damage
produced from congenital disorders, cancer, and trauma, among other conditions [1].
These defects are normally treated by either replacement with autologous tissue or
by allogeneic organ transplantation. However, both approaches present important
constrains: (1) autologous treatment imposes serious problems of morbidity for most
tissues, and (2) there is a severe shortage of donor organs, which is worsening with
aging of the world population. In addition, any of the mentioned approaches rarely
replace the entire function of the original organ, and tissues used for reconstruction
often lead to complications due to their inherent different functional parameters.

An alternative therapy for the repair of damaged tissue resides in the tissue engi-
neering approach. Tissue engineering is an interdisciplinary field that applies prin-
ciples and methods of engineering and the life sciences toward the development of
biological substitutes that restore, maintain, and improve the function of damaged
tissues and organs [2]. Such a tissue reconstitution process can be conducted either
entirely in vitro or partially in vitro and then completed in vivo. Tissue engineering
strategies based on autologous cells are normally initiated from a small piece of donor
tissue (biopsy), from which individual cells are isolated. These cells are expanded
in culture, attached to a support matrix (scaffold), and re-implanted into the host.
Major advances have been achieved in this field within the past decade, resulting in
the creation of functional tissues such as small diameter vascular grafts [3], heart
valves [4, 5], and urinary bladder [6] among others.
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1.2 Cell Sources for Tissue Engineering

Establishing a reliable source of cells is a principal priority for tissue engineers
[7]. Cells used in tissue engineering may be drawn from a variety of sources,
including primary tissues and cell lines. Primary tissues may be xenogeneic
(from different species), allogeneic (from different members of the same spe-
cies), syngeneic (from a genetically identical individual), or autologous (from
the same individual). Ideally, both structural and functional tissue replacement
will occur with minimal complications. Although animal cells are a possibility,
ensuring that they are safe remains a concern, as does the high likelihood of their
rejection by the immune system [1, 8]. Currently, the clinical use of allogeneic
cells is still limited by the need for host immunosuppression. However, with the
advent of techniques to render cells immunologically “transparent,” the use of
banked allogeneic cells may become a clinical reality [7]. An alternative cell
source for bioengineering of tissues and organs is therapeutic cloning, wherein
patient-specific embryonic stem cells (ESCs) can be derived from pre-implanta-
tion stage embryos produced by somatic cell nuclear transfer, therefore obtain-
ing histocompatible cells for engraftment [9]. Stem cells derived from this source
might have the potential to replace and regenerate damaged tissues; however, the
mechanisms controlling their differentiation must be fully understood, and ethical
issues surrounding their use must be resolved prior to their implementation in
therapeutic strategies.

Until further advances allow other cell sources to become a clinical reality,
autologous cells are the preferred cells to use in regenerative medicine. To
acquire autologous cells, a biopsy of tissue is obtained from the host, the cells are
dissociated and expanded in culture, and the expanded cells are implanted into
the same host. The use of autologous cells, although it may cause an inflamma-
tory response, avoids rejection, and thus the side effects of immunosuppressive
medications can be avoided. In addition, the use of autologous adult stem cells is
ethically sound and accepted worldwide [1].

1.3 In Vitro Expansion of Autologous Cells

Most adult human cells have a limited lifespan, and after repeated divisions, they
eventually enter replicative senescence, a state in which they are still viable, yet
no longer divide and display reduced functionality. This presents a challenge to
using differentiated autologous cells as a cell source for tissue engineering.
Moreover, engineered tissues must contain a sufficient amount of cells to remain
functional over clinically relevant time periods [10]. Therefore, one of the major
limitations of applying cell-based regenerative medicine techniques to organ
replacement is the inherent difficulty of growing specific cell types in large quan-
tities [1]. This problem affects the majority of differentiated human cells. For
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example, articular chondrocytes in culture rapidly undergo dedifferentiation [11].
As a result, chondrocytes isolated from their tissue-specific extracellular matrix
fail to produce cartilage matrix after extensive expansion in monolayer culture, a
phenomenon that limits their availability in sufficient quantities for tissue engi-
neering applications [12]. Similar constrains are found in the field of vascular and
urinary bladder tissue engineering, where the acquisition of large quantities of
endothelial [13] and urothelial [1] cells from differentiated functional tissues is
enormously challenging.

To overcome this expansion limitation, researchers have been exploring
alternatives to obtain sufficiently large, functional autologous cell populations
for tissue engineering and regenerative medicine applications. One area of
interest is the use of autologous adult stem or progenitor cells. By studying the sites
for stem or progenitor cells in specific organs, as well as exploring the conditions
that promote their differentiation, it may be possible to overcome the obstacles
that limit cell expansion in vitro. For example, the identification of chondropro-
genitor cells in the superficial zones of articular cartilages [14], has provided
an alternative avenue to obtain chondrocytes that retain their ability to form
cartilage after extensive expansion in culture [15, 12]. For vascular tissue engi-
neering, the identification of endothelial progenitor cells (EPCs) in blood has
offered an opportunity to noninvasively obtain large quantities of functional
endothelial cells [16, 17, 18, 13]. Similar advantages are found with the identi-
fication of urothelial progenitor cells for urinary bladder tissue engineering
[19]. All these studies indicated that it is possible to collect autologous cells
from human patients, expand them in culture, and return them to the donor in
sufficient quantities for reconstructive purposes. Major advances have been
achieved within the past decade in the possible expansion of a variety of pro-
genitor cells and adult stem cells, with specific techniques that make the use of
autologous cells possible for clinical application.

One of the challenges that tissue engineers will have to address in the near
future is the development of feasible large-scale cell-expansion processes.
Routine tissue culturing methodologies can hardly cope with the scale of cell
production required for the clinical generation of tissue-engineered products.
Expansion of the cell population in vitro has become an essential step in the
process of tissue engineering, and optimization of the culture conditions and
expansion protocols are fundamental issues that need to be addressed. In fact,
the enhanced expansion potential of stem and progenitor cells in culture opens
up the possibility for more intense expansion processes that may enable the
generation of large cell banks for use in regenerative medicine. The aim of this
article is to provide a rational methodology for searching culture conditions that
optimize the acquisition of large quantities of cells following a sequential
expansion process. The proposed methodology uses mathematical expressions
that relate the growth curve of the cells with expansion process parameters, and
it facilitates the optimal selection of routine culture conditions irrespective of
the source of autologous cells under investigation.
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2 Definitions

2.1 Parameters Related to Cell Growth in a Single Passage

Several parameters can be defined concerning cell expansion in a single monolayer
passage (see Fig. 1):

I (cells): initial cell number available at the beginning of the passage.

XOp (cell cm™): initial cell density used at inoculation.

EXPANSION ON A SINGLE PASSAGE

Fp (cells)
%27

XF,, (cell/cm2)

] E,, PD,

SEQUENTIAL MONOLAYER EXPANSION

Cell density (cell/cm?)

X0 (cell/cm?) —>

a Time (h)

z},} - P1 :i; 1’ LA
I (cells) # | ;% o~ | ;{9. — # F (cells)
A;(cm?) A, (cm?) Ag (cm?)
b E, PDr, T (h)

Fig. 1 Schematic diagrams of cell expansion in a monolayer. (a) Growth of the cell population
during a single monolayer passage. (b) The overall expansion process is constituted by sequential
monolayer expansion steps
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XF, (cell cm™): final cell density observed at the time of harvesting.

PD_ (-): passage population doubling corresponds to the number of doublings
that cells undergo from inoculation to harvesting.

1 (h): passage length corresponds to the duration of the passage, from inocula-
tion to harvesting.

E (-): passage expansion factor corresponds to the factor by which the viable
cell density is multiplied from inoculation to harvesting.
Given these definitions of single passage parameters, the following equations

apply:
XF

E, =" (1)
X0,

ZPDp _ XF;) (2)
X0,

E =2" 3)

2.2 Parameters Related to a Sequential Monolayer Expansion

Additionally, the following parameters can be defined concerning a sequential
monolayer expansion process (see Fig. 1):

I (cells): initial cell number available at the beginning of the expansion
process.

F (cells): final cell number available at the end of the expansion process.

PD, (-): total population doubling corresponds to the final number of doublings
that cells undergo during the expansion process.

T (h): total expansion time corresponds to the duration of the expansion
process.

N (-): total number of passages that the cells undergo during the expansion
process.

E (-): total expansion factor corresponds to the factor by which the viable cell
density is multiplied during the expansion process.
Given these definitions of sequential expansion parameters, the following equations

apply:

PD, =Y PD, 4)
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T=Y1 (5)
E= HEp (©6)

F

P _ O
1 (7
E =2 (8)
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1

3 Determination of Growth Curves

Optimization of cell expansion relies on the analysis of cell growth curves at dif-
ferent culture conditions. Elaboration of detailed cell growth curves (evolution of
cell density over time) is normally done in the laboratory by using small-scale
experiments in which cells are plated in sufficient replicated tissue culture wells,
and manually counted at intervals using a hemocytometer. This microscopy tech-
nique is limited by inter user variability, laborious and often time-consuming data
collection, user fatigue, and small sampling size (i.e., a few hundred cells) [20].
There is interest in the potential benefits of replacing standard cell counting
methods with an automated systems. In this regard, several direct methods to
monitor cell concentration have been proposed. Such methods include optical
techniques based on light absorbance and or scattering, real-time imaging, parti-
cle size analysis, and techniques to measure culture fluid density [21, 22, 23, 24].
However, most of these techniques are not applicable to monitor anchorage-
dependent cell concentration and viability accurately at all the stages of the culture
[25]. Alternative automated systems such as Microcyte flow cytometer [26],
NucleoCounter [27], and Guava PCA are being introduced into laboratories for
rapid and accurate determination of viable cell numbers. However, these auto-
mated systems are mainly designed for suspended cell cultures, and not for
routine evaluations of anchorage-dependent primary cells. For these reasons,
trypan blue dye exclusion assay, DNA content, MTT assay, and nuclei counting
are still the most commonly utilized methods for the determination of cell density
of primary cells.

Each type of primary cell presents a specific growth curve that needs to be
determined using the culture conditions under evaluation. Although some authors
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still use the exponential growth approach to characterize the behavior of prolif-
erative cells in culture, this assumption is not accurate for most primary cells.
The concept of exponential growth by mammalian cells in culture is based upon
the apparent linearity of semi logarithmic data plots. Nevertheless, this method
of graphical analysis is known to be an unreliable test of the exponential hypothesis.
The question of exponential growth was re-examined more than two decades ago
by using the more sensitive method of Smith plots, in which specific growth rate
is plotted against time. With exponential growth, data points should fall on a
horizontal straight line when specific growth rate is plotted against time, but
after analyzing the growth of 125 different mammalian and avian cell lines, it
was found that only 11 exhibited an exponential phase while the remaining cell
lines all had nonexponential growth patterns [28]. The most common of these
consisted of an initial period of growth acceleration followed by a later phase of
deceleratory growth. Examples of decelerator growth kinetics can be found from
very diverse cell sources, including chondroprogenitor cells isolated from the
superficial zone of articular cartilages [29], and umbilical cord blood-derived
endothelial progenitor cells [13]. As long as essential nutrients and cytokines are
provided in sufficient amounts (achieved by adequate feeding), anchorage-
dependent primary cell proliferation in culture is controlled by cell-cell contact
inhibition. Since this mechanism of control is essentially density-dependent
[30], cultures are characterized by a progressive generation of inhibitory contacts
that ultimately lead to the appearance of the stationary phase or plateau. The
kinetics of decelerating growth can be described with high accuracy by diverse
equations such as Gompertz, logistic, inverse cube root and power functions [31,
32, 33]. In particular, Gompertz functions have been proposed to model the
growth of a diversity of biological systems, including tumors [34, 35, 36], and
normal primary cells [29]. The use of mathematical expressions can be instru-
mental for modeling the proliferative behavior of the cells in culture, but is not
mandatory for the optimization analysis, which can be developed from appropriate
experimental data.

The analysis of growth curves may seem straight forward at first examination,
however, the election of an optimal growth curve requires careful analysis of the
data. To illustrate this, we analyzed the growth curves of chondroprogenitor cells
obtained at five different seeding densities (Fig. 2a) [29]. In this example, all
culture parameters, with the exception of the seeding density, were kept constant.
From Fig. 2a it can be observed how the initial cell density played a central role in
the proliferation performance of the cultures, affecting both the kinetics of cell
growth and the final cell density achieved. These results were expected since the
proliferation of anchorage-dependent primary cells is controlled by cell-cell
contact inhibition [15], a mechanism that is essentially density-dependent [30].
Therefore, it could be expected that higher seeding densities will necessarily lead
to a more rapid generation of inhibitory contacts and consequently to a more rapid
appearance of the stationary phase. While cultures with seeding densities of 10° cell
cm™ reached the stationary phase at day 5, the cultures with seeding density of 10*
cell cm™ required 8 days. Although higher initial cell densities had faster growth
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Fig. 2 Expansion of chondroprogenitor cells in a monolayer. (a) The effect of initial cell density
on cell proliferation was evaluated at five different seeding densities corresponding to 10° cells
cm™2, 5 x 10* cells cm™2, 10 cells cm™, 5 x 10° cells cm™, and 10° cells cm™. All the cultures were
supplied with 0.3 ml cm™ of DMEM supplemented with 40% FCS and 1 ng ml™' of TGF-B1.
Viable cell densities were evaluated at intervals for each of the different seeding densities tested.
Each data point represents the mean of three separate cultures £SD. (b) Optimization of passage
length at different initial cell densities was determined by the maximum of (In (Ep)/Ep). This figure
was adapted from [29] with permission from the editor
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kinetics (shorter lag phases and sharper growth curves) attention should also be
paid to the expansion factor (E) achieved for each seeding density. The expansion
factors achieved for each of the cultures examined corresponded to 5, 9, 30, 36, and
103 as the initial cell density was increased (105, 5 x 10%, 10, 5 x 103, and 10°cell
cm?, respectively). Consequently, while higher initial cell densities produced faster
growth kinetics, it also imposed a lower value of the expansion factor achievable in
a single passage. Moreover, since chondroprogenitor cells (and many progenitor
cells) have the ability to form colonies even at very low seeding densities [14] the
value of the expansion factor could be potentially improved by further reduction in
the initial cell density of the cultures. The problem resides in the detrimental effect
that a very low seeding density will have on the growth kinetics (and consequently
on the time necessary to achieve the desired expansion factor). From the above
example, it is clear that the determination of an optimal seeding density necessarily
involves a compromise between the growth kinetic (i.e., time) and the expansion
factor achievable, and that it cannot be easily done by simple direct observation of
experimental growth curves.

4 Optimal Cell Expansion

The optimal culture conditions for cell expansion correspond to those culture con-
ditions that would allow us to achieve the desired final cell number in the minimal
time and with the minimal cost. Additionally, these optimally expanded cells need
to maintain the required phenotype for their final therapeutic use. Despite the fact
that the definition of optimal culture conditions is straight forward, the number of
parameters affecting the growth of cells in culture is enormous and therefore their
simultaneous optimization may seem like an unbearable task for most cell-culture
investigators. However, from a practical stand point, the decisions that investigators
need to make when culturing primary cells are often restricted to four categories:
(1) media formulation and feeding strategy, (2) coating of culture plate, (3) seeding
density, and (4) length of each passage (e.g., time of harvest and subculture). In fact,
out of these four categories, two questions are considered essential for optimal
expansion: firstly, it is necessary to determine the seeding density (X0). Secondly,
for any selected seeding density, it is necessary to establish the value of the passage
length (t) that makes the expansion process optimal in a serial operation. Once the
methodology for optimal selection of both seeding density and passage length is
established, it can be used to study the effect that different media formulations,
feeding strategies, and/or coating materials have on the expansion performance of
the cells under investigation.

Starting with a constant number of cells (/), the expansion optimization can be
performed by maximizing the final cell number (F) for a given total expansion

time (7)
Max(F) = Max(E xI) (10)
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To ease the analysis and further develop this equation, we can distinguish between
unaltered or altered growth kinetics as cells are expanded over a number of
passages.

4.1 Unaltered Growth Kinetics

We can initially assume that the growth kinetic of the cells is not significantly
altered during all the passages required for the expansion process. From this
assumption one obtains the following equations:

N
PD, = Y PD, = NxPD, (11)

i=1

N
T=)1=Nxt (12)

i=1

N
E=]]E =&)" (13)

i=1

Consequently, Eq. (10) can be written as:

Max(F) = Max(E x I) = Max(E, )" (14)

Max(F) = Max(E, )" = Max[(Ep )] (15)

Max(F) = Max[(Ep )] = Max [;x In(E, )] (16)
|:1n(E )]

Max(F) = Max ; 2 (17)

Therefore, the optimal passage length (t) for a given initial cell number (/) and total
expansion time (7) can be found by plotting (n(E)/t) against t, and determining
the maximum.

Continuing with the example of chondroprogenitor cells at different seeding
densities, and according to Eq. (17), the optimal passage length (1)) was found by
plotting ln(Ep)/tp against ! and determining the maximum of the resulting curve for
each of the seeding densities investigated (Fig. 2b). The optimal seeding density for
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chondroprogenitor cells corresponded to 10* cell cm™2 as reflected by the maximum
of the curves. In addition, the optimal passage length for this seeding density cor-
responded to 73 h (time at which the maximum of the curve was reached). The
selection of the adequate passage length is crucial. While longer passage length will
lead to higher expansion factor in a single passage (as reflected in the growth
curves, Fig. 2a), it would be detrimental in a serial operation process as it would
impose longer total expansion time (or lower final expansion factor if the process
time is constant). Consequently, although each seeding density is associated with
an optimal value of passage length, 10* cell cm™ for seeding density with 73 h of
passage length is found to be the optimal condition overall for cell expansion.

Although the analysis just presented is suitable for a single passage, the valida-
tion of the estimated seeding density and passage length during a sequential expan-
sion relies on the veracity of the unaltered growth kinetic assumption. Only in those
situations where cell growth curves remain fairly constant during passaging can the
optimization analysis be reduced to a single passage. This is the case of the chon-
droprogenitor cell growth kinetic, which has been shown to be reasonably unaltered
up to seven passages [29].

4.2 Altered Growth Kinetics

Despite that on some occasions the assumption of an unaltered growth kinetic is
valid for a number of passages, in some cell types the growth kinetic varies signifi-
cantly as cells are expanded in culture. One example of cells that present an altered
growth kinetic in culture is endothelial progenitor cells. The identification of EPCs
in blood a decade ago presented an opportunity to noninvasively obtain endothelial
cells for therapeutic applications [16, 17, 18]. For example, blood-derived EPCs
have been used to endothelialize small-diameter blood vessels [3], and to form func-
tional vascular networks in vivo [37, 13, 38]. For therapeutic application, extensive
expansion of EPCs in vitro is likely to be required, and therefore changes in growth
kinetics over time will influence the search for optimal expansion conditions.

To illustrate this concept, an analysis of the growth curves of cord blood-derived
EPCs (cbEPCs) obtained at five different passages is made (Fig. 3a) [13]. In this
example, all culture parameters were kept constant. From Fig. 3a it can be observed
how the passage number played a central role in the proliferation performance of
the cultures, affecting both the kinetics of cell growth and the final cell density
achieved. In fact, it has been reported that as cbEPCs are expanded in culture, their
morphology, growth kinetics, and proliferative responses toward angiogenic factors
progressively resemble those of mature microvascular endothelial cells [13]. Since
cbEPC growth curves are significantly different at each passage, we cannot assume
that the optimal culture conditions found for one passage will remain constant dur-
ing the sequential expansion of cbEPCs. For example, optimal seeding density may
be different at each passage. In addition, the optimal passage length can vary as we
expand the cells.
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Fig. 3 Expansion of cord blood-derived endothelial progenitor cells in a monolayer. (a) Growth
curves of cbEPCs at different passage numbers (P4, P6, P9, P12, and P15). Each data point rep-
resents the mean of three separate cultures +SD. All the cultures were supplied with 0.3 ml cm™
of EGM-2 supplemented with 20% FCS. (b) Optimization of passage length at different initial cell
densities was determined by the maximum of (In (Ep)/tp). Panel (a) of this figure was adapted from
[13] with permission from the editor
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Therefore, in cells where the growth kinetic changes (such as cbEPCs), both the
optimal seeding density (X0) and passage length (t) need to be found at different
passages by plotting ln(Ep)/tp against 1, [Eq. (17)] and determining the maximum of
the resulting curve for each of the seeding densities investigated. In the example
depicted in Fig. 3, the seeding density of cbEPCs was kept constant (5 x 10° cell
cm™), and the optimal passage length determined at different passages. The optimal
passage lengths () corresponded to 83, 86, 87, 92, and 100 h for EPCs at passages
4, 6, 9, 12, and 15, respectively, illustrating the effect of prolonged culture on
expansion optimization (Fig. 3b). As a result, if cbEPCs are to be grown at 5 x 103
cell cm2, the recommended passage length for optimal sequential expansion needs
to be progressively increased as cells are being passaged. Importantly, this example
also illustrates that even though the growth kinetic varies dramatically as cells are
expanded in vitro, the resulting optimal parameters can eventually oscillate around
a narrow range of values. Therefore, some cell types may present important differ-
ences in growth kinetic as they are expanded, but their optimal seeding density and/
or passage length may remain essentially unchanged. However, this may not be the
case for all primary cells, and as a general rule, optimal seeding density and passage
length need to be found at each passage (or at least every few passages) for each
type of cell under consideration.

5 Exponential Growth Kinetics

Even though most anchorage-dependent primary cells present deceleratory growth
patterns, some cell lines that are routinely used by the biopharmaceutical industry
proliferate following exponential growth kinetics. This is the case of CHO 320, a
gamma-interferon producing cell line. Growth curves of CHO 320 in suspension
cultures have been modeled with high accuracy by an exponential growth function
[39], given by the following simplified version of the Monod equation [40]:

XF:XOXeXp(uti) (18)

where u (h™") corresponds to the specific growth rate, and remains essentially constant
during the growth phase of the culture. The Monod equation [Eq. (18)] has been
used extensively for the description of the growth of animal cells [40]. This model
assumes an exponential cell growth until the amount of an essential substrate
becomes limiting. This simplified version of the Monod equation does not take into
consideration death rate by accumulation of toxic compounds, and therefore it can
only be applied to stages of the culture where cell viability is high. The confirma-
tion of an exponential growth pattern will have important implications for the
expansion optimization of a cell line, and it will be necessarily different from that
shown for primary cells with a deceleratory growth kinetic [29].

Using the exponential growth Eq. (18), the expansion factor of each passage can
be estimated by (19)
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and the evaluation of (ln(Ep)/tp) results in
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(20)

Therefore, determining the maximum of (ln(Ep)/tp) in a culture system that follows
a true exponential growth is equivalent to determining the maximum specific
growth rate. This means that for any given initial amount of cells, the culture condi-
tions (including seeding density) that maximize the specific growth rate of the cells
will be the optimal conditions to achieve the highest number of cells in a given
constant culture time. Even though this analysis may seem obvious at first examina-
tion, it is important to remember that not all mammalian cell-culture systems will
lead to the same conclusion. For instance, during the evaluation of primary chon-
droprogenitor cells (Fig. 2) [29], the values of specific growth rate were far from
constant throughout the growth period of the culture. As a result, the optimal seed-
ing density was found to be a compromise between the growth kinetic and the
expansion factor achievable (i.e., not always the highest specific growth rate cor-
responded to the optimal). Only when a culture follows a true exponential growth
can the value of specific growth rate be taken as the sole parameter for cell expan-
sion optimization.

In the study of CHO 320 [39], the maximum specific growth rate (and there-
fore optimal expansion) was found for the lowest seeding density evaluated (0.5
x 10° cell ml™"). This finding led us to speculate that lowering the initial cell
density beyond the optimal 0.5 x 10° cell ml~! could be beneficial for the expan-
sion process. However, this should be evaluated carefully; by lowering the seed-
ing density of the culture, we could eventually reach a threshold seeding density
that results in an inferior specific growth rate due to a very sparse distribution of
the suspended cells. Also, very low initial cell densities are known to result in
nonexponential growth patterns [41], and therefore the straight forward correla-
tion between specific growth rate and optimal expansion condition will no longer
be valid.

Another consequence of an exponential growth kinetic is found in the determi-
nation of optimal passage lengths. From Eq. (20), the answer to this question seems
straight forward: as long as we can maintain the value of specific growth rate con-
stant, it should not matter at what point we passage the cells. However, this statement
should be looked at more carefully by taking into account additional considerations
concerning the cost of the expansion process. Independently of the seeding density,
the selection of the passage length will have a direct influence on the final cost of
the expansion process (discussed below). Although the optimal cell expansion will
be identical as long as the specific growth rate remains constant, longer values of
passage length will eventually result in lower total process cost by reducing the
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total number of passages required (each passage involves evident costs in labor,
materials, and services). Therefore, from costing considerations, it will be benefi-
cial to maintain the cells in culture as long as its specific growth rate remains con-
stant. To optimize transfer times between passages (passage length) with a minimal
cost, it is recommended to maintain the cells in culture until the end of the expo-
nential growth phase.

6 Running Cost of the Expansion Process

Independently of the seeding density, the selection of the passage length will have
a direct influence on the final cost of the expansion process. Although the optimal
passage length will always give the desired expansion factor in a minimal process
time, longer values of the passage length could eventually create a situation where
the same desired expansion factor is achieved with a lower total process cost (in
detriment of the process time) by reducing for example the number of passages
required. To illustrate this concept, we can define the following costing parameters
and equations:

Cyypa (8 cm™): corresponds to the cost of culture medium per unit of area neces-
sary to carry out one single passage. For a given cell type, the concentration of
medium used (expressed in ml cm™) and the cost of the medium ($ ml™) can be
considered as constants, independent of the passage length. The value of C,,, ($ cm™)
depends directly on the number of medium changes performed during the extent of
the passage. However, if the feeding strategy is constantly maintained (typically
medium is replenished every 2-3 days), the value of C, ,, ($ cm™) can be considered
as a constant for every passage.

Cppp (8 cm™): corresponds to the cost of tissue culture flasks expressed per unit
of area. For a given kind of tissue culture flasks, this value can be considered as a
constant, independent of the passage length.

Cyps (8 cm™): corresponds to the rest of the running cost of any single passage
expressed per unit of area (excluding the cost considered in C,,,, and C.,,). This
cost includes concepts such as PBS buffer and trypsin-EDTA solution required for
cell harvesting, labor cost, and all the other operating costs. By its own definition,
it is clear that the value of this parameter depends on the length of the passage.
Nevertheless, to ease the analysis, this value was considered as a constant. The
reasons for such hypothesis are based on the fact that some of the costs included in
this parameter are independent of the passage length (e.g., the cost of PBS buffer
and trypsin-EDTA solution required for cell harvesting, and the labor cost attrib-
uted to the inoculation and cell harvesting). Taking also into consideration that C, ,,
is added to C,,,, and C,,, on the overall passage running cost, the hypothesis of
considering C,,, as a constant is reasonable.

C,, (8 cm™): corresponds to the total running cost per unit of area necessary to
carry out one single passage. C,, can be estimated by the following equation:
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Cop =Cyps +Cppp +C
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Since Cornr Copa and C,p, Can be considered as constants (for given culture condi-
tions and under the hypotheses stated before), the value of C,, can also be consid-
ered as a constant.

A, (cm?): corresponds to culture area utilized during passage number i. For a

given constant seeding density (X0), A, can be expressed as:

I
A =— 22
=0 (22)
C,, ($): corresponds to the total running cost necessary to carry out passage number
i. C,, can be estimated by the following equation:

Gy = Cos A (23)

C ($): corresponds to the total running cost of the expansion process. This param-
eter can be calculated by summing the cost of every single passage constituting the
expansion process

C N
C= A== (24)
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I can be expressed as a function of the expansion factors preceding passage number
i as follows:

i—1
I=1_XE_ =1_,XE_,xE_ =I_xE_,xE_,XE_ =..=I[]E. (25)
z=1

Therefore, Eq. (24) can be written as:
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& (-): corresponds to a dimensionless expression of the total running cost of the
expansion process, C, and is defined by the following expression:

C
¢= 27)

Combining Eqs. (26) and (27), the dimensionless running cost of the expansion
process can be expressed as follows:

&= Z( E) ©8)
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From this equation, it is clear that the running cost of the expansion process is
highly influenced by the values of the expansion factors (E) achieved in each passage.
In other words, the selection of the length of each passage will have a tremendous
effect on the running cost of the process, and this cost will be continuously
decreased as we prolong the extent of each passage. The optimal culture condi-
tions for cell expansion (based on growth kinetic) are not necessarily the most
economical ones. Although the optimal passage length will always give the
desired expansion factor in a minimal process time, longer values of the passage
length could lead to the same desired expansion factor with a lower total process
cost (in detriment of the process time) by reducing for example the number of
passages required. The selection of culture conditions will be a compromise
between optimal cell expansion (growth kinetics) and acceptable running cost.
This compromise will normally translate into an increase of passage length further
away from the optimal value dictated by the growth kinetic of the cells. This is the
case, for instance, for chondroprogenitor cells, where the selection of longer
passage lengths (120 h instead of the optimal 73 h) was shown to reduce the run-
ning cost of the expansion process by more than 60% at the expense of suboptimal
proliferation and process time [29].

7 Preservation of Cell Phenotype

When selecting culture conditions for optimal cell expansion, it is crucial to ensure
that the expanded cell population retains the required phenotype and functional
characteristics for their final therapeutic use. Therefore, any expansion optimiza-
tion approach should be accompanied by assays to evaluate the preservation of
functional cell phenotypes. For instance, when dealing with chondroprogenitor
cells, we need to ensure that the optimal expansion conditions do not compromise
their ability to differentiate and produce cartilage-like extracellular matrix. After
following the methodology proposed above, the chondroprogenitor cell population
was grown in pellet cultures and was able to synthesize a cartilage-like matrix that
stained strongly with safranin-O, indicating the presence of sulfated proteogly-
cans. In addition, immunohistochemistry analysis of the pellets showed the presence
of collagen type II, another cartilage marker. These results proved the ability of
chondroprogenitor cells to differentiate into chondrocytes and to synthesize
cartilage-like matrix after serial expansion in monolayer using optimized culture
conditions, an ability that ultimately validated the selection of those optimal
conditions [15, 42].

In the case of cbEPCs, the endothelial phenotype of the expanded population
was confirmed up to passage 15 [13]. cbEPCs consistently expressed endothelial
markers CD34, VE-cadherin, VEGF-R2, CD146, CD31, eNOS, vWF, and CD105.
In addition, cbEPCs were negative for mesenchymal marker CD90 and hematopoi-
etic markers CD45 and CD14, confirming that the cells were not contaminated with
either mesenchymal or hematopoietic cells at any stage of the expansion process.
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Expanded cbEPCs were also able to up-regulate leukocyte adhesion molecules
E-selectin, ICAM-1, and VCAM-1 in response to the inflammatory cytokine
TNF-o.. This response to an inflammatory cytokine is characteristic of endothelial
cells and suggests that the use of cbEPCs in vivo could also provide physiologic
proinflammatory properties.

The maintenance of an appropriate phenotype (e.g., expression of cellular
surface markers), although essential, may not be sufficient depending on the appli-
cation, and functional assays must be performed before establishing definitive
expansion culture conditions. In this regard, despite their phenotypical stability,
cbEPCs have been shown to undergo cellular changes during their expansion in
vitro. In particular, the migratory capacity of cbEPCs in vitro decreased over time
in culture [43]. Also, it has been shown that as cbEPCs are expanded in culture,
their vasculogenic ability in vivo decreases [13]. Therefore, if cbEPCs are to
be used for tissue vascularization, these functional changes can either impose a
limitation on the extent to which cbEPCs could be expanded in vitro prior to
implantation, or redefine the conditions for their final therapeutic use. The latter
was actually the case of cbEPC at high passages, where the partial loss of vasculo-
genic ability in vivo was compensated by increasing the number of cells seeded into
the implants [13].

8 Conclusions

Here, we provide a rational methodology for searching culture conditions that opti-
mize the acquisition of large quantities of cells following a sequential expansion
process. The methodology starts with the evaluation of growth kinetics in monol-
ayer cultures, and leads to the selection of both optimal seeding density and passage
length. The mathematical elucidation for the selection of optimal culture conditions
has been specifically presented for those situations where the cell population
presents either unaltered or altered growth kinetics during routine passaging.
Additionally, a simplified set of equations was introduced to ease the analysis of
cells that grow with exponential kinetics. This methodology also introduces addi-
tional considerations concerning the running cost of the expansion process, and
shows that the selection of culture conditions should be a compromise between
optimal cell expansion and acceptable running cost. This compromise will nor-
mally translate into an increase of passage length further away from the optimal
value dictated by the growth kinetic of the cells. Finally, the importance of incor-
porating functional assays to validate the phenotypical and functional characteris-
tics of the expanded cells has been highlighted. The optimization approach
presented is expected to contribute to the development of feasible large-scale
expansion of cells required by the tissue engineering industry.
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Abstract The hydrodynamic environment “created” by bioreactors for the
culture of a tissue engineered construct (TEC) is known to influence cell migration,
proliferation and extra cellular matrix production. However, tissue engineers have
looked at bioreactors as black boxes within which TECs are cultured mainly by
trial and error, as the complex relationship between the hydrodynamic environment
and tissue properties remains elusive, yet is critical to the production of clinically
useful tissues. It is well known in the chemical and biotechnology field that a
more detailed description of fluid mechanics and nutrient transport within process
equipment can be achieved via the use of computational fluid dynamics (CFD)
technology. Hence, the coupling of experimental methods and computational simu-
lations forms a synergistic relationship that can potentially yield greater and yet,
more cohesive data sets for bioreactor studies. This review aims at discussing the
rationale of using CFD in bioreactor studies related to tissue engineering, as fluid
flow processes and phenomena have direct implications on cellular response such
as migration and/or proliferation. We conclude that CFD should be seen by tissue
engineers as an invaluable tool allowing us to analyze and visualize the impact of
fluidic forces and stresses on cells and TECs.
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1 Introduction

A bioreactor may be defined as a system that simulates physiological environments
for the creation, physical conditioning, and testing of cells and tissues, support
structures, and organs in vitro [1]—it provides a controlled environment [2].
Functions of such bioreactors include providing adequate nutrient supply to cells,
waste removal, gaseous exchange, temperature regulation and mechanical force
stimulation [2]. There are different types of bioreactors and they vary greatly in
their size, complexity, and functional capabilities. Commonly utilized bioreactors
used in tissue engineering applications include spinner flasks, rotating wall vessels,
perfusion systems, hollow-fibre [3] systems as well as compression-loading
systems. The most common operational modes of bioreactors include those of
continuous, fed-batch and batch.

Tissue engineering-related bioreactors have long been thought of as black boxes
within which cells are cultured mainly by trial and error. The science and technol-
ogy involved in the design, functionality and application of such bioreactors clearly
indicates otherwise. This review therefore presents various applications as well the
biological implications of such dynamic culture systems on tissue growth, with a
particular focus on convective transport. The application of computational fluid
dynamics (CFD) with respect to tissue growth within such bioreactors is also dis-
cussed. We conclude that CFD has the potential to be regarded as invaluable in
allowing us to analyze and visualize the impact of fluidic forces and stresses such
as shear, in cell and tissue engineering.

Wendt et al. [4] aptly stated that “The optimal operating conditions of a bioreac-
tor should not be determined through a trial and error approach, but should be
instead defined by integrating experimental data and computational models”. The
synergy as a result of coupling the experimental and computational approaches can
potentially yield data that will increase our understanding as well as increase the
cohesiveness of data obtained from future bioreactor studies.

Dynamic culturing of cells and tissues has a direct impact on the composition,
morphology and mechanical properties of engineered tissues grown in mechanically
stimulated environments [5]. This is primarily due to effects of dynamic culture
media transport, which often enhance the functions of dynamic flow-based bioreac-
tors [6], as compared to diffusion-based static culture systems (see Figs. 1 and 2).

3D constructs cultured within a cell-culture well-plate for example, often exhibit
tissue growth mainly along the external periphery of the scaffold, and not within
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Fig. 1 (a) Confocal laser microscopy images of seeded scaffolds stained for live (green) and dead
(red) cells reveal higher numbers of dead cells within the statically cultured scaffold (left) as
compared to the dynamically cultured scaffold (right) and (b) graphical illustration showing that
nutrient diffusion occurring within the statically cultured scaffold is driven by concentration (/eft)
in contrast to convection driven (dynamic) flows where nutrients are uniformly distributed (right)

the innermost pores of the scaffold architecture. Where neo-tissue formation does
occur within the innermost pores of scaffolds, it often becomes a matter of time
before the neo-tissue becomes necrotic due to the lack of nutritional and gaseous
transport. Carrier et al. [7] highlighted that an approximate 100-um thick layer of
cardiac cells can be supported via diffusion under static conditions, beyond which
necrosis would likely occur.
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Fig. 2 Representative bioreactors for tissue engineering applications. (a) Spinner-flask bioreactors
have been used for the seeding of cells into 3D scaffolds and for subsequent culture of the con-
structs. During seeding, cells are transported to and into the scaffold by convection. During culture,
medium stirring enhances external mass-transfer but also generates turbulent eddies, which could
be detrimental for the development of the tissue. (b) Rotating-wall vessels provide a dynamic culture
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2 Computational Fluid Dynamics and Modelling

Computational fluid dynamics is increasingly being seen as an excellent tool for
analyzing biological systems as well as flows within bioreactors. For example, CFD
work was carried out by Kimbell and Subramaniam [8] to investigate the uptake of
gases via the nasal passageway for three species. Grotberg’s [9] in-depth review of
respiratory fluid mechanics further highlighted how fluid flow through the respira-
tory passages can be effectively modelled to understand and visualize flow charac-
teristics under a variety of physiological conditions. Redaelli et al. [10] attempted to
model pulsatile flow within arteries by means of interfacing a FORTRAN algorithm
with FIDAP (Fluent, Inc.), a commercially available CFD package.

Other work performed using CFD include that of Varghese et al. [11], who
modelled the influence of stenoses on pulsatile blood flow within blood vessels.
The k- turbulence model, being more appropriate for lower Reynolds numbers
(mild turbulence), was employed and results obtained indicated a higher level of
accuracy as compared to the k-€ turbulence model. The implications of heart valve
design on blood flow, and the consequent downstream effects of blood flow within
vessels, and the overall fluid dynamics involved in vascular diseases have been
covered in detail [12, 13] within these reviews.

In order to better understand the role of the hydrodynamic environment and the
factors that modulate it, computational fluid dynamics modelling is an invaluable tool
which has only recently been applied to the area of tissue engineering. While tradi-
tionally applied to the chemical and mechanical engineering fields, CFD is now
enabling tissue engineers to understand the implications of fluid flow and transport
cell function and provide important insights into the design and optimization of 3D
scaffolds suitable in bioreactors for in vitro tissue engineering.

Furthermore, CFD allows us to remove much of the trial-and-error involved in
traditional culture methods [4]. CFD modelling is one of the most effective methods

-t
-

Fig. 2 (continued) environment to the constructs, with low shear stresses and high mass-transfer
rates. The vessel walls are rotated at a rate that enables the drag force (F,), centrifugal force (F)
and net gravitational force (F) on the construct to be balanced; the construct thus remains in a state
of free-fall through the culture medium. (c) Hollow-fibre bioreactors can be used to enhance mass
transfer during the culture of highly metabolic and sensitive cell types such as hepatocytes. In one
configuration, cells are embedded within a gel inside the lumen of permeable hollow fibres and
medium is perfused over the exterior surface of the fibres. (d) Direct perfusion bioreactors in
which medium flows directly through the pores of the scaffold can be used for seeding and/or
culturing 3D constructs. During seeding, cells are transported directly into the scaffold pores,
yielding a highly uniform cell distribution. During culture, medium flowing through the construct
enhances mass transfer not only at the periphery but also within its internal pores. (e) Bioreactors
that apply controlled mechanical forces, such as dynamic compression, to engineered constructs
can be used as model systems of tissue development under physiological loading conditions, and
to generate functional tissue grafts. Compressive deformation can be applied by a computer-con-
trolled micro-stepper motor, and the stress on the constructs can be measured using a load cell.
Reprinted with permission from [6]
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to characterize flow fields, provided that the models are validated by experimental
velocimetry techniques, such as laser-Doppler anemometry (LDA) and particle-
image velocimetry (PIV) [14, 15].

While these experimental methods are reliable, they are too arduous to charac-
terize the complete three-dimensional fluid flow in a bioreactor. CFD modelling
provides a powerful means to overcome these limitations and enable the full
characterization of three-dimensional flow fields in bioreactors with simple and
complex geometries. Bioreactor designs and their fully characterized flows may
thus be evaluated prior to fabrication. On the other hand, specific parameters such
as fluid inlet velocities and shear stresses for example, may be varied to better
predict their influence, leading to possible optimization of tissue growth. CFD
codes generally enable visualization of flow phenomena as well, as it may be
impractical to position probes within the fluid domains to measure parameters
such as pressure and velocity.

Many CFD software packages are highly scaleable and allow for multiple proc-
essors or CPUs to be run in parallel to solve the flow simulation in a shorter amount
of time. Savings in solution time may even be geometric, depending on the
complexity of the problem and its set-up. Model meshing is carried out prior to
solution and must be adequately refined to capture data at specific areas of interest.

For example, the mesh generation of boundary layers may be required in order
to obtain accurate shear stresses along a specific surface. This however, depends on
factors such as the type of flow (laminar or turbulent), fluid viscosity, and the level
of detail required by the user. Unnecessary generation of refined mesh zones would
increase the computational time and results in increased computational costs.

An important part of model mesh generation involves the selection of an “ade-
quate” mesh that can meet the requirements of the anticipated study protocol. This
is often known as performing a “grid independence” check. Grid independence
involves the generation of meshes of varying degrees of refinement, followed by
their solution under similar or identical conditions. While a highly refined mesh
will provide for better solution accuracy, it may not be feasible to employ such a
model (Fig. 3). Coarse, semi-refined and refined meshes are thus generated and
their solutions compared.

The two key objectives for performing a grid independence study are: (a) to
select an economical mesh that provides the user with the required degree of solu-
tion accuracy and (b) to check if the solutions obtained via the different meshes are
consistent, thereby acting as a method of counter-checking the overall correctness
of the simulation. Three examples are shown within Fig. 3, whereby a simple 2D
rectangle was meshed with varying degrees of refinement. The first rectangle (bot-
tom) was meshed with only nine elements, which is insufficient even for generic
cases. The second example (middle) was meshed with 400 elements, which is likely
to be adequate for general cases. The third rectangle (top) was meshed with 10,000
elements which would probably be excessive, requiring extra computational
resources, time and money to solve, unless that extra degree of accuracy was
required in the first place. An alternative would also be to refine particular zones of
interest, rather than refining the entire mesh of the entire domain.
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Fig. 3 General relationship between solution accuracy and the degree of grid refinement. The
linear range shows a proportional increment between both factors, whereas the range to the right
highlights that any increase in refinement will not result in a proportional increase in accuracy

Many techniques and algorithms have been employed to solve for fluid-based
problems. Both Porter et al. [16] and Raimondi et al. [17] modelled the effects of
perfusion, to better comprehend the influence of perfusion and hence shear stresses,
on 3D cultures. Porter et al. however, used a code based on the Lattice-Boltzmann
principle to approximately obtain solutions to the Navier—Stokes equations (Fig. 4),
whereas Raimondi et al. modelled their flows with the aid of the commercially
available FLUENT package.

Lappa [18] on the other hand, developed equations based on the level-set prin-
ciple to model fluid flow as well as to estimate soft tissue growth within a bioreactor.
While the level-set method may provide higher levels of accuracy, it tends to be
quite complex and might not always be feasible to apply.

CFD numerical techniques are highly capable of capturing the flow, pressure
and concentration fields resolved down to the pore size of the scaffold. Simulations
can show how the scaffold morphology influences the hydrodynamic shear and
nutrient concentrations imposed on cells within constructs. We are therefore able
to analyze the efficacy of the scaffold architecture with respect to nutrient and gase-
ous transport.

FIDAP was used to perform a flow analysis of culture media being perfused
through scaffold models varying in porosity as well as pore size. Results showed
that for a circular scaffold, pore size strongly influences wall stress levels, while
porosity significantly affects the statistical distribution of the shear stresses, but not
their magnitude [19]. The flow in a percolation porous structure by direct simula-
tion was performed by Andrade et al. [20]. The impact of stagnant zones within an
irregular scaffold structure was modelled and found to influence the overall flow
field of the system.
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Fig. 4 (a) Velocity flow field: speed of media flow (mm s™') through a transversely perfused
cylindrical trabecular bone scaffold (shown in white) from side and top views. (b) Local shear
stress field: map of shear stresses (Pa) in media transversely perfused through a 3D trabecular
bone scaffold from side and top views. Reprinted with permission from [16]

Raimondi’s group has an exceptional track record in the field of applying CFD
modelling [19] to the area of tissue engineering (Fig. 5). They developed a
CFD model of culture medium flowing through a 3D scaffold of homogeneous
geometry, with the aim of predicting the shear stresses acting on cells as a function
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Fig. 5 Results of the CFD simulations for the 14 images analyzed (model 1): the shear stress field
is mapped for each fluid domain obtained from the histological images. Reprinted with permission
from [19]

of other parameters, such as scaffold porosity and pore size, as well as medium flow
rate and the diameter of the perfused scaffold section. Fig. 5: Results of the CFD
simulations for the 14 images analysed (model 1): the shear stress field is mapped
for each fluid domain obtained from the histological images. Reprinted with per-
mission from Boschetti, F., M.T. Raimondi, F. Migliavacca, and G. Dubini,
Prediction of the micro-fluid dynamic environment imposed to three-dimensional
engineered cell systems in bioreactors. J Biomech, 2006. 39(3): p. 418-25.

They modelled three scaffold groups corresponding to three pore sizes: 50, 100
and 150 pum. Each group was made of four sub-models corresponding to 59, 65, 77
and 89% porosities, respectively. A commercial finite-element code was used to set
up and solve the problem. Results showed that the mode value of shear stress varied
between 2 and 5 mPa, and was obtained for a circular scaffold of 15.5 mm diameter,
perfused by a flow rate of 0.5 ml min~!. The simulations showed that the pore size
is a variable that strongly influences the predicted shear stress level, whereas the
porosity is a variable that strongly affects the statistical distribution of the shear
stresses, but not their magnitude.

Previous CFD simulations performed by Hutmacher’s group demonstrated that
bi-axial bioreactor (Fig. 6) rotation enhances fluid flow within the vessel and the
scaffolds positioned within the vessel [21]. Comparison of the fluid velocities at
specific locations within scaffolds revealed significant increments in velocity
when the bi-axial vessel was compared with uni-axial rotation. These significant
results highlighted that the problem of inadequate fluid and nutritional/waste
transport to and from cells may be solved by rotating the vessel bi-axially. Other
CFD work recently performed by the senior authors’ group involved the flow
modelling of fluid within and around scaffolds of 45° and 90° fibre laydown pat-
terns, within a novel conical bioreactor system [22]. Results from the study
showed that fluid is better able to permeate through the 90° fibre laydown scaffold
due to its channel-like architecture (Fig. 7). This study therefore highlighted that
the flow fields within scaffolds of varying architectures and porosities can play an
important role in culturing cells, and such information may be used to meet the
requirements of varying cell phenotypes and bioreactor systems to achieve the most
out of them.
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Fig. 6 (a) Cylindrical chamber (leff) and new Mk. 3 spherical chamber (right). The complex
cylindrical chamber houses multiple probes which are likely to interfere with the flow dynamics
of culture media to a greater extent than the spherical vessel and (b) model of cylindrical (/eff) and
spherical vessels (right)

The objective of a study by Zhao et al. [23] was to quantitatively evaluate the
effects of shear stress on hMSC proliferation, extracellular matrices (ECM) formation,
and osteogenic differentiation in 3-D constructs using an in-house developed
modular perfusion bioreactor system. The hMSCs seeded on a 3-D poly(ethylene
terephthalate) (PET) scaffold were analyzed for two flow rates of 0.1 and
1.5 ml min’!, respectively, over a 20-day culture period. Mathematical modelling
indicated that shear stresses existed in the range of 1 x 107 to 1 x 10~ Pa within
the scaffold/cell constructs up to a depth of 70 um. An analysis of oxygen transport
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Fig 7 (a) 90° scaffold—velocity contours at (a) Re = 121, (b) Re = 170, and (c) Re = 218; (b) (a)
45° and (b) 90° scaffolds—pressure contours at Re = 121, and (¢) Cross-section of (a) 45° and (b)
90° scaffolds (note circular fibres)—velocity vector fields within scaffolds at Re = 121. Flow
recirculation occurs downstream (above) of scaffolds, as indicated by the downward (recirculat-
ing) velocity vectors. Reprinted with permission from [22]

in the constructs for the two flow rates yielded oxygen levels significantly higher
than those at which cell growth and metabolism for the range of flow rates were
studied [24]. The authors concluded that differences in convective transport have
no significant influence on cell growth and metabolism for the range of flow rates
studied. However, the weakness of the study was that the computational models
were 2D-based. In addition, the entire scaffold morphology was not fully modelled.
Instead, only a depth of 200 mm from the bottom and top of the 2-mm thick scaf-
folds was considered in the model.

Toh et al. [25] hypothesized that the geometrical design of the micropillars would
affect the fluid flow profile in a microfluidic channel, therefore affecting the cell
immobilization efficiency of the micropillar array. Hence, a finite volume model of
the microfluidic channel with different micropillar designs was constructed using the
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ANSYS Workbench (version 9.0) and ANSYS CFX® (version 5.7.1) software
packages (ANSYS, Inc., PA, USA). The model was used to simulate fluid flow in
the microfluidic channel during cell immobilization using a Reynolds number of
Re = 0.1. Microfluidic channels with various micropillar designs (designated
P1-P4) were modelled by CFD to investigate their effects on flow characteristics in
the channels. Using representative operating flow rates during the cell immobiliza-
tion process, which were in the order of Re = 0.1, the corresponding velocity profiles
for P1-P4 at the proximal, middle and distal volumes of the microfluidic channels
were discussed.

In the CFD models, the micropillars would not disrupt the laminar flow in the
microfluidic channel during the cell immobilization process, except at volumes
spanning approximately 0.4 mm at the proximal end of the micropillar arrays. The
flow profiles of the bulk volume of the microfluidic channels were similar for all
four micropillar designs, with minimal cross flow from the centre cell channel to the
peripheral perfusion channels. Significant cross flow between these two compart-
ments was only observed at the proximal volume of the microfluidic channel, with
P1 having the largest cross flow followed by P4, P3 and P2 in descending order. The
magnitude of this cross flow may affect the propensity for clogging when a cell
suspension is directed into the micropillar array. A clogging phenomenon indicated
that the rate of cell accumulation (dependent on cross flow velocity) was larger than
the rate of cell removal (dependent on tangential flow velocity). The velocity profile
around the micropillars was much more uniform for P2, P3 and P4 micropillars, as
compared to the P1 micropillar, with P4 having the most uniform flow. On the basis
of the CFD analysis, the performance of parallelogram micropillars was expected to
be better than semi-circular micropillars because the former had more desirable flow
profiles for minimizing the risk of clogging. Since the simulation was carried out
without the presence of cells, these findings were verified experimentally by testing
the cell immobilization efficiency of the different micropillar designs.

Ye [26] utilized the more recent FEMLAB code to model the rate of nutrient
uptake in the culture of bone tissue with respect to their hollow-fibre membrane
bioreactor. Pollack et al. [27] performed numerical simulations in conjunction with
their experiments to verify the trajectory of microcarrier beads within a rotating
bioreactor vessel. They also managed to establish a basic relationship between the
density of the microcarrier beads, the surrounding fluid’s density, and the resulting
trajectories of the beads. A similar application involved human SaOS-2 line cells
seeded onto degradable poly(lactic-co-glycolic acid) micro-carriers for bone tissue
engineering. Experimental results showed that these cells retained their osteoblastic
phenotype and cells expressed increased amounts alkaline phosphatase. The maximum
shear stresses exerted on attached cells were numerically modelled and calculated
to be 3.9 dyn cm™ [28].

Sucosky et al. [14] were among the first groups that focused on the experimental
and numerical characterization of the flow field within a spinner flask operating
under conditions used in cartilage tissue engineering. Laboratory experiments
carried out in a scaled-up model bioreactor employed PIV to determine velocity
and shear-rate fields in the vicinity of the construct closest to the stir bar. Numerical
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computations calculated using FLUENT, a commercial software package, simulate
the flow field in the same model bioreactor under similar operating conditions. In
the computations, scaffolds modelled as both solid and porous media with different
permeabilities and flow rates through various faces of the construct nearest the stir
bar were examined.

Bueno et al. [29] verified the efficacy of an in-house developed wavy-walled
spinner flask using CFD by investigating and characterizing the flow regimes
within their system, which were found to support cell proliferation by enhancing
fluidic transport and stimulating matrix deposition of chondrocytes. The wavy pro-
file was found to “dampen” the effects of turbulence as compared to a cylindrical
spinner flask [30].

Building on their previous work, Bilgen and Barabino [31] characterized the
complex hydrodynamic environment and examined the changes in the flow field
due to the different positions of tissue-engineered cartilage constructs. The
geometries for the spinner flask and two different configurations of the wavy-
walled bioreactor, where the constructs were located in the lobe or in the centre of
the bioreactor, were created via the GAMBIT mesh generation software (Fluent
Inc, Lebanon, NH). The meshes created in GAMBIT were then exported to
FLUENT 6.1 for the unsteady simulation of 3D turbulent flow.

A turbulence model was necessary to modify the instantaneous transport equa-
tions to remove the small scales in order to produce a set of equations that were
computationally less expensive to solve. The CFD modelling showed that the flow-
induced shear stress range experienced by engineered constructs cultivated in the
wavy-walled bioreactor (0-0.67 dyn cm~2) was found to be significantly lower than
that within the spinner flask (0-1.2 dyn cm™), and was modulated by the radial or
axial position of the constructs. The authors concluded that results from this recent
study indicated that the location of constructs in the bioreactor not only affected the
magnitude and distribution of the shear stresses on the constructs, but also other
hydrodynamic parameters. These parameters include the directional distribution of
the fluid velocity and the degree of fluid recirculation, all of which may differen-
tially influence the development of tissue-engineered constructs.

Dusting et al. [32] presented a different perspective on the fluid-mixing phe-
nomena within a spinner flask, stating that vortex breakdown flows may enhance
the mixing of culture media. The authors concluded that size, profile and intensity
of these fluid recirculation regions are highly Reynolds number dependent.
However, further studies need to be designed and executed to support these
conclusions.

Williams et al. [33] applied Fluent CFD models to calculate flow fields, shear
stresses, and oxygen profiles around nonporous constructs which simulated cartilage
development in a concentric cylinder bioreactor (Fig. 8). Their findings showed that
shear stress distributions ranged from 1.5 to 12 dyn cm across the exposed con-
struct surfaces and varied little with the relative number or placement of constructs
in the bioreactor. They concluded that approximately 80% of the construct surface
exposed to flow experiences shear stresses between 1.5 and 4 dyn cm™. Species
mass transport modelling for oxygen demonstrated that fluid-phase oxygen
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Fig. 8 Bioreactor velocity profiles and cell trajectories. (a) Velocity magnitude contour plot
showing overall flow pattern for radial isosurface bisecting the middle of the construct. (b)
Velocity vectors for radial isosurface bisecting the middle of the construct showing velocity mag-
nitude (arrow colour) and direction. (¢) Pathlines of neutrally buoyant particles around constructs
simulating cell trajectories during bioreactor seeding. Velocity magnitudes are colour coded
according to the scale on the left. Reprinted with permission from [33]
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transport to constructs is rather uniform, such that O, depletion near the down-
stream edge of constructs was noted with minimum pO, values near the constructs.
From these computational modelling studies they concluded that these values are
above oxygen concentrations in cartilage in vivo, suggesting that bioreactor oxygen
concentrations likely do not affect chondrocyte growth.

3 Future Directions

Further progress in creating suitable environments for the growth of tissues
requires an understanding of how chemical, mechanical and other environment
factors influence cell proliferation, differentiation and production of ECM. Within
this context, it is worthwhile to note how the available “mechanical” theories have
focused on “what happens inside the tissue”; on the contrary numerical methods
for simulating the biomechanical laws that govern so-called neo-tissue (cells and
ECM) formation in terms of “surface incorporation/conversion conditions” (inter-
face kinetics of the growth) still remain poorly developed. In practice from a
numerical point of view, the growing biological specimen gives rise to a moving
boundary problem. Moving boundary problems remain a challenging task for
numerical simulation, prompting much research and leading to many different
solutions.

As discussed above, CFD modelling is able to capture flow, pressure and
concentration fields resolved at the scaffold’s pore level. The simulations show how
the scaffold micro-architecture influences hydrodynamic shear and nutrient
concentrations imposed on cells attached to the surface of a scaffold. These studies
provide a foundation for exploring the effects of dynamic flow on cell function and
provide important insights into the design and optimization of 3D scaffolds suitable
for use in bioreactors for in vitro tissue engineering. However, a major weakness of
these models is that it is assumed that either no neo-tissue is within the intercon-
nected pore space or that cells are attached only along the surfaces of the scaffold.
Because of the complexity of the biological processes involved and a relative lack
of experimental data needed for validation, a comprehensive tissue-growth model
has not yet been presented. Some preliminary models are currently available in the
literature. Cheng et al. [34] presented a 3D model based on cellular automata able
to simulate the dynamics of a cell population taking into account cell division,
migration, different seeding modes and contact inhibition. The model can be tuned
by modifying the values of the parameters which govern the population dynamics.
The work is a development of the 2D model by Lee et al. [35], for which prelimi-
nary experimental validation was performed. Nevertheless, some limitations
common to the two papers have been recognized by the authors. Nutrients and
growth factors are assumed to be uniform in space and time and only very simple
geometries of the spatial domains are considered.

Chung et al. [36] adopted a differential formulation of the problem. An equation
modelling cell mass conservation was defined and this equation included a source
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term representing cell proliferation and a diffusive term representing cell migration.
Although the authors stated that the diffusive term is able to reproduce cell random
walk, this approach is not as sophisticated and comprehensive as the cellular
automata model (random walks, cell division and contact inhibition can be effec-
tively accounted for). However, the differential formulation of the problem allowed
for the inclusion of nutrient and oxygen transport and consumption. In a follow-up
paper [37], cellular interaction, proliferation, nutrient consumption and culture
medium circulation were investigated. The model incorporated modified Contois
cell-growth kinetics that included effects of nutrient saturation and limited cell
growth. Nutrient uptake was depicted through the Michaelis—Menton kinetics. To
describe the culture medium convection, the fluid flow outside the cell-scaffold
construct was described by the Navier—Stokes equations, while the fluid dynamics
within the construct was modelled by Brinkman’s equation for porous media flow.
Effects of the media perfusion were examined by including time-dependant porosity
and permeability changes due to cell growth. The overall cell volume was considered
to consist of cells and extracellular matrices as a whole without treating the ECM
separately. Numerical simulations showed that when cells were cultured subjected
to direct perfusion, they penetrated deeper into scaffolds, which resulted in a more
uniform spatial distribution. Cell numbers were increased by perfusion and ulti-
mately approached an asymptotic value as the perfusion rates increased in terms of
the dimensionless Peclet number that accounts for the ratio of nutrient perfusion to
diffusion. In addition to enhancing the nutrient delivery, perfusion simultaneously
imposes flow-mediated shear stress to the engineered cells. Shear stresses were
found to increase with cell growth as the scaffold void space was occupied by
the cell and ECM volumes. The macro average stresses increased from 0.2 mPa
to 1 mPa at a perfusion rate of 20 um s! with the overall cell volume fraction
growing from 0.4 to 0.7. This made the overall permeability value decrease from
1.35 x 102cm? to 5.51 x 10 cm? The authors concluded that when relating the
simulation results with perfusion experiments in the literature, the average shear
stresses were found to be below the critical value that would induce the cell death
of chondrocytes.

Lemon et al. [38] combined partial differential equations and the mixture theory,
which was originally derived from the general theory of multiphase porous flow,
where tissue, water and solid scaffold are modelled as different phases. Such a
model is able to account for tissue—tissue, tissue—water and tissue—scaffold interac-
tions. Hence, it can be hypothesized that a more realistic calculation of stresses and
flow field can be performed. It can be argued that this approach constitutes a viable
alternative to tissue-growth models based on cellular automata, however nutrient
transport and consumption were not included in the model. It can be argued that
this approach constitutes a viable alternative to tissue-growth models based on
cellular automata, although nutrient transport and consumption were not included
within the model.

Galbusera et al. [37] therefore developed a CFD model coupled with the cel-
lular automation algorithm based on this background. This model studies in vitro
tissue growth and is able to account for both cell migration and the cellular
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microenvironment, as “created” by the perfusion bioreactor system (e.g. nutrient
and oxygen transport, mechanical stimuli). The group published a preliminary
study in which conditions of static culture and of culture in a perfused bioreactor
were simulated and compared. Oxygen diffusion, convective transport and
consumption in combination with a simplified scaffold were incorporated into
the model.

4 Conclusions

CFD modelling is one of the most effective methods used to characterize flow
fields, provided that the models are validated by experimental velocimetry tech-
niques, such as LDA and PIV. While these experimental methods are reliable, they
are too arduous to characterize the complete three-dimensional fluid flow in a bio-
reactor. CFD modelling provides a powerful means to overcome these limitations
and enable the full characterization of three-dimensional flow fields in bioreactors
with simple and complex geometries.

CFD allow us to predict and possibly optimize design, flow, nutritional and
metabolic requirements without having to perform numerous and expensive biore-
actor experiments, potentially saving significant amounts of time and resources.
The coupling of experimental methods and computational simulations forms a
synergistic relationship that can potentially yield greater and yet, more cohesive
data for future bioreactor studies. The next steps would likely involve simulating
fluid—solid interactions, where cells and ECM, for example, may be modelled to
deform or detach under fluidic forces under real-time conditions. A primary diffi-
culty lies with the fact that cell membranes are visco-elastic in nature. With the
further advancement of computing and software technologies, such challenging
simulations may indeed become possible, and consequently increase our under-
standing of the impact of fluidic forces on tissue growth in bioreactors.
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Fluid Dynamics in Bioreactor Design:
Considerations for the Theoretical
and Practical Approach
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Abstract The following chapter summarizes principles of fluid dynamics in bio-
reactor design with a focus on mammalian cell-culture systems.
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1 Introduction

The development of bioreactors began with the introduction of vessel shakers for the
cultivation of microorganisms that where used primarily for antibiotic screening tests
and also antibiotic production by bacteria in the 1940s and 1950s. With the observation
that oxygen transfer of the bacterial cultures depended on the speed of the shaker, the
flask angle and the orbit of the vessel, a basis was established for the development of
the first fermenters. Fermentation plants were developed for biochemical engineering
and industrial microbiology, and these still comprise the major contingent of bioreactor
designs. But as biotechnology expands, together with the evolving field of tissue engi-
neering, different vessels have been designed and built for the special demands of mam-
malian cell and tissue culture including culturing mammalian cells in two- and
three-dimensional structures. Important factors in bioreactor design include enzyme
kinetics to keep pH equilibrium and temperature constant, mass transfer at interfaces,
and substrate and product interrelationships for cell growth and fluid dynamics.

Herein we will address the important role of fluid dynamics in bioreactor
design: starting with the fundamental principles, we will explain the importance of
fluid dynamics in cell proliferation and differentiation, describe general bioreactor
types and their underlying fluid mechanics, and discuss methods to measure and
calculate flow in bioreactor systems. We cannot cover every single bioreactor
model ever invented, patented or currently on the market, but intend to point out
the importance of fluid dynamics in modern bioreactor design. Given the rapid
expansion of the tissue engineering field and the focus on mammalian cells, we
will not include bioreactor types and designs such as fermentation plants and
photo-bioreactors for plant cell cultures in detail. Instead we will focus on specific
bioreactor models for mammalian cell culturing and tissue engineering with spe-
cial attention to the fundamentals of fluid mechanics.

2 Fundamentals of Fluid Mechanics

The term “fluid” comprises fluids (liquids) and gases. Fluid mechanics consists of two
fields: fluid statics (such as hydrostatics and aerostatics) and fluid dynamics (such as
hydrodynamics and aerodynamics). The scientific basis of fluid dynamics is
derived from the conservation laws of classical mechanics and thermodynamics,
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such as conservation of mass (Lomonosov—Lavoisier law), conservation of energy
(first law of thermodynamics) and conservation of momentum (Newton’s second
law of motion). Further aspects are derived from the second law of thermodynam-
ics, the equation and moment of momentum, as well as similarity laws and laws of
friction.

Fluids have certain properties which are defined by temperature, specific volume
and pressure. The temperature (7) is a unit independent from mass. The specific
density (p) of any fluid in a certain phase (e.g., liquid phase, gas phase) can be
derived from the mass () and the volume (V):

PZV

The reciprocal of the specific density gives the specific volume (v):

The pressure (p) is defined as the normal force (AF) acting per area (AA):

_AF
Y

In fluid mechanics, fluids can be divided into Newtonian and non-Newtonian
fluids. Newtonian fluids are incompressible. They follow the law of friction and
begin to flow when a minimal force acts on them tangentially.

In order to have flow movements, a shear force has to overcome the frictional
resistance. When a fluid flows through a pipe, the shear forces are stronger at the
boundary layers where the fluid movement is slower than in the middle. The differ-
ent layers of the fluid have different velocities, and the shear forces are affected by
the viscosity. The viscosity is a transport property of fluid; it is a measure of the
fluid characteristic to transfer impulses.

In fluid mechanics, the dynamic viscosity is independent of the pressure, but
dependent on the temperature: in liquid fluids the dynamic viscosity decreases by
increasing temperature. The dynamic viscosity is simply a proportional constant of
the specific fluid and its phase.

TS
n A-c

(t=shear stress, A=area, s=distance, c=velocity) The kinematic viscosity is
defined as

In addition, in hydrostatics, a surface tension is acting at any liquid—gas or liquid—
liquid interface if both liquids possess different densities.
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On the basis of the three conservation laws (conservation of energy, conservation
of mass and conservation of momentum), the Navier—Stokes equations have been
developed as differential equations describing the state and the motion in time of
fluids (Claude-Luis Navier, 1822; George Gabriel Stokes, 1845). For more detailed
description of these differential equations and derivates, please see standard text-
books on fluid mechanics and computational fluid dynamics [1, 2].

Further properties of fluids are the so-called fluid patterns. Here we distinguish
between laminar flow and turbulent flow. In laminar flow, the fluid particles move
parallel to the movement axis, and there is no movement in the right angle to the
axis. In turbulent flow, fluid particles have a main movement axis, which is dis-
turbed by further components moving in different directions. The ratio of inert
forces to shear forces is described by the Reynolds number, which can be used to
distinguish between laminar and turbulent flow. A Reynolds number lower than
2,320 describes a laminar flow; if the Reynolds number is greater than 2,320, the
flow is turbulent [2, 3]. Under certain conditions, laminar flow is only considered
up to the Reynolds number 1,000 [4].

The turbulent flow pattern is difficult to define: it includes characteristics such
as irregularity, diffusivity, instability, three-dimensional features and dissipation of
turbulent kinetics energy. Turbulent flow has been defined by Hinze (1975) as:
“Turbulent fluid motion is an irregular condition of flow in which the various quan-
tities show a random variation with time and space coordinates, so that statistically
distinct average values can be discerned” [5]. The three hypotheses by Kolmogorov
(hypothesis of local isotropy of small scale motions and Kolmogorov’s first and
second similarity hypothesis) describe a theoretical concept on which modelling
theories of turbulent fluids are built [5].

The task of describing fluid mechanics of porous media was first reported by
Darcy (1856) who discovered that the fluid velocity per area through a column of
porous material is proportional to the pressure gradient maintained along the col-
umn [6]. More advanced models have been developed for the modelling of transi-
tion from laminar to turbulence in porous media in recent years [6].

3 Effects of Fluid Dynamics on Mammalian Cells

Cellular physiology is influenced by external stimuli, such as extracellular matrix
properties, mechanical stresses, microgravity and nutritional and oxygen availabil-
ity. Mammalian cells respond to external stresses by changes in proliferation,
migration, differentiation, metabolism or even cell death [7-9]. Animal cells have
lower metabolic rates and oxygen demands compared to yeast and bacteria, but
their tolerance to fluid forces is also much lower. This has implications for bioreac-
tor design since the high stirring and agitation rates used for microbial cultures to
provide sufficient oxygenation will lead to apoptosis and cell death in mammalian
cell cultures due to fluid turbulences. Cell exposure to fluid shear stresses of
10-100 dyne cm™ leads to a death rate of 20-80% after 10min [8]. Hybridoma cells
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are more resistant to fluid shear stresses compared to cells grown on surfaces of
microcarriers. To reduce wall shear stresses, macromolecules such as serum pro-
teins or polymeric surfactant molecules (Pluronics F68) can be added to the medium
in order to increase survival rates of cells [8]. To improve oxygen supply to the
cells, some approaches utilize aeration of the culture medium with gas, which may
create new problems: gas bubbles rupturing at liquid surfaces lead to increased cell
death due to release of surface energy from the bubbles: this also can be reduced in
the presence of the non-ionic surfactants mentioned above [8, 10, 11].

The biological effects of external fluid forces also depend on the cell type.
Cells that are exposed to significant haemodynamic forces in vivo, such as
endothelial cells or smooth muscle cells, respond differently to shear stresses
in vitro than hepatocytes or haematopoietic stem cells for example. Endothelial
cells that line our blood vessels are exposed to changing blood pressure and
shear stresses by blood flow and as a result have developed protective feedback
mechanisms in order to maintain cellular homeostasis [12]. Mechanical forces
activate sensors in the cell membrane, directly or through receptor ligands on
intracellular signalling pathways to affect transcription factors in the nucleus
that further regulate gene expression and protein translation [12]. Mechanosensors
of the endothelial cell membrane are membrane proteins such as receptor tyro-
sine kinases (e.g., the receptor for vascular endothelial growth factor: Flt-1),
integrins, G proteins and G-coupled receptors, Ca** channels and intercellular
junction proteins, membrane lipids and also the glycocalix [12]. Studies of
endothelial cells have demonstrated differing cellular responses depending on
the nature of the flow: endothelial cell proliferation is down-regulated under
steady shear stress conditions (“laminar flow”) by activation of factors such as
the tumour suppressor protein p53 leading consecutively to cell cycle arrest. In
contrast, endothelial cells at branching points where flow disturbances are
present, show increased proliferation and cell turnover [12].

Shear stresses with a significant forward direction lead to activation of monocyte
chemotactic protein-1 in endothelial cells (a protector against atherogenesis). Here
both constant laminar shear stresses and pulsating flow with an oscillating compo-
nent show similar effects. These effects are transient but time-dependant, and
include for example the sequential activation of factors of the Ras-mitogen acti-
vated protein kinases pathway with a short-term up-regulation followed by a long-
term down-regulation [12]. In contrast, survival factors, such as Kriippel-like
factor-2, are significantly up-regulated in endothelial cells exposed to both pulsat-
ing and reciprocating oscillating flow, but not when exposed to steady laminar flow
without oscillations [12].

Fluid dynamics in bioreactors can be used in order to maintain a certain cell phe-
notype either by enhancing proliferation and expansion or by initiating differentiation
processes. Suspension cultures have been under widespread use for a variety of cells:
non-anchorage-dependent cells such as haematopoietic stem cells and mesenchymal
stem cells can be cultured in free suspension; whereas anchorage-dependent cells
such as chondrocytes require to be cultured as aggregates or seeded on microspheres
or microcarriers to enhance the growth-surface-to-reactor-volume [13-17].
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Studies on cellular differentiation stimulated by external forces have mainly
focused on the effects of mechanical stresses, such as stretch or strain application,
but in recent bioreactor models the influence of fluid shear stresses on the cell
phenotype has been recognized. Chrondrogenic cell-matrix constructs have been
shown to preserve their differentiation state under laminar flow, whereas they
develop a fibrous capsule when exposed to turbulent flow conditions and dediffer-
entiate in a hydrostatic environment [18]. Osteoblastic cells respond to short-term
exposure to fluid shear with changes in intracellular calcium and release of nitric
oxide, alteration in the cell cytoskeleton and up-regulation of several transcription
and intracellular messenger factors [19-22]. Long-term exposure to shear stress can
initiate and enforce differentiation processes in osteoblastic cells, resulting in eleva-
tion of early and late osteoblast differentiation markers and an increased amount of
mineralized matrix deposition [19-22].

4 Types of Bioreactor and Their Underlying Fluid Mechanics

For tissue engineering, several different types of bioreactors have been developed
and some are already commercially available. These can be roughly categorized
under the main headings: stirring systems, perfusion systems, rotating systems,
pulsatile flow systems and others.

4.1 Stirring Systems

4.1.1 Spinner Flask

The basic stirring system is the spinner flask. A spinner flask consists of a cylindri-
cal glass container with a stirring element (stirring rod/propeller/impeller) at the
bottom of the vessel. It demonstrates advantages to static cell culture by mixing the
culture environment around the cells and enhancing oxygen and nutrition supply.
Here concentration gradients can occur between the feeding zone in the upper part
of the vessel, where the main nutrition consumption occurs, and the impeller zone,
where the oxygen mass transfer predominantly takes place [23]. Constant rotating
of the rod is required to keep cells in suspension. Two general types of impellers
exist: Impellers that generate axial flow (which goes parallel to the impeller shaft)
and impellers that generate radial flow (e.g., a Rushton turbine) [5]. Fluid dynamics
also depend on the size of the impeller and the rotating speed of the stirring rod,
from which the Reynolds number can be calculated [24].

_ pNL
u

(Re=Reynolds number; p=medium density; N=rotating speed of the stirrer rod;
L=rod length; y=dynamic viscosity)

Re
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If the Reynolds number is less than the critical size of 1,000, the flow is assumed
to be laminar, if it is higher than 1,000, the flow is turbulent [4].

Since the fluid movement goes from the rotating rod towards the wall, then
upwards and returns down near the axis, a recirculating flow is created above the
stirring rod, which becomes stronger at higher Reynolds numbers [4, 25]. This
recirculating flow pattern can enhance medium mixing and therefore improve oxy-
genation, but may also exert centrifugal forces driving suspended cells against the
vessel wall. The hydrodynamic forces that damage the cells arise from velocity
gradients, which can be expressed in the energy dissipation rate. The maximal local
energy dissipation rate is located close to the tip of the rod.

The requirement for aeration of the medium by addition of gas (oxygen) can
become inevitable for larger-sized spinner flasks. Here fluid dynamics may be
affected by gas bubbles, which can damage cells by cell membrane rupture due to
bubble-cell attachment [10, 53]. The airlift bioreactors even work without impellers,
relying on the buoyancy of the circulating air bubbles for medium mixing, but coa-
lescence or collapse of air bubbles produce high shear stresses as outlined above.

4.1.2 Wavy-Walled Bioreactor (WWB)

To reduce turbulent stresses that may damage the cells, a modified form of the spin-
ner flask, the wavy-walled bioreactor has been developed [26, 27]. The cross-section
of the wavy-walled bioreactor resembles a six-pointed star with smoothed edges.
Mixing of the medium is carried out by means of a magnetic stir bar at the bottom
of the flask. Cell-matrix-constructs can be placed within the lobes or centrally. The
flow field differs significantly from traditional spinner flasks. By calculation of
computational fluid dynamics of the different models, the velocity vectors around
the constructs change in their magnitude from spinner flasks to the wavy-walled
bioreactor. The spinner flasks show the highest numbers for tangential velocity and
the lowest numbers for axial velocity, which is reversed in the WWB with lobe-
placed scaffolds. The maximum shear stress on the constructs is lower in the wavy-
walled bioreactor compared to the spinner flasks at the same rotation speed. Here,
there is also a difference in shear stress distribution with lower numbers at con-
structs in the upper part of the wavy-walled bioreactor compared to constructs situ-
ated close to the bottom of the vessel [26].

4.2 Perfusion Systems

Perfusion cultures have been developed to enhance cell growth within three-dimen-
sional matrices. Here, a matrix is often held in chambers, columns or special cartridges
[28]. Flow patterns depend on matrix material, size and distribution of pores, shape of
the vessel and mode of perfusion. Perfusion systems have been found to be superior to
hydrostatic systems in that they improve cell distribution (especially within the inner
core of the chosen matrix), cell proliferation and cell differentiation [28]. Cellular
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alignment appears along the perfusion axis. Some reactor models allow dynamic cell
seeding which showed a higher efficiency rate and a more homogeneous cell distribu-
tion within the scaffold compared to static seeding in a dish prior to cultivation [29].

We have recently developed a novel perfusion bioreactor for culturing tissue-
engineering bone constructs under laminar flow conditions [30]. The design of the
model is based on computational fluid dynamics (Figs.1-6), and different porosities
of the scaffold have been integrated into the calculations.

4.2.1 Estimation of Fluid Dynamics within Porous Scaffolds in Perfusion
Bioreactors

Although many perfusion bioreactors intend to achieve laminar flow patterns, local
shear stresses and turbulences may arise depending on bioreactor configuration,
medium flow rate, dynamic viscosity and porosity and micro-architecture of the scaf-
folds. New computational models have demonstrated highly non-uniform flow through
porous scaffolds with varying porosity where highest speeds appear at the centre of
small orifices [31, 32]. Cioffi calculated fluid dynamics in a micro-computed tomog-
raphy (CT)-based model and found similar numbers for shear stresses when using the
CT-based model or a simple estimation for scaffolds with interconnected pores and at
low Reynolds numbers [33]. Others have modelled perfusion through a porous scaf-
fold using the Brinkman and continuity equation for describing flow through porous
media and the Navier—Stokes equation for the flow in the fluid layers [34].

4.2.2 Hollow Fibre Bioreactor

A specialized perfusion system is the hollow fibre bioreactor for artificial liver or
kidney replacement. Here fluid turbulences occur mainly at branching points but
other issues such as hypo-perfusion of cell channels and pressure drop in the shell
region between cell-packed and cell-free cases can also occur [35, 36]. An increase
in flow rate or fluid viscosity, or doubling the number of capillaries all lead to
increased shear stress along the channels [37]. A new model of computer-controlled
microfluid cell culture has been recently described, where fluid through a capillary-
like network is being controlled by piezoelectric, movable pins using a Braille
display for positioning and controlling the pins [38].

4.3 Rotating Systems

4.3.1 Rotating-Wall Perfused-Vessel Bioreactor

The rotating wall bioreactor has been developed by NASA/JSC from the viscous
pump bioreactor of the University of Houston [39, 40]. The design should provide
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Fig. 1 Generating a suitable grid model is the basis for computational fluid dynamics
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Fig. 2 Distribution of different velocity magnitudes (m s™') calculated for the model

anchorage-dependent mammalian cells a shear-reduced, microgravity environ-
ment. Cells are grown on microcarriers suspended in the medium. The vessel
consists of a concentric outer and inner cylinder, which can be independently
rotated. The flow comes from the cylinder base and exits through pores into the
inner cylinder. Primary flow movement is in the azimuthal direction; secondary
flow patterns are more complex (three-fluid-cell pattern). Depending on the rota-
tion speed and direction, a laminar Couette flow can change into turbulent Taylor-
vortex flow regimes [41]. To create a microgravity environment, differential
rotation is required: the outer cylinder rotates at a slow speed, whereas the inner
cylinder spins at a faster speed [40]. Thereby, a radial-axial flow is created, which
increases by higher differential rotation rates. The centrifugal forces are increased
by higher rotation rates, driving cells towards the outer wall. On the other hand, as
cells grow and form aggregates, rotation rate has to be increased to maintain cells
in suspension and microgravity conditions. If the bioreactor is used in space, rota-
tion is not required for cell suspension, but some fluid motion for mass transport
is still necessary.
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Various modified forms of the rotating-wall perfused-vessel bioreactor, such as
the slow lateral turning vessel and the high aspect ratio vessel, also exist.

4.3.2 Rotating Shaft Bioreactor

In the rotation shaft bioreactors, the scaffolds are attached to an inner shaft that
rotates around its axis within a vessel that is generally a cylindrical shape. The
cylinder can be either completely filled with medium (Biostat® RBS, B. Braun
Biotech.) [42, 43] or can consist of a liquid and a gas phase [44]. From the latter, a
computational fluid dynamic model revealed quite low maximal and mean shear
stresses acting on the matrix at 10rpm, which are significantly lower than forces at
a comparable speed in any of the rotating-wall vessel bioreactors, the spinner flask
or the concentric cylinder bioreactor [44].

4.4 Pulsatile Systems

4.4.1 Pulsatile Flow Reactor

Pulsatile flow bioreactors have been developed to mimic cardiovascular conditions
in vitro for the culture of vascular grafts or heart valves in vitro. Systems are
either run by a pulsatile pump [45], or pulsatile flow waves that are created by an
elastic membrane which is being inflated and deflated by an air pump or a ventilator
[46, 47]. Newer developments contain sophisticated feedback control systems to
control changes in pressure and flow waveforms during sterile cultivation [48].
Flow patterns are laminar to turbulent, depending on parameters, pulsation rate
and pressure control.

4.5 Other Systems

4.5.1 Cell Cube Bioreactor

The cell cube bioreactor is a disposable bioreactor that has been developed for the
production of vaccine and other gene therapeutic tools [49]. The cell cube bioreactor
has a square cross-section with medium inflow at the bottom and medium outflow
at the top in the opposite corner. Cells are grown on stacked parallel plates with
Imm spacing. Fluid flow is laminar throughout the reactor with Reynolds numbers
from 1 to 160. Inside the reactor there is a high heterogeneity of flow velocity, and
high shear stresses are found in certain regions such as the top of the channels
which corresponds with low cell growth.
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4.5.2 Hydrostatic Pressure/Perfusion Culture System

Wanatabe introduced a pressure-proof chamber with a V-shaped hanger for cultivation
of cells under specific high-frequency (<0.5Hz) hydrostatic pressure conditions and
additionally constant laminar flow with minimal fluid velocity for three-dimen-
sional tissue engineering [50].

4.5.3 Bottom-Driven Cylinders with Free-Surface

Dusting described a rotating bottom-driven cylinder with free-surface as a new
geometrical approach for bioreactor design based on fluid dynamic measurements
that combines advantages of the spinner flask and the rotating-wall perfused
vessel [51].

5 Measurement and Calculation of Fluid Dynamics
in Bioreactors

5.1 Specific Manometer Methods

Different methods have been used to calculate and measure fluid flows. Henri de
Pitot (1695-1771) developed the Pitot tube to measure pressure differences in the
flow of rivers and calculated the water velocities at single points. Ludwig Prandtl
(1875-1953) constructed the so-called Prandtl tube (Pitot static tube), a manometer
that measures pressure differences within a flow field from which the flow speed
also can be calculated. Another method is the Venturi flowmeter, which was
designed to measure the speed of fluids in a pipe. The pipe narrows from a larger
to a smaller constricted cross-sectional area: the difference in pressures between the
two regions is determined by differences in heights of the marker in the U-shaped
manometer that connects the two regions. From these data the speed of the fluid in
the pipe can be calculated using the Bernoulli equation [52].

5.2 Laser Doppler Anemometry

Laser Doppler Anemometry (LDA) is an optical measuring technique to determine
velocities of fluids at a single point. The underlying physical principle of this method
is the Doppler effect: Laser light waves interact with a moving observer or the modula-
tion of waves is perceived by a stationary observer from a moving emitter. An advantage
of the LDA is that the system is non-intrusive and therefore does not affect the flow
field. The data obtained by LDA consist of a time series of instantaneous velocity



Fluid Dynamics in Bioreactor Design 265

measurements at each measuring position, which gives more data points for fast mov-
ing particles than for slow particles. For correction, the arithmetic weighting factor can
be used under certain conditions [5].

5.3 Particle Dynamics Analysis

Particle Dynamics Analysis is an extension of LDA and based on phase Doppler prin-
ciples. Here, two or more detectors capture the optical interference pattern generated
by light scattering by the single particles moving through the measured volume.

5.4 Particle Image Velocimetry (PIV)

Particle Image Velocimetry (PIV) is another optical measuring technique, where a
whole velocity field can be measured at one time point. The fluid flow is seeded
with particles or droplets, and their movement is recorded by cameras taking
images of a light sheet of the region of interest at known time intervals. For illumi-
nation often a high-energy pulsed laser is used (e.g., a Nd:YAG laser with a pulse
duration of 5-10ns). The scattered light is detected by CCD (charged coupled
device) cameras. Seeding particles can be metal-coated particles (12um diameter),
metal-coated hollow-glass spheres (10um), or silica particles (3.5, 10, 12um).

5.5 Planar Laser-Induced Fluorescence (PLIF)

Planar Laser-Induced Fluorescence (PLIF) is an optical measuring technique used
to obtain instant whole-field concentration or temperature maps in liquid flows. A
fluorescent dye is added to the liquid fluid, excited, and the fluorescent light intensity
is measured by the camera and further processed. A dye for temperature measure-
ment is rhodamine B, for concentration measurement rhodamine 6G can be
used, and fluorescin disodium is suitable for both, temperature and concentration
measurements.

5.6 Computational Fluid Dynamics

Computational fluid dynamics is a computer-based method that brings together
methods of fluid dynamics and numerical analysis to simulate flow patterns,
velocities and other aspects of fluid mechanics and to solve complex differential
equations of mathematical fluid models. The calculations are based on the gen-
eration of a suitable numerical grid model, which can be very difficult to obtain
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when dealing with complex geometries. The validation of results derived from
computational fluid dynamics depends on the analysis of discretization, iteration
and modelling errors, the quality of the numerical grid and the detection of pro-
gramming and user errors [1].

6 Perspective

Increasing knowledge about the effects of fluid dynamics on physiology, proliferation
and differentiation of mammalian cells has provided tremendous impact on the
development of bioreactors for tissue engineering. New advances in the theoretical
background and application technologies of fluid dynamics such as computational
fluid dynamics can help to improve design and construction of modern bioreactors.
By computer simulation of flow vectors, velocity distribution and pressure gradients,
problems of bioreactor design such as turbulent flow patterns can be identified prior
to the experimental testing phase of the prototype. Computational fluid dynamics
allows adjusting the bioreactor design for optimal culture conditions of specific
mammalian cells and tissue-engineering constructs. Modern software for computa-
tional fluid dynamics can achieve three-dimensional fluid dynamics models, which
help to design even more precise bioreactor models for tissue engineering.
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