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ABSTRACT

Tissue engineering is an emerging field with the aim to produce artificial organs and
tissues for transplant treatments. Cultivating cells on scaffolds by means of bioreactors is a
critical step to forming the organ or tissue substitutes prior to transplantation. Among
various bioreactors, the perfusion bioreactor is known for its enhanced convection
through the cell-scaffold constructs. The enhanced convection will significantly increase
the mass transport and at the same time, will increase the shear stress acting on the cells
and scaffolds. To manipulate the scaffold-based cell culture process, knowledge of the
mass transport and fluid flow (featured by flow velocity and shear stress) in bioreactors is
required. Due to the complicated microstructure and multiphase flow involved in this
process, the development of models for capturing the aforementioned knowledge has
proven to be a challenging task. In this research, the mass transport and fluid flow in
scaffolds cultivated in perfusion bioreactors was studied using numerical methods. In the
first stream of this research, a novel mathematical model was developed to represent the
nutrient transport and cell growth within three-dimensional scaffolds. Based on the
developed model, the effect of such factors as the scaffold porosity, the culture time, and
the flow rate were investigated. In the second stream, the flow field within the scaffold
was studied with an emphasis on representing the shear stress distribution over the
scaffold surface. The commercial computational fluid dynamics software ANSYS-CFX
was used to simulate and represent the effect of factors, such as the diameter of the

scaffold strand, the horizontal span between two strands, and the flow rate, on the shear



stress distribution. Results showed that the nutrient concentration and cell volume
fraction are time dependent and sensitive to the porosity and flow rate. The diameters of
the strands, the horizontal span and the flow rate affect the magnitude of the shear stress.
The knowledge obtained in this study provides new insight into the scaffold-based cell
culture process in perfusion bioreactors and allows for potential optimization of the cell
culture process by regulating the process parameters as well as the scaffold structure

during its fabrication.
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CHAPTER 1

INTRODUCTION

1.1 Background

1.1.1 Tissue engineering

Tissue engineering is an interdisciplinary field that applies the principles of engineering
and the life sciences to provide a new solution to tissue loss, replacement or restoration of
tissue, or organ function with scaffold constructs that contain specific populations of living
cells [1]. Fig.1 shows the five steps typically involved in the process of tissue engineering,
which include:

1) Isolating: cells are isolated from a living animal or obtained through human donation;
2) Expanding: the isolated cells are expanded in the laboratory to have a sufficient number
of cells for applications;

3) Seeding: the cells are seeded into a three-dimensional (3D) polymeric scaffold;

4) Culturing: cells are cultured in the scaffold using bioreactors or incubators. During this
process, growth factors, enzymes, nutrients and/or mechanical stimulation may be added to
the cultivating culture to increase cell growth, thus forming constructs with required

biological functions; and



5) Implanting: the formed constructs are implanted into the in vivo environment, such as an

animal or human body, to repair or replace the damaged/diseased tissues or organs [1, 2].

w
2ee

A

Fig. 1 Major steps involved in tissue engineering.

Obviously, the cell culturing process is a key step in the tissue engineering cycle. For its
success, scaffolds are of great importance and must possess the properties as detailed in the

following section.

1.1.2 Scaffold and perfusion bioreactor

In tissue engineering, scaffolds play a critical role in supporting cell growth and



differentiation, cell migration, and eventually the formation of tissue constructs [3].

Generally speaking, tissue scaffolds should meet the following requirements [2]:

1) the scaffold material must be biocompatible and biodegradable to match cell/tissue

growth in vitro and in vivo;

2) the scaffold surface must be suitable for cell attachment, proliferation and

differentiation;

3) the mechanical properties of the scaffolds should match the tissue at the proposed

implant site; and

4) the scaffold should be highly porous to allow cell growth and movement as well as the

transport of nutrients and metabolic waste.

Typically, tissue scaffolds are made from either natural or synthetic material, such as
chitosan, collagen, polyglycolic acid (PLA) and polycaprolactone(PCL). The scaffolds can
be fabricated by different methods and as a result, many exhibit diverse inner structures.
The following are common methods presently used in the scaffold fabrication:

(i)  Porogen leaching: a polymer solution with dispersed templates, such as particles, is
gelled or fixed; and then the templates are removed, forming a scaffold with a porous
structure [4];

(i)  Phase separation: a polymer solution can separate into two phases, the polymer-rich
phase and polymer-lean phase, with the variation of thermal conditions due to the
lower system energy in a thermodynamically unstable state. For example, cooling

can result in phase separation of a polymer solution into high and low concentration
3



(iii)

(iv)

(v)

regions. The high concentration region (the polymer-rich phase) solidifies, while the
low concentration region (the polymer-lean phase) forms the pores [1, 4];

Gas foaming: A gas, such as CO,, can be pressurized in a molded polymer and then
the pressure released, resulting in the nucleation and growth of air bubbles within the
polymer [5];

Textile technology: the methods originally developed in the textile industry can be
used in the fabrication of scaffolds, with a textile structure for tissue engineering
applications [1];

Solid free-form fabrication (SFF) and rapid prototyping (RP): in this method, the
scaffolds are built through selectively adding materials layer-by-layer as controlled

by computers [6].

Among the above, the fabrication methods (i)-(iv) are referred as to conventional

techniques in the literature and have been widely used to fabricate scaffolds with different

porosities (a ratio of the void space to the entire volume of the scaffold) and pore sizes for

various tissue engineering applications. Common features of these methods include that

the inner pores of the scaffold are randomly distributed and that, by regulating the

fabrication conditions, such as the temperature, pressure, etc., the level of porosity and

range of pore size can be controlled. Nonetheless, the local porosity and pore geometry

cannot be controlled accurately. Thus, the scaffolds fabricated with conventional methods

have irregular internal structures (Fig. 2 (a)). In contrast to conventional methods, the SFF

and RP methods can produce scaffolds with a regular inner structure (Fig. 2 (b)). With the
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help of computers, the scaffold parameters can be adjusted and controlled readily and
accurately. As such, the SFF and RP method has shown great promising in tissue

engineering.

Fig. 2 Scaffolds with: a) irregular inner structure [7, 8], and b) regular inner

structure [9].

The bioreactor plays a significant role in the in vitro experiments in tissue engineering.
Bioreactors are generally defined as devices in which biological and biochemical processes
develop under closely monitored and tightly controlled environmental and operating
conditions. By using bioreactors, engineered tissue and cells can obtain adequate nutrient
supply, timely waste removal, sufficient gaseous exchange, temperature regulation and
mechanical simulation [3]. The main functions of bioreactors include improving cell
seeding in a scaffold, increasing mass transfer during the cultivation process, providing
mechanical stimuli, and eventually promoting the formation of tissues or organs [3, 10, 11].

Compared with steady-state cultivation, bioreactors can provide a dynamic environment to
5



stimulate cells and enhance proliferation and matrix secretion.

There are different types of bioreactors in terms of configuration or the mechanical

stimuli methods employed, which include:

(i)

(i)

(iii)

(iv)

v)

(vi)

(vii)

Spinner flask: Cells are seeded on the scaffolds that are placed on the side arms and
during culture, the stir bar at the bottom stirs the flow to enhance mass transfer
(Fig.3 (a));

Rotating wall vessels: Rotation provides a dynamic culture environment for
constructs with low shear stresses and high mass-transfer rates (Fig.3 (b));
Holly-fibre systems: Mass transfer during the culture is enhanced by the systems for
highly metabolic and sensitive cell types, such as hepatocytes (Fig. 3 (¢));
Perfusion bioreactors: The medium flow is forced directly through the pores of the
scaffold. As a result, the enhanced mass transfer occurs both at the periphery and
within the internal pores of the scaffold, so that relatively uniform mass transfer
occurs (Fig. 3 (d));

Compression-loading systems: Controlled mechanical forces are applied to
engineered constructs to simulate physiological loading conditions (Fig.3 (e));
Concentric cylinder bioreactors: Two concentric cylinders, an outer one and an
inner one, move relative to each other in order to enhance mixing (Fig. 3 (f)) [3,
12-14];

Non-perfusion bioreactors: Although there is no flow passing directly through the

scaffold, the scaffold is immersed into an environment with uninterrupted nutrient
6



replenishment and waste removal (Fig. 3 (9)).

(a) (b)

(c)

U} (9)

Q O Scaffold

% Y, =

Inlet

Fig. 3 Bioreactors of different configurations: a) spinner flask [3], b) rotating wall
vessel [3], c) holly-fibre system [3], d) perfusion bioreactor [3], e)
compression-loading system [3], f) concentric cylinder bioreactor, and g)

non-perfusion bioreactor[15].

Among the above bioreactors, the perfusion bioreactor has been widely used in tissue

engineering since it allows the culture medium to flow directly through the scaffold pores,
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as seen in Fig. 4. As a result, a perfusion bioreactor can enhance mass transfer not only
around the scaffold construct periphery as do some other kinds of bioreactors, but also
within the internal pores [16]. However, due to the medium flow within the scaffolds, the

shear stress level can be elevated in a perfusion bioreactor.

i)

r\—‘] _1‘}?; ‘
- / outlet

construct holder

a b
Fig.4 Perfusion bioreactors: (a) fluid flow in the vertical direction [16], and (b) fluid

flow in the horizontal direction [17].

For in vitro cell culture, the nutrients including glucose and oxygen which are
necessary for cell metabolism and proliferation must be supplied. If the supply of
nutrients is inadequate [3] , then a hypoxic, necrotic center surrounded by a rim of viable
cells may be formed, which was exemplified by R.M. Sutherlan [18]. Similar
observations have been made for the cell culture in 3D scaffolds under static conditions
[19, 20]. Besides, waste products, such as lactate may also accumulate within scaffolds,
which can suppress cell growth and eventually cause non-uniform cell distributions in

scaffolds [41]. Therefore, mass transfer must be adequate to provide sufficient nutrient
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and eliminate waste materials within scaffolds in cell culture in vitro.

Enhancing nutrient transport in scaffolds is the most attractive feature of the perfusion
bioreactor. For optimal control of the cell culture process in a perfusion bioreactor,
knowledge of nutrient transport and the corresponding cell response in scaffolds is desired.
Unfortunately, due to the complicated scaffold structure and the different phases or
components (i.e., solid, fluid, and gas) involved in the cell culture process, capturing such
knowledge becomes difficult. Nowadays, research based on numerical methods, in
addition to experimental methods, has shown promise in providing knowledge on nutrient
transport within the scaffolds.

Besides the enhanced nutrient transfer, the other unique characteristic of perfusion
bioreactors is the increase in shear stress on the cells and scaffolds due to the perfused
flow through the scaffold pores. Depending on applications, the shear stress might have
either positive or negative effects on the cell culture process. Previous studies [19, 21]
show a moderate shear stress is essential to cell growth and metabolism since it can help
shape the engineered tissue and glycosaminoglycan (GAG) in cartilage tissue engineering.
In contrast, if the shear stress exceeds the physiological range, negative effects may
become apparent, causing the decrease in matrix synthesis, damaging cell structure or
even Kkilling the cells [22]. Negative cell response to the flow-induced shear stress may
also include the changes in cell shape and alignment at the earlier stage. With the increase
in the magnitude of shear stress and exposure time, cell metabolism varies and the cell

viability become an issue in the cell culture process [15, 22, 23]. Another negative effect
9



of higher shear stress is that cells may not be able to adhere on the surfaces of the
scaffolds and, instead, be washed away from the scaffold. As such, to ensure the shear
stress is at an appropriate level for a given application, knowledge of mass transfer and
shear stress in cell culture process in perfusion bioreactors is desired. The capture of such

knowledge is the focus of the present study.

1.2 Literature review

In this section, a literature review is presented on the following aspects of this field of
study: experimental methods versus computational methods, and the mass transfer and

fluid flow within scaffolds cultivated in bioreactors.

1.2.1 Experimental methods and computational methods

In order to study mass transfer and fluid flow in scaffolds cultured in perfusion
bioreactors, both experimental and computational methods have been used in the past.

For mass transfer in 3D tissue scaffolds, source insight comes from cell culture
experiments. In several experimental studies [19, 21, 24-26], cells were seeded in
scaffolds and then cultured in bioreactors; after a period of time, changes in the cell
density and metabolism component concentration, such as the glycosaminoglycan (GAG),
in the tissue scaffold were examined. To investigate fluid flow in a bioreactor, particle

image velocimetry (PIV) and laser-doppler velocimetry (LDV) have been used to measure
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the fluid velocity in bioreactors [27-30]. For the flow field within the scaffold, micro
particle image velocimetry (u-PIV) has been applied to capture the flow characteristics in
the inner pores [31].

Computational fluid dynamics (CFD) is a method to solve the equations governing
the fluid flow based on numerical methods. It has proven to be a powerful tool for
studying the fluid flow in such diverse areas as aerospace engineering, chemical
engineering, and civil engineering [32]. In tissue engineering, the application of CFD has
shown promise for studying the flow phenomena in bioreactors, thus providing detailed
information and insight that is difficult, even impossible, to obtain through experiments.
CFD is reviewed in the following sections in terms of mass transfer and fluid flow in cell

culture applications.

1.2.2 Mass transfer in a scaffold

Cell culture in vitro is a key process for tissue engineering, in which the cells are
expanded on the scaffolds to form the constructs, for implantation to the animal or human
patients. For success, nutrients and growth factors have to be provided adequately to the
cells. Researchers have applied different methods to study the cell culture process in an
attempt to understand and characterize the process qualitatively and quantitatively.
Experimental methods are perhaps most widely used to investigate the mechanism of cell

culture within the scaffold in bioreactor. Freed et. al. [33-35] developed empirical
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equations based on the cell culture in Petri dish and bioreactors. Experimental data, such
as cell density and composition are the most reliable for evaluating the cell culture
process. However, the experimental results are of limited value when experimental
parameters and conditions are changed.

Modeling the mass transfer in a tissue scaffold is a challenging task due to the
complicated scaffold microstructure. Local volume average theory (LVA), which only
considers the average properties of each representative element volume instead of the
specific distribution in each phase, provides one approach to meet this challenge. Based
on LVA, Galban and Locke developed a model to represent the distribution of glucose
and cell density [36, 37]. With a focus on the effective diffusivities for biofilms and
tissues, Wood et. al. also used the volume average principle to predict the effective
diffusivity of a cellular system [38, 39].

As a multiphase porous medium, a tissue scaffold includes a solid phase which is the
scaffold frame, a liquid phase which is the nutrient solution, and a gas phase which is
necessary for cell metabolism, such as oxygen. In contrast to other porous media, the
tissue scaffold includes a special phase, i.e., the cell phase, so modeling mass transfer in
the tissue scaffold becomes more challenging. Lemon and King [40] developed a
multiphase model to describe the growth tissue comprising motile cells and water in a
solid frame. A limitation of this model is the neglect of the gas phase. Tristan et al. [41]
considered the effect of the cell density on the effective oxygen diffusivity in their model.

Yu et al. developed a mathematical model to represent fluid flow and oxygen
12



transport in a micro-bioreactor [42]. They also used an improved model to examine the
influence of cell density and relate it to the permeability [43]. However, the cell
responses to the transport of the nutrients, including cell growth, cell migration and cell
apoptosis, were not considered in their study.

Cell response is another challenge for modeling. This is due to the complexity of
biological processes in the tissue scaffold. Chung et al. [44] developed a mathematical
model to describe cell growth in a porous scaffold considering cell mortality, cell growth
rate and cell nutrient consumption rate. However, in their research, the scaffold was
assumed to be cultivated in a steady-state environment, which only involved diffusion
mass transfer without the consideration of convection. The same research group made an
effort to improve the numerical models to give more realistic description of cell culture
process in the scaffolds. The highlights of their research are: including convection
transfer in the model, treating extracellular matrix (ECM) and cells separately, and
considering the influence of chemotaxis [45-47].

A major drawback of these studies is that the porosity of the scaffold is assumed to be
higher than 95% so that the solid frame of the scaffold can be ignored. This is further
limited by ignoring the scaffold degradation. For improvement, Coletti et. al. developed a
mathematical model for the cell culture in a three-dimensional perfusion bioreactor
including the solid phase. However, their work is still limited by the fact that the effect of
the initial porosity and the degradation of the solid frame is not included [48]. It is known

that one major function of scaffolds is to provide mechanical support for cell attachment
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and growth. A higher porosity (>90%) may provide a greater pore volume for cell
infiltration and extracellular matrix formation, but conversely it decreases the mechanical
properties [49]. As such, scaffolds designed with a higher porosity may not be
appropriate for some tissue engineering applications. As such, the porosity and
degradation of the scaffold need to be considered in the mathematical models developed
for the cell culture process in a bioreactor.

In the present research, the existence of the solid phase and its degradation will be
included in the model development with a focus on the effect of porosity on the mass
transfer. Also, the environment is considered to be a multiphase one which includes the
response to both glucose and oxygen. The detailed modeling process of mass transfer in
the scaffold in a perfusion bioreactor is discussed in a paper documented in Chapter 2 In

this paper, the effects of porosity, cell culture time and flow rate are considered.

1.2.3 Fluid flow in bioreactors

With enhanced mass transfer in a perfusion bioreactor due to convection, increased
shear stress levels can exist on the surfaces of the scaffold. Due to the tiny size and the
complicated internal structure of the tissue scaffold, it is difficult and expensive to use the
sensors to measure the surface shear stress on a scaffold strand. However, this knowledge
of shear stress distribution is crucial for researchers and engineers because it is used to

identify the shear stress on the cells which can significantly impacts cell distribution and
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metabolism.

Originally, scaffolds were treated as impermeable constructs in a development of
CFD models. Based on simulation results, an improved design of the bioreactor and
scaffold construct was reported by assuming that the shape of the pore is sphere [29,
50-52]. The drawback of these studies is that while the shear stress on the external
surfaces is represented, there is no description of the shear stress at the surfaces of the
pores inside the scaffold where the cells are actually attached.

In the following studies, the structure inside the scaffold was taken into consideration.
For the irregular scaffolds fabricated by conventional fabrication methods,
micro-computed tomography (uCT) was used to reconstruct a 3-D model from 2-D
images in the model development [16, 17, 53-55]. However, because of the random
internal structure, the models established in this way can only describe the shear stress
magnitude and distribution on the specific areas where the 2-D images are taken.
Moreover, for a different scaffold, a new model has to be established through the use of
pCT reconstruction.

Another strategy to deal with the irregular internal structure is to limit the study to the
specific pores in the scaffold and in this way, the irregular pores can be treated as the
regular ones [56, 57]. Computer aided design methods can be used to establish geometric
models of these specific pores, referred as to as the region of interest (ROI). To avoid
imposing boundary conditions directly on the ROI, Boschetti et al. [56-58] included the

neighbor cells of the ROI in their research and developed a model to study flow inside a
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scaffold in a perfusion system. For such models, details of the shear stress magnitude and
distribution can be captured with the use of defined numerical meshes. However, the
accuracy of the simulation becomes questionable due to the following two reasons.
Firstly, the model geometry itself is an approximation of the realistic scaffold pores
which appeared randomly in fabrication process. Secondly, applying the boundary
conditions on the neighboring cells is an acceptable approach for the unit in the center of
the scaffolds. However, it is not accurate for the pores near the surfaces or for the
scaffolds within which the flow field varies significantly. An example of the latter
situation is a scaffold which has a small scale in one dimension, where the boundary
conditions for cells in different locations vary dramatically. As a result, this method may
not be reliable.

For the scaffolds with a regular internal structure, the models can be developed by
means of the computer aided design method. Singh et al. [59, 60] utilized commercial
CFD software to create models of such scaffolds in bioreactors and studied the influence
of mechanical stimuli on the velocity and shear stress distribution. Unfortunately, their
studies are limited to non-perfusion bioreactors.

From the discussion above, it can be seen that models representative of the complete
scaffolds are needed to study the fluid flow and shear stress distribution. This is of
particularly significance for regular scaffolds fabricated by means of SFF RP fabrication

techniques.
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1.3 Objectives

The aim of this research work is to carry out a comprehensive study on the
scaffold-based cell culture process in perfusion bioreactors using CFD. The two research
objectives to be achieved in this research are presented below, along with the methods
used.

The first objective is to develop a model to represent the mass transfer process in the
tissue scaffolds in perfusion bioreactors. For this, a mass transfer model will be developed
by taking into account scaffold degradation and cell response to both glucose and oxygen.
Based on the developed models, the effect of porosity, culture time and flow rate on the
mass transfer will be studied and examined.

The second objective is to develop a CFD model to represent the fluid flow through the
scaffolds in perfusion bioreactors and to provide quantitative information of the velocity
and shear stress distribution within the scaffold. By taking advantage of commercial
software, simulations are to be carried out to determine the shear stress distribution over
the scaffold surfaces. The effect of parameters which can be controlled in the scaffold
fabrication process and cell culture process, such as the diameter of the strand, the

horizontal span between the two strands and the flow rate, are also to be investigated.

1.4 Thesis organizations
In this thesis, the study of mass transport and fluid flow in tissue scaffold in perfusion

bioreactors is carried out using numerical methods. The layout of the thesis consists of
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four chapters that include two journal manuscripts. The present chapter introduces the
research background, literature review and objectives. Chapters two and three contain the
two journal manuscripts that address the two objectives of the thesis as follows. Chapter
two presents the model development for mass transfer in tissue scaffolds cultured in
bioreactors. Chapter three presents a numerical study on the flow field and shear stress
within the scaffold cultured in perfusion bioreactor based on commercial software.
Chapter four presents the conclusions that are drawn from the present study and a
discussion of future work. An explanation of some of the technical terms used in tissue
engineering is presented in Appendix A.

The journal manuscripts included in Chapter 2 and Chapter 3 are co-authored by Xin
Yan, Prof. Bergstrom and Prof. Chen. All of the research work documented in the
manuscripts was performed by Xin Yan with Prof. Bergstrom and Prof. Chen providing
some technical guidance and advice. The first draft of each manuscript was also written

by Xin Yan.
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CHAPTER 2

MODELING OF CELL CULTURES IN PERFUSION BIOREACTORS

Submitted as

X. Yan, D. J. Bergstrom, and X. B. Chen, Modeling of cell cultures in perfusion

bioreactors, IEEE Transactions on Biomedical Engineering, 2011

Contribution of this Chapter to the Thesis
The research work presented in this chapter aims at achieving the first objective of the
thesis. More specifically, the chapter addresses the model development for mass transfer

within the scaffold in a perfusion bioreactor. The effect of porosity and flow rate are

investigated.
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ABSTRACT

Cultivating cells and tissue in bioreactors is a critical step to forming artificial organs or
tissues prior to transplantation. Among various bioreactors, the perfusion bioreactor is
known for its enhanced convection through the cell-scaffold constructs. Due to the intrinsic
complexity of biological systems, knowledge of the mass transfer process is required for
better moderating cell culture in vitro. In this research, a novel mathematical model is
developed to describe nutrient transport and cell growth in a three-dimensional scaffold
cultivated in a perfusion bioreactor. Numerical methods are employed to solve the model
equations, with a focus on identifying the effect on cell cultures of such factors as porosity,
culturing time, and flow rate, which are controllable in the scaffold fabrication and
culturing process. To validate the new model, the results from the model simulations were
compared to experimental data reported in the literature. With the validated model, further
simulations were carried out to investigate the glucose and oxygen distributions and the
cell growth within the cell-scaffold construct in a perfusion bioreactor, thus providing

additional insight into the cell culture process.
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NOMENCLATURE
(Cg)© average glucose concentration in cell phase, kg/m?
(Cg)f average glucose concentration in fluid phase, kg/m*
(Co) average oxygen concentration in fluid phase, mol/m®
D, molecular diffusivity of glucose in cell phase, m?/s
Deent cell diffusivity (random walk coefficient), m?/s
Deffeell effective cell diffusivity, m%/s
D¢ molecular diffusivity of glucose in fluid phase, m?/s
Dgerr effective glucose diffusivity in the tissue scaffold, m?/s
Dgetfm effective diffusivity of glucose in the fluid and cell phase, m?/s
D, molecular diffusivity of oxygen, m?/s
Doeft effective diffusivity of the oxygen in the tissue scaffold, m?/s
Do effm effective diffusivity of oxygen in the fluid and cell phases, m%/s
dq diameter of the inlet, m
K eq equilibrium coefficient
Kom saturation coefficient of glucose, kg/m*
Kom saturation coefficient of oxygen, mol/m
R4 cell death rate, 1/s

R, cell growth rate, 1/s
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Rgm maximum glucose metabolic rate, kg/(m*-s)

Rom maximum oxygen metabolic rate, mol/( m®s)
up Darcy velocity, m/s

1A cell phase volume, m®

Ve fluid phase volume, m?

(V)¢ average medium velocity, m/s
Greek Symbols

& cell volume fraction

& fluid volume fraction

& initial porosity

Umax maximum cell growth rate, 1/s
Peell single cell mass density, kg/m®
o degradation rate, s

T tortuosity of the scaffold

2.1 Introduction
Tissue engineering is an interdisciplinary field that applies the principles of
engineering and life sciences to provide new solutions to tissue loss, replacement or

restoration of tissue, or organ function with scaffold constructs that contain specific
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populations of living cells [1]. By providing a favorable environment with controlled
mechanical and chemical stimuli, bioreactors play an important role in the in vitro
experiments of cell-based tissue engineering. The perfusion bioreactor, in which the
culture medium is controlled to flow through the pores of the scaffold, is superior
compared to other non-perfusion or static bioreactors by enhancing mass transfer within
the scaffold. As such, the scaffold in the perfusion bioreactor can obtain adequate nutrient
supply, timely waste removal, and sufficient gaseous exchange, thus promoting the cell
growth and proliferation on the scaffold.

To properly design the cell culture process, it is of paramount importance to obtain
knowledge of flow and transport phenomena in bioreactors. While experiments have
shown the advantages of perfusion bioreactors in improving cell seeding and increasing
nutrient transfer [2-4], mathematical modeling of the cell culture process has proven
promising to quantitatively describe the complex chemical, mechanical and biological
mechanisms behind the improvement and at the same time to cast light on further
experimental design.

In a bioreactor, the cell-scaffold construct is exposed to a multiphase environment
which involves a solid phase which is the scaffold frame, a liquid phase which is the
nutrient solution and a gas phase - such as oxygen - which is necessary for cell
metabolism. Distinct from other porous media, the tissue scaffold includes one more
phase, i.e., the cell phase. As such multiphase models are required to represent the cell

culture process in bioreactors [5].
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Development of models to represent the mass transport in the scaffolds in bioreactors
has attracted the attention of numerous researchers. Yu et al. developed a mathematical
model to describe fluid dynamics and oxygen transport in a micro-bioreactor using the
finite volume method [6]. However, the cell response was not considered in their study.
They also used an improved model to examine the influence of cell density and relate it
to the permeability [7]. Cell response to mass transport and distribution of cells is another
important phenomenon in a tissue scaffold. It is known that cell growth and distribution
can be affected by the supply of glucose and oxygen, cell density, pH values, etc. Due to
the complexity involved, modeling the cell response has proven to be a significant
challenge. Chung et al. [8] developed a mathematical model to describe cell growth in a
porous scaffold considering cell mortality, cell growth rate and cell consumption rate of
nutrients. On this basis, further studies have been carried out to develop a more
comprehensive transport model by considering convection transfer, treating extracellular
matrix (ECM) and cells separately, and including the influence of chemotaxis [9-11]. A
major drawback of these studies is that the porosity of the scaffold is assumed to be
higher than 95%, and the existence of the scaffold is ignored as well as the degradation of
the scaffold. It is known that one major function of scaffolds is to provide mechanical
support for cell attachment and growth. A high porosity (>90%) may provide a greater
pore volume for cell infiltration and extracellular matrix formation, but may conversely
decrease the mechanical properties [12]. As such, scaffolds designed with a higher

porosity may not be appropriate for some tissue engineering applications. Hence, the
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actual porosity and degradation of the scaffold need to be considered in the mathematical
models developed for the cell culture process in a bioreactor. From the aspect of
scaffold design, a good scaffold design should provide an appropriate channel for nutrient
transport and a relatively low shear stress environment for cell attachment. The most
suitable porosity of the scaffold needs to be determined, and then ensured during the
scaffold fabrication process. Thus, there is a compelling need to study the effect of
porosity on the cell culture process.

Oxygen availability throughout the tissue is also of importance in the development of
tissue-engineered constructs. The oxygen distribution in the tissue scaffolds has been
shown to vary with time [13]. However, some of the existing studies ignored the mass
transport of oxygen, or treat it separately without considering the effect of other nutrients.
This paper presents the development of a novel mathematical model, by taking into
account the multi-phase mass transfer within a scaffold in a perfusion bioreactor. Based
on the improved model, simulations were carried out to investigate the effect of
parameters which are controllable in the scaffold design and fabrication (i.e., scaffold

porosity) and during the cultivation process (i.e., flow rate) on the cell culture process.

2.2 Model development

2.2.1 Governing equations

Consider a scaffold in a perfusion system, as shown in Fig. 1a, with a diameter of 10
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mm (D) and a height of 3 mm (H). The local volume average (LVVA) theory was adopted
for the model development, by which the average properties in each representative
elemental volume (REV) of characteristic length (£) are considered instead of the specific
property at each point [14]. In order to apply the LVA method, the characteristic length
must be much smaller than the scale of the scaffold (H) and greater than the internal
structure scale (d). In this research, the length scale of the cell colony (d) varies from
several nanometers to more than fifty micrometers, and the minimum length in the three
spatial dimensions (L) is H. Taking 100m as the characteristic length of a REV, then d <
£ << L, so that the LVA approach is valid.

In the present study, the following assumptions are made: 1) the cell phase comprises
both cells and extracellular matrix (ECM) and the difference in the mass diffusivity
between them is neglected; 2) cells are uniformly seeded on the scaffold before culturing;
3) the velocity is uniform within the scaffold; 4) the volume of the gas phase is ignored
since the gas is assumed to be dissolved in solution; 5) once entering the cell phase,
oxygen is immediately consumed; 6) the tissue scaffold is symmetric about the center
line such that cylindrical coordinates can be used (Fig. 1b); 7) convection has no
influence on cell attachment and the cells are only distributed within or on the scaffold; 8)
convection in the r-direction is ignored; and 9) the glucose transfer across the interface of
the fluid and cell phases is much faster than diffusion, so that there is an equilibrium
relationship between the intercellular glucose concentration and extracellular glucose

concentration. The average properties over the volume of the phase are defined by
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1
(Ce)° =5 fy o Ca Y D
1

f —
(Cg) - V_f fo(t) Cg dv (2)

1
<Co) = V_ffo(t) C0 dv (3)

where (C,)¢ is the average glucose concentration in the cell phase; (Cg)f is the average
glucose concentration in the fluid phase; and (C,) is the average oxygen concentration
in the fluid phase. V. and V; are the phase volume of cell phase and fluid phase,

respectively.

Bioreactor

Scaffold

a b
Fig. 1. a) schematic of a perfusion system, and b) solution domain with center line

and boundary surfaces labeled.

Glucose is the primary energy source for cell metabolism and appears in both the cell
phase and fluid phase. The continuity equation for glucose includes diffusive transport in

both phases and is governed by
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According to Assumption 9, (Cg)f and (Cg)¢ in the above equation can be related by
(Ce)* =K eq(Cg)f, in which K4 is the equilibrium coefficient. In Equation (4), &. and
g are the volume fraction of the cell and fluid phases and are defined by & =% and
€ = % respectively. It is noted that & + . = €, where ¢ is the total volume fraction of
cell and fluid. Due to the degradation of the scaffold frame with time, the value of ¢ is not
constant, but increases during the cell culture process.

Let the initial porosity of the scaffold is denoted by e, and assume that the
degradation of the scaffold is described by ¢ =1 — (1 — so)e_i based on a previous
study [15]. In this equation, o is the degradation coefficient. Fig. 2, for example, shows
the degradation profile and porosity profile of Polyglycolic acid (PGA) in a cell culture
process (in which o is degradation coefficient). When t = 0, ¢ is equal to the initial
porosity €,, and as t approaches infinity, ¢ becomes close to 1, which implies that the

scaffold has completely degraded.
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——Porosity profile
——Solid frame degradation profile

Time

Fig. 2. Solid degradation profile and porosity profile in cell culture process.

In Equation (4), Dgeg Is the effective glucose diffusivity in the tissue scaffold,
which represents the effective diffusivity in the fluid and cell phase modified to
incorporate the structural effects of the tissue scaffold [16]. The effective diffusivity in
the fluid and cell phases (Dgefsm,) depends on the cell and fluid phase properties, and the
equilibrium constant. The relationship between the effective diffusivity in the fluid and

cell phase and the effective diffusivity in the scaffold is given by:

Doeffm'€
Dgeff = T (5)
where  Dgegr, is  evaluated from  the  Maxwell  formula  [17], e,
_ 3a—2(gf/e)(a—1) __ KeqDc
Dgefim = Dt yiasy /o)D) where a = Y and D¢ and D, are the molecular

diffusivities of glucose in the fluid phase and cell phase, respectively. In Equation (5), t
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is the tortuosity of the scaffold which can be modeled as a function of the porosity € [18],

(2-¢)?2

e, T= . In this way, the effect of the solid frame on the diffusivity is included in
the model through the porosity € and tortuosity t.

In Equation (4), S, is aterm to describe the consumption of glucose as given by

Rgm(Cg)f

the Michaelis-Menten kinetics [9], i.e., S; = PETORY
gm g

£, Where K, is the saturation

coefficient of glucose and Ry, is the maximum glucose metabolic rate.
The gas phase, oxygen, is also included in the model, and the transport of oxygen is

governed by

0 0(Co) _ 10 9(Co)) , @ 2Cod _
S(Co) + (v = 22 (Dyeqr 202 ) + 2 (Doerr 252) = S, (6)

In the above equation, D, IS the effective diffusivity of the oxygen in the tissue
scaffold, which is related to the diffusivities of oxygen in the fluid and cell phase by the

expression,

D €
Doeff= oe.f:m . (7)

Here D is the effective diffusivity in the fluid and the cell phases which can be

oeffm

__ Do*2(1-gc/e)

calculated from D q¢m = e
C

[17], and D, is the molecular diffusivity of
oxygen in the medium. The effective diffusivities of both glucose and oxygen in the fluid

and cell phase are evaluated from the Maxwell formula. The difference in the way these
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two terms are calculated is due to their respective transport characteristics in the fluid and
cell phase. For glucose, the mass transfer across the interface of the fluid phase and cell
phase is much faster than diffusion (Assumption 9). However, for oxygen, it is assumed
that the extracellular transport is faster then trans-membrane transport [17].

In Equation (6), S, is used to represent the cell consumption of oxygen and is also
specified by the Michaelis-Menten kinetics: S, = %sc in which R, is the
maximum oxygen metabolic rate and K, is the saturation coefficient of oxygen.
Similar to the glucose conservation equation, via the diffusivity and source terms, the
conservation of oxygen is coupled to mass conservation of cells.

In both Equation (4) and Equation (6), the second term on the left is the convection
term where (v); is the Darcy velocity ((v); = up), which can be calculated from the
flow rate, i.e., up = %. Here dq is the inlet diameter, which equals to 10 mm for the
bioreactor considered in the present study. The flow rate is a controllable parameter for
culturing in perfusion bioreactors.

Cell proliferation and migration are affected by both oxygen and glucose. The
conservation of cells is governed by

% = 19 (Deffcellr%) + aiy (Deffcell (Z_Syc) + [Rg - Rd]ec (8)

r or

where Deggreenp 1S the effective cell diffusivity and Degreenn = Ci“ ® where Doy is the

cell diffusivity, which can be represented using a random walk model [19]; R, is the cell

growth rate, which is mediated by both glucose and oxygen concentrations as
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= oy - (Co) ) (Cg)f
g MAX - Kepeenget+(Co) Kg(:]chpcellsc'i'(Cg)f

R

(9)

where pyax 1S the maximum cell growth rate; and R4 in Equation (8) is the dying rate
of cells used to describe cell apoptosis.

In Equation (9), the second part on the right side describes oxygen regulation using
Contois kinetics while the last part, glucose regulation, is a modified Contois kinetics for

cell growth [20, 21]

2.2.2 Boundary conditions and initial conditions

As shown in Fig. 1b, surface 1 is the inlet and surface 2 is the outlet. The scaffold is
symmetric about the center line, implying use of symmetric boundary conditions for
surface 3. Surface 4 is the lateral external face of the scaffold and the nutrients are
diffused through this surface. The concentrations of glucose and oxygen are fixed at their
supply values at this surface, and according to Assumption 7, cells are confined in the
space enclosed by this surface. Homogeneous cell seeding is assumed to have resulted in
an initial cell volume fraction of 0.00868 [22] prior to the culturing process, and initially
there is no oxygen and glucose inside the scaffold. The mathematical statement of the

boundary and initial conditions is given in Table 1.
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Table 1. Boundary and initial conditions

Surface (Cg)f (C,) £

1 (Ce) = Cy (Co) = Cony Ze =

3 Aea) _ (Cob = Cony 2

4 (Cg)" = Cgu (Co) = Coxy Ze =
Initial condition (Caf =0 (C,)=0 £ = Eqp

2.2.3 Computational method and parameter values

An implicit finite difference method was used to discretize the governing equations.

MATLAB was used to write an in-house code which solves the discrete equation set using

the Gauss-Seidel method. The values for the transport coefficients and other model

parameters were adopted from the literature and listed in Table 2. The culturing solution is

Eagle's minimal essential medium (DMEM), which is typically used in tissue engineering.

Table 2. Values of main coefficients

Definition Value Reference
Glucose diffusivity in fluid phase Df=1.0x10"°m?/s [20]
Glucose diffusivity in cell phase Dc=1.0x10"1"m?/s [20]
Equilibrium coefficient Keq = 0.1 [23]

Cell random walk coefficient

Deey = 1.7 X 107 m? /s [24]
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Oxygen diffusivity in fluid phase
Maximal cell growth rate

Cell diameter

Maximum glucose consumption
rate

Saturation coefficient of glucose

Maximum oxygen consumption
rate

Saturation coefficient of oxygen

Contois saturation coefficient
Single cell mass density
Cell death rate

Degradation constant

D, = 3.093 x 107°m?/s
Hmax = 3.7 X 1076 1/s
dcell =2X 10_5m

Rgm = 8 X 1073 kg/(m?> - s)

Kgm = 6.3 x 107? kg/m’>

Rom = 1.77 X 1073 mol/(m3 - s)

Kom = 6 X 1073 mol/m3

K. = 0.154
Pcell = 182kg/m3
Ry =3.3x1077 1/s

0=2098800 s

[25]
[22]
[26]
[27]
[28]
[25]
[25]

[9]

[29, 30]
[10]

[15]

2.2.4 Numerical solution

surfaces.

2.3 Model validation

The average cell volume fraction was simulated with the developed model and

40

The solution domain as shown in Fig. 1b) was divided into 120 elements in the r direction
and 90 elements in the y direction. The first element and last element in each coordinate

direction are fictitious nodes used only to set up the boundary conditions at the exterior

aforementioned method. This simulation was carried out under the same conditions as the



experiments reported in [22], in which Freed et al. investigated the growth kinetics of
chondrocytes in polymer implants with different thicknesses. The simulation results are
presented in Fig. 3, along with the experimental data reported in [22] for comparison. Freed
et al. did the experiment with different scaffold heights; the red triangle with the error bar is
the experimental data for the scaffold with the height of 0.307 cm. Similarly, the purple
triangle with the error bar and the brown triangle with the error bar are the data for the
scaffold with heights of 0.168 cm and 0.116 cm, respectively. Based on the experimental
data, the average cell volume fraction kept increasing during most of the culture time,
however, at the end of the experiment, the growth rate is reduced and even becomes
negative which means that the cell volume decreased somewhat. Overall, the simulation
results agree with the experimental results. The blue line which is the simulation for the
scaffold with the height of 0.307 cm agrees well with the experimental data during most of
the culture time except the final period. For different scaffold heights, the simulation
model captures the main feature of the experimental results as given by the green line
(scaffold height of 0.168) and the sky blue line (scaffold height of 0.116). The difference
between the simulation and experiment is caused by the influence of such factors as
collagen, which was not included in the present model but was measured in the experiment.
The experimental results indicate that the collagen played a dual role in cell growth, as a
promoter when it was first secreted by the cells and as an inhibitor when collagen gradually
increases in amount [31, 32]. Another possible reason for the discrepancy between the

simulation and experimental results in the final period may be the role of oxygen, since the
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oxygen concentration in the cell culture was not documented in Freed’s study [22].

0.06 . .
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| + Experiment H=0.116cm

0.03

Average cell volume fraction

0 5 10 15 20 25 30
Time (days)

()]

Fig. 3. Comparison of cell volume fraction between the model predictions and the

data reported in [15].

2.4 Simulation results and discussion

With the validated model, additional simulations were carried out, in which the
scaffold was assumed to have an initial porosity of 80%, and then due to degradation
increase to 94.17% by the end of test period (720 hours). In this case, the culturing
solution was DMEM with a constant glucose concentration of 4.5 kg/m*® and oxygen
concentration of 0.119 mol/ m®. The results of mass transfer at the end of the test period are
shown in Fig. 4. The effects of perfusion can be clearly seen with strong convective mass
transfer along the y-direction, resulting in a high concentration of oxygen (Fig. 4a) and
glucose (same trend as oxygen, not shown) at the inlet, and a high cell volume fraction (Fig.
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4b) in the same region. Note that Fig. 4a also shows a steep gradient near the outer lateral
surface (r = 0.005 m), suggesting that diffusion is also an important transport mechanism
within the scaffold. Finally, the cell volume fraction drops significantly near the outlet,

which agrees with the effect of the lower glucose and oxygen concentrations.
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Fig. 4. Oxygen concentration (a) and cell volume fraction (b) distribution for a

scaffold in perfusion bioreactor after 720 hours.

The average glucose concentration and average cell volume fraction within the scaffold,

simulated by the model as a function of time, are shown in Fig. 5. The average quantities
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are obtained by averaging each property over the entire construct. The glucose
concentration (blue line) initially increased at the beginning of culturing until it reached a

maximum value, and then decreased slowly due to the increase in cell volume fraction (red

line).
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Fig. 5. Variation of glucose concentration and cell volume fraction with time over test

period.

As mentioned previously, cell culture is a time-dependent process: the details are shown
in Fig. 6. The data is for the center line location (i.e., the red dashed line in Fig. 1b) of the
scaffold. In Fig. 6a, the initial glucose concentration in the scaffold is zero. Due to the
strong convection along the y-direction, the area near the inlet reaches almost the same
concentration as the exterior medium. The glucose concentration keeps increasing along
the center line until around 360 hours and at this time the glucose concentration is almost

uniform. However, after 480 hours, the glucose concentration begins to decrease with time
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and a possible reason is the increase in the cell numbers (cell volume fraction show in Fig.
6¢) and corresponding glucose consumption. The oxygen concentration which is shown in
Fig. 6b behaves somewhat differently. Similar to the inchoate period of the glucose
concentration, the oxygen concentration increases over time. Turning attention to the cell
volume fraction (Fig. 6¢), originally, it is uniform with a value of 0.00868. As cell culturing
proceeds, the cell volume fraction increases in the area near the inlet because of the
relatively abundant nutrient supply; conversely, at the area near the outlet, the cell volume
fraction decreases. After around 480 hours, strong convection brings the nutrients,
especially the oxygen, throughout the scaffold, and the cells all across the scaffold begin to
proliferate dramatically. For the case considered in the simulation, the oxygen supply is the

main restriction for cell culture.
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cell volume fraction (c) along the center line.

Recall that in the present simulation, the scaffold porosity increased in time due to the
scaffold material degradation. For a variation in the porosity from 30% to 97%, the
effective diffusivities of glucose, oxygen and cells (cell random walk coefficient), are

affected significantly, as shown in Fig. 7. For the effective glucose diffusivity (Fig. 7a) and
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effective oxygen diffusivity (same trend as glucose, not shown), the increase in porosity
(which means more space for the fluid medium) has a significant effect. Even for the same
porosity, take the case of 30% initial porosity as an example (pink line), when the solid
frame degrades over time, the porosity increases as shown in Fig. 2, and the corresponding
effective diffusivity increases as well. In contrast to the effective glucose/oxygen
diffusivities, the effective cell diffusivity (Fig. 7b) reduces with the increase in porosity.
The probable reason for this interesting phenomenon is that the reduced solid frame
provides less surface area for cells to attach. For a given initial porosity value, the effective
cell diffusivity decreases as the solid frame degrades with the elapse of time. Note that the
effective cell diffusivity in Fig. 7b is represented by a logarithmic scale, so that the
difference between 97% porosity and 30% porosity is almost 1000 times. Such a dramatic

variation in properties indicates that the effect of porosity on diffusivity cannot be ignored.
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(the values are bulk values at any instant of time).

The temporal variation of the glucose concentration during the cell culture process as a
function of porosity is shown in Fig. 8a, while the variation of the oxygen concentration is
given in Fig. 8b. The corresponding cell volume fraction is presented in Fig. 8c. It is
interesting to note in Fig. 8a that the lower porosity gave a higher average concentration of
the glucose in the scaffold up until approximately 600 hours. Thereafter, the concentration
of glucose in the scaffold with the higher porosity is slightly higher than for the scaffold
with the lower porosity. For oxygen, the behavior is similar, except that the peak
concentration is not reached within the test period for porosities of 70% or greater. One

possible explanation for this behavior is that as the porosity increases, the time required to
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saturate the water within the scaffold with the nutrient component increases. The cell
volume fraction showed similar behavior with respect to porosity: with an increase in
porosity, the cell volume fraction decreased. Note that in Fig. 8, the maximum difference
due to porosity (i.e., the maximum difference between the parameter value for 97%
porosity and the value for 30%, normalized by the variation of parameter value over the
whole scaffold) is 86.75% for the glucose concentration, 71.76% for the oxygen
concentration and 44.28% for the cell volume fraction. This suggests that the influence of
the solid frame is important and should be considered in model development, especially for

the scaffolds with lower porosities (70% or less).
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Finally, the flow rate is an important parameter to modulate the cell culture process in a
bioreactor. Fig. 9 shows the variation of nutrient concentration and cell volume fraction
along the center line for three different flow rates, i.e., 0.05ml/min, 0.10ml/min, and 0.15
ml/min. It is seen that both the glucose and oxygen concentrations increase with flow rate

(Fig. 9a), which leads to a more uniform distribution of cell volume fraction as shown in
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Fig. 9b. On the other hand, any substantial increase in flow rate may also cause large shear
stresses within the scaffold, which may in turn wash out the attached cells, influence the
cellular metabolism, and even cause physical damage to the cells. Thus, the optimal flow
condition should provide a compromise between enhanced mass transfer and sufficiently

low shear stress. This issue is currently being pursued by the authors.
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2.5 Conclusions

This paper reports on the development of a novel mathematical model to describe mass
transfer in tissue scaffolds cultured in a perfusion bioreactor, by taking into account mass
transfer and scaffold degradation. The model was validated using data extracted from the
literature. Simulations were then carried out for cell culture typically taking place in a
perfusion bioreactor. The results demonstrate that perfusion bioreactors with enhanced
convection transport can increase mass transfer rates inside the tissue scaffold. The results
also show that the nutrient concentration and cell volume fraction are time dependent, but
in different fashions. Specifically, in contrast to the steady increase in cell volume fraction
over the test period, a peak or maximum value appears in the profile of the nutrient
concentration. The effects of controllable factors in scaffold fabrication and cell culturing
were also investigated using the numerical model. It was found that an increase in porosity
can reduce the inhibiting effect of the solid scaffold on nutrient transport represented by an
increase in the nutrient effective diffusivity. In addition, increasing the flow rate can
enhance convection, thus promoting a more uniform distribution of both nutrient
concentration and cell volume fraction. The contribution of this research pertains to the use
of a comprehensive model to explore and explain the complex temporal transport in a
perfusion bioreactor. The knowledge obtained based on the model simulations provides
insight into the cell culture process, which would not be possible to obtain from

experiments. This insight can be used to significantly improve the design of in vitro cell
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culture.
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CHAPTER 3

MODELING OF THE FLOW WITHIN SCAFFOLDS IN PERFUSION

BIOREACTORS

Submitted as

X. Yan, D. J. Bergstrom, and X. B. Chen, Modeling of cell cultures in perfusion

bioreactors, IEEE Transactions on Biomedical Engineering, 2011

Contribution of this Chapter to the Thesis
The research work presented in this chapter aims at achieving the second objective
of the thesis. More specifically, the chapter addresses the model development for fluid flow

within scaffolds in perfusion bioreactors. The effect of the diameter of the strand, the

horizontal span and the flow rate are investigated.
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ABSTRACT

Tissue engineering aims to produce artificial organs and tissues for transplant
treatments, in which cultivating cells on scaffolds in bioreactors is of critical importance.
To control the cultivating process, the knowledge of the fluid flow inside and around a
scaffold in the bioreactor is essential. However, due to the complicated microstructure of
a scaffold, it is difficult, or even impossible, to gain such knowledge experimentally. In
contrast, numerical methods employing computational fluid dynamics (CFD) have
proven promising to alleviate the problem. In this research the fluid flow in perfusion
bioreactors is studied with numerical methods. The emphasis is on investigating the effect
of the controllable parameters in both the scaffold fabrication (i.e., the diameter of
scaffold strand and the distance between two strands) and cell culture process (i.e., the
flow rate) on the distribution of shear stress within the scaffold in a perfusion bioreactor.
The knowledge obtained in this study will allow for improved control strategies in

scaffold fabrication and cell culturing experiments.
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NOMENCLATURE

D strand diameter, mm
hxy horizontal distance, mm
h, vertical pore size, mm
Q flow rate, mL/min

Y horizontal span, mm
Greek Symbol

€ porosity

Te elastic limit stress, Pa

3.1 Introduction

Tissue engineering is an emerging field with the aim of repairing or creating new
tissues. It is evident that the scaffold plays a critical role in forming the required
constructs in a bioreactor [1]. In bioreactors, biological and biochemical processes occur
under closely monitored and tightly controlled environmental or operating conditions. As
such, bioreactors play a significant role in the in vitro experiments of cell-based tissue
engineering [2]. The perfusion bioreactor, in which the culture medium continuously
flows through the pores of the scaffold, is superior compared to other bioreactors (e.g. the

spinner flask bioreactor and the rotating wall vessel bioreactor) since mass transfer is
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enhanced within the scaffold. The scaffold in a perfusion bioreactor can have adequate
nutrient supply, timely waste removal, and sufficient gaseous exchange, thus promoting
cell growth and proliferation within the scaffold [3]. However, increased flow rates can
create large shear stresses on the scaffold strands, which can in turn wash away the
attached cells, adversely influence the cellular metabolism, and even damage the cells. It
is noted in the literature [4, 5] that a moderate shear stress is highly beneficial to the
formation of glycosaminoglycan (GAG) and thus cartilage tissues. Therefore, a
compromise between the mass transfer and the shear stress must be made in the cell
culture for a given application.

Due to the lack of adequate sensors, it is difficult, even impossible, to measure the
local shear stress distribution within a scaffold [6]. Computational fluid dynamics (CFD)
shows promise in solving this problem. CFD has been widely used in various fields
because it often requires less time and fewer resources than experiments. In tissue
engineering, CFD has recently shown promise in visualizing the flow phenomena within
bioreactors, thus providing the detailed information and insight, which would be difficult
to gain by experiments.

The local volume average approach is one method to evaluate the average shear
stress in a porous media, for which specific mathematical models are required [6]. The
limitation of this method is that only the averaged shear stress, rather than its distribution,
can be obtained. To overcome this limitation, various approaches have been developed

and reported in the literature, though at their early stage. In the earliest studies, scaffolds
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were treated as impermeable constructs in the development of CFD models. Based on
simulation results, improved designs for bioreactors and scaffold constructs were reported
[7-10]. In subsequent studies, the scaffold structure was taken into consideration. For
scaffolds with irregular structures such as those fabricated by means of conventional
fabrication methods, micro-computed tomography (uCT) was used to create
3-dimensional (3D) geometric models [3, 11-13]. In addition to pCT, another method to
deal with irregular geometry is to treat the inner structure as a repetitive pattern of units
by means of computer-aided-design (CAD) methods. The shear stress distribution in such
a unit has been studied with the identified effect of pore size and porosity on it [6, 11, 14].
In these studies, the scaffolds with irregular internal structures were simplified for the
model development, thus contributing to the errors in the following simulation. Currently,
scaffolds manufactured by rapid prototyping (RP) techniques have shown promising in
various tissue engineering applications due to their controllable microstructure [15, 16]
For such scaffolds, the structure is regular and the geometry can be readily modelled by
CAD methods. Singh et al. [17, 18] utilized commercial CFD software to create models
of such scaffolds in bioreactors and studied the influence of mechanical stimuli on the
velocity and shear stress distribution. Unfortunately, their studies were limited to
non-perfusion bioreactors.

In this research, a cylindrical section of a regular scaffold structure, fabricated
through the RP technique, is modelled under both perfusion and non-perfusion situations.

This study specifically focuses on the flow field within the scaffold and the influence on
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the wall shear stress distribution of the controllable parameters in scaffold fabrication and

cell culture process.

3.2 Methodology

3.2.1 Bioreactor configuration

Both the perfusion and non-perfusion bioreactors considered in this study are shown
schematically in Fig. 1, with the difference in the inlet and outlet locations. A cell seeded
tissue scaffold is placed between the two struts and the chamber allows for circulation of
the fluid medium. A perfusion system occurs when the inlet flow comes directly through
the channel inside the struts and enters the bottom surface of the scaffold (Fig.1 (3)). A
non-perfusion system occurs when the inlet is located at the wall of the chamber (Fig.
1(b)). In the present study, the inlet diameter is 10 mm and the height, length and width of
the chamber are 140, 50 and 50 mm, respectively. Taking advantage of the symmetry of
the chamber, only one-fourth of the bioreactor chamber is modeled to reduce the

computational time.
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Fig. 1 Schematic of bioreactors: (a) perfusion bioreactor, and (b) non-perfusion

bioreactor.

3.2.2 Scaffold used for model development

The scaffold for the model development which can be fabricated through RP
techniques is shown in Fig. 2; the strand diameter (D) and the horizontal span (Y) are
controllable during the scaffold fabrication [16]. Also shown in Fig. 2 are the distance
between two adjacent horizontal (h.y) and vertical (h;) strands, which together represent
the pore size. While both the vertical pore size (h;) and the horizontal distance (hyy) are
associated with the strand diameter (D) and the horizontal span (Y), respectively, the

vertical pore size (h) is also affected by the scaffold material properties due to the fusion
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of the two strands. Based on previous research in our group [16], the vertical pore size (h;)
is determined by the diameter of the strand (D), the density of the scaffold material (p),
the elastic limit stress (t), the horizontal span (Y) and the angle between the two layers

(6) (Fig. 2). The approximate relationship can be described as follows:

Y
hZ=D-\/1—pg -sin 6
2T,

The values of the density (p) and elastic limit stress (t.) are different for different

scaffold materials. In the present study, a chitosan solution with 40% hyroxylapatite (HA)
gel (40g HA in 100 mL water) is assumed to be used for the scaffold fabrication and its
elastic limit stress (t.) is 11.0 Pa as identified in [16]. In the present study, the strand
diameter D was varied from 0.2 to 0.4 mm, while the horizontal span Y was varied from
0.5 to 0.9 mm. The corresponding vertical pore sizes are given in Table 1. With this
information, the geometric model was constructed in SOLIDWORKS. From the
geometric model, the porosity, which is defined as the ratio of the void volume to the
total volume, was calculated for each scaffold. The calculated porosity values are also

listed in Table 1.
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Fig. 2. Geometric parameters for tissue scaffold.

Table 1. Pore size, hz, and

porosity, €, for different scaffolds

Strand Diameter, D (mm)
Horizontal Span, Y (mm) 0.2 0.3 04
h, (mm) | € (%) | h, (mm) | € (%) | h; (mm) | € (%)
0.5 0.179 | 669 | 0.268 | 49.9 | 0.358 | 34.0
0.7 0.170 | 758 | 0.255 | 63.9 | 0.340 | 51.7
0.9 0.160 | 80.6 | 0.240 | 71.3 | 0.320 | 61.2

3.2.3 Computational method

When a tissue scaffold is submerged in the fluid environment within a perfusion
reactor, the fluid not only flows around the outside of the scaffold but also within the
scaffold itself. The fluid deformation then results in the development of fluid stresses: of
specific interest in this study are the shear stresses exerted on the surface of the strands of
the scaffold. The model geometry created in SOLIDWORKS was imported into the
commercial CFD package ANSYS-CFX, which was used to solve the Navier-Stokes
equations to determine the velocity field and also the shear stress exerted on the scaffolds.
In this case, the flow was treated as three-dimensional, incompressible flow of a
Newtonian fluid.

CFX-Mesh as used to create three unstructured meshes with 284681, 622261 and
1142781 elements, respectively. The difference in the calculated maximum wall shear
stresses between the last two meshes was approximately 1.5%. Therefore, the mesh with

622261 elements, shown in Fig 3(b), was assumed to be fine enough to accurately
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determine the flow field. The simulation used a non-uniform unstructured mesh or grid in
which the element size was varied for different parts of the bioreactor. Local grid
refinement was used to resolve the tissue scaffold geometry, as shown in Fig. 3(c). Near
the scaffold surface, the grid size ranged from 0.1 to 0.15 mm, while the maximum grid

length near the wall of the bioreactor chamber was 7 mm.

Fig. 3 a) Geometric model, b) mesh, and c) refined mesh around tissue scaffold.

3.2.4 Boundary conditions

As shown previously in Fig.1 (a), for a perfusion bioreactor, the fluid enters the

66



scaffold through the bottom strut. A constant mass flow rate boundary condition was
specified at an inlet section located upstream of the scaffold within the supporting strut.
In this way, the flow can develop within the channel inside the channel to simulate the
actual experimental condition. Note that the internal flow can connect with the fluid
outside the scaffold through the open channels of the scaffold, and in this way, the
internal fluid creates a small disturbance in the fluid contained in the bioreactor. The
outlet was placed at an exit plane located within the channel inside the strut. In this case,
the average pressure at the outlet was set to zero. The walls of the chamber the struts and
the scaffold were assumed to be no-slip, solid walls.

The simulations were first performed for a scaffold with D =0.3 mmand Y = 0.7 mm.
To investigate the effect of flow rate, three different flow rates were considered:
0.05ml/min, 0.1ml/min and 0.15ml/min. In order to assess the effect of geometry,
additional simulations explored scaffolds in which the strand diameter (D) and horizontal

span (Y) were independently varied, as shown in Table 1.

3.3 Results and Discussion

3.3.1 Comparison of flow field for perfusion and non-perfusion bioreactors

Simulations were initially carried out for a tissue scaffold with a strand diameter of D
= 0.3 mm and horizontal span of Y = 0.7 mm, for the case of both perfusion and

non-perfusion bioreactors. Fig. 4 shows the simulation results for the case of the
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perfusion bioreactor. In this figure, it is seen that the majority of the streamlines go
through the tissue scaffold, implying that there is strong perfusion inside the scaffold. In
contrast, Fig. 4(a) shows that there is minimal fluid motion in other areas of the
bioreactor. As a result, the strong perfusion produces relatively high shear stresses on the
surfaces of the strands in some regions of the scaffold as shown in Fig.4(c). The shear
stress typically is larger near the outer edge of the scaffold. This suggests that when

seeding cells, one strategy might be to seed more cells in the center area of the scaffold to

avoid the regions of high shear stress created by the perfusion flow.

pﬂ

- 6.26%-004

ﬁ 4.179¢-004

- 2.090e-004

1.287e-011

[m sA-1]

.469e-003
.000e+000

Y

: 0.003 (m) VI\‘
L E— X

0.015 0.0015

Fig. 4 Simulation results for the scaffold with D = 0.3 mm and Y=0.7 mm in a
perfusion bioreactor: a) velocity streamlines in bioreactor, b) velocity streamlines

around the tissue scaffold, and c) surface shear stress distribution in the scaffold.
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To better highlight the flow characteristics of a perfusion bioreactor a simulation of
the same scaffold in the non-perfusion bioreactor, was carried out as shown in Fig. 5.
Recall that for the non-perfusion bioreactor, the inlet and outlet were located in the wall
of the bioreactor chamber, as shown in Fig.1 (b). It is seen from Fig. 5(a) that the flow
occurs throughout the bioreactor. The average velocity in the scaffold area is 5.84>x10™*
m/s and the average Reynolds Number based on the diameter of the scaffold strand is
6.54>10°. For the relatively low velocity levels near the scaffold, the shear stress in Fig.
5 (b) is almost zero.

Based on the comparison between Fig. 4 and 5, it is seen that in the perfusion
bioreactor, the convection and hence mass transfer enhanced, which also results in
increased levels of shear stress on the internal walls. These results suggest that for cell
culture, the most suitable bioreactor depends on the specific situation and cell type. For
example, if the cells require more nutrients and growth factors during the cell culture
process, the perfusion bioreactor is more effective; however, the non-perfusion bioreactor
is a safer choice if the cells are especially sensitive to the shear stress level. If the
perfusion bioreactor is used, then the flow rate must be set to ensure acceptable levels of
wall shear stress within the scaffold. In this context, the factors which affect the shear

stress distribution and magnitude are considered in the next section.
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Fig. 5 Simulation results for the scaffold with D = 0.3 mm and Y = 0.7 mm in a
non-perfusion bioreactor: a) velocity streamlines, and b) wall shear stress

distribution in the tissue scaffold.

3.3.2 Flow field within the scaffold in the perfusion bioreactor

With the help of CFD, the flow field within the internal pores of the scaffold can be
captured. The average velocity in the scaffold is 3.4768<10* m/s and the average
Reynolds Number based on the diameter of the scaffold strand is 1.17>102. In order to
illustrate the details of the fluid motion within the scaffold, the velocity fields for

cross-sections at two different locations were investigated. As shown in Fig.6, section I is
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a plane section through the scaffold strand and represents the flow which is blocked by
the scaffold strands; section Il represents a plane section located between the two lines of
strands and hence represents the flow which has a direct path through the scaffold
channel. The simulation results presented below are for the case in which D = 0.3 mm

and Y = 0.7 mm.

Fig. 6The location of the two sections used to visualize the flow.

To visualize the local flow, the velocity vectors in section | and section Il are
presented in Fig. 7 (a) and (b), respectively. Note that small arrows are used to show the

local flow directions and the colors represent the magnitude. For section I, due to the
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obstruction of the scaffold strands, fluid is squeezed out near the lateral surfaces of the
scaffold, especially near the top and bottom of the scaffold, which are also the locations
of enhanced velocity. Some fluid is observed to exit the scaffold and then re-enter the
scaffold prior to exiting the outlet channel of the bioreactor located within the strut. For
section I1, the open channel within the scaffold provides a direct passage for the perfused
medium. The local velocity magnitude is shown by color contours in Fig. 7 (c) and (d) for
section | and section 11, respectively. From these simulation results, it is seen that due to
the shielding provided by the scaffold strands in section I, the velocity in the area
between two horizontal strands is relatively low, implying that that this area would be
suitable for cell attachment. In contrast, from Fig. 7 (d), it is clear that strong perfusion
exists in the channel between two series of strands, which creates relatively high local
velocities. Based on a comparison between Fig.7 (c) and (d), the region enclosed by the
red line in Fig. 7(c) would be a favorable area for cells to adhere due to the lower flow
velocity levels. When seeding cells, if priority is given to seeding in this area, especially
on the top and bottom walls of the strands, the cells will have less likelihood to be

washed out by the perfused medium.
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Fig. 7 Velocity distribution for two cross-sections at different locations within the
scaffold: a) velocity vectors in section I, b) velocity vectors in section II, c) velocity

magnitude in section I, and d) velocity magnitude in section II.

3.3.3 Wall shear stress within the scaffold in the perfusion bioreactor

The local wall shear stress within the scaffold can be affected by the scaffold
geometric parameters including the strand diameter and the horizontal span as well as the
flow rate of the circulated medium. Numerical simulations were performed for the cases

presented in Table 1 and the results were compared to illustrate the effect of D and Y on
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the wall shear stress distributions. Fig. 8 presents the discrete probability distribution for
the magnitude of the wall shear stress for different values of D and Y. From the results, it
is seen that the level of the wall shear stress values mostly appear in the bin centred on 1
mPa. With an increase in D (from top to bottom), the distribution tends to extend to
higher pick values and the mean values also increases. Looking Fig.8 from left to right
for a given value of D, with an increase in the value of Y, the wall shear stress has
probability of appearing in the bin centred on 1 mPa. A similar conclusion can be drawn
from Fig. 9, which shows the dependence of the average surface shear stress for scaffolds
with different values of D and Y. This suggests that scaffolds with a smaller strand
diameter can be used in cell culture in a perfusion bioreactor to limit the wall shear stress
levels within the scaffold. Another summary conclusion is that so long as the mechanical
strength criterion is satisfied, the horizontal span can be used to adjust the shear stress
level within the scaffold. Specifically, for a given flow rate, a larger span will result in a

reduction in the average shear stress level.
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Fig. 8 Distribution of surface shear stress for scaffold in perfusion bioreactor.
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Fig. 9 Average shear stress distribution versus D and Y.
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Fig. 10 demonstrates the variation of the wall shear stress with the flow rate of
circulated medium for the scaffold with D = 0.3 mm and Y = 0.7 mm. The discrete
distribution function indicates that as the flow rate increases, the wall shear stress
values become smaller in magnitude (Fig. 10 (a)-(c)).This results in a decrease in the
average wall shear stress (Fig. 10 (d)) , which has a linear relationship with volume flow
rate. The approximate expression in Fig.10 (d) for the dependence of the shear stress
magnitude on flow rate can be used to select the appropriate operating condition for a

perfusion bioreactor for the specific scaffold parameters being considered.
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3.4 Conclusions

The fluid flow inside and around a scaffold in a bioreactor is complex. This paper
reports an investigation into such a flow within scaffolds cultured in both perfusion and
non-fusion bioreactors. The simulation results demonstrate that the perfusion bioreactor
provides a strong flow within the tissue scaffold, thus increasing the shear stress on the
scaffold surface as compared to the non-perfusion bioreactor. The results also show that
the value of the strand diameter and horizontal span affect the shear stresses on the
scaffold surface. Generally, with an increase in the diameter, the shear stress level also
increased; with an increase in the horizontal span, the shear stress decreased. The effect
of flow rate, a controllable parameter in the cell culture process, was also investigated
and it was found that the average shear stress level increased linearly with flow rate.

The knowledge obtained from this research provides insight into the velocity field
within the scaffold and the corresponding shear stresses that occur during cell culture in a
perfusion bioreactor. The effects of the controllable factors described here can be used to

guide future scaffold design, as well as experimental studies.
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CHAPTER 4

CONCLUSIONS AND FUTURE WORK

4.1 Summary and conclusions
This thesis presents a study on the scaffold-based cell culture process using numerical
methods, with a focus on modeling the mass transport and fluid flow. The main work and
conclusions of this research are summarized as follows.

(i) In Chapter 2, a novel mathematical model to describe mass transfer in tissue scaffolds
cultured in a perfusion bioreactor was developed, by taking into account the mass
transfer and scaffold degradation. The model was validated using the data extracted
from the literature. Based on the new model, simulations were carried out for the cell
culture typically taken place in a perfusion bioreactor. The results demonstrated
perfusion bioreactors can increase mass transfer within the tissue scaffold due to
enhanced convection. The nutrient concentration and cell volume fraction are time
dependent, but in different fashions. The controllable factors during both scaffold
fabrication and cell culturing, such as porosity and flow rate, have a significant effect
on the mass transport and cell distribution. It was found that an increase in porosity

can reduce the inhibiting effect of the solid scaffold on nutrient transport, resulting in
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an increase in the nutrient effective diffusivity. In addition, increasing the flow rate
can enhance convection, thus promoting a more uniform distribution of both nutrient
concentration and cell volume fraction. By means of the model developed, the
nutrient transport and cell distribution can be predicted quantitatively.

(ii) Chapter 3 studied the flow within the scaffolds being cultured in both perfusion and
non-fusion bioreactors by means of commercial CFD software. Also the effects of
scaffold geometrical properties such as the diameter of the strands and the horizontal
span, which can be accurately controlled in fabrication process, are investigated with
the developed model. The results demonstrate that higher shear stress occurs on the
surface of the scaffold strands in perfusion bioreactors compared to those cultured in
non-perfusion bioreactors. The results also show that the strand diameter and
horizontal span have a significant effect on the shear stress distribution within the
scaffold. Specifically, the magnitude of shear stress increases with the strand diameter,
while the shear stress is distributed with the lower magnitude as the horizontal span
increases. The effect of flow rate, a controllable parameter in the cell culture process,
was also investigated. It was found that the flow rate had a large effect on the
maximum magnitude of shear stress. Based on the model developed, the shear stress
magnitude and distribution can be predicted for different scaffolds and culture

conditions.
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4.2 Future work

To overcome the limitation of the present work, future work would be generally
carried out from two streams: one stream is to improve the current model developed for
the scaffold-based cell culture process and the other one is to conduct experiments to
validate the simulation results.

In the present model, scaffold degradation was assumed to be a function of time;
however, the degradation is also affected by the nutrient concentration, cell distribution,
and temperature. Thus, the mass conservation equation of the solid frame needs to be
included in the future research, along with the mass conservation equations of glucose,
oxygen and cell. Other factors such as temperature and pH value also have an effect on
mass transport and cell growth, so these factors need to be included in the model
development.

To validate the simulation results from the present research, two types of experiments
need to be carried out. For the mass transport in tissue scaffolds as presented in Chapter 2,
one way to validate the simulation is to conduct the corresponding cell culture tests on
the scaffolds, which are fabricated with the same structure as the one used in simulation
and seeded with chondrocytes. For the cell culture tests, the medium with the desired
glucose and oxygen concentration will be perfused through the scaffold under the flow
rate specified in Chapter 2. The Bose biodynamic test machine may be used as the
perfusion bioreactor and its boundary conditions are established in Chapter 2. If the

experimental conditions, such as the material of the scaffold, the concentration of the
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nutrients, the culture time are different from those used in the present study, the
corresponding changes need to be made in the simulation.

To validate the simulation results of fluid field presented in Chapter 3, experiments
are also required. To measure the flow velocity profile, the advanced micro velocimetry,
such as micro particle image velocimetry (micro PIV), will be appropriate for use.
Particles with a diameter of several hundred nm are suggested for use to capture the fluid
characteristics in the scaffold pores, which are in the range 150 - 300 um. To ensure the
laser can go through the bioreactor and the scaffold, the scaffolds for experiments and the
chamber of bioreactor need to be fabricated from the transparent material, e.g., acrylic.
The flow rate can be controlled by regulating the pump that supplies the media for
circulation. The velocity field measured by the micro PIV can be used to validate the

results from numerical models.
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APPENDIX A

The following explanations may be useful for mechanical engineers not familiar with
tissue engineering terminology:

Apoptosis: the normal, genetically regulated process leading to the death of cells,
triggered by the presence or absence of certain stimuli, such as DNA damage.

Chemotaxis: oriented movement toward or away from a chemical stimulus.
Extracellular matrix (ECM): the intercellular substance of body tissue.
Hypoxic: relating to a deficiency in the amount of oxygen delivered to the body tissues.

Lactate: salt or ester of lactic acid. Lactate is a product of fermentation and is produced
during cellular respiration as glucose in broken down.

Glycosaminoglycan (GAG): any of a group of polysaccharides with high molecular
weight that contain amino sugars and often form complexes with proteins.
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APPENDIX B

The following documents are the reprint permissions for some of the figures in Chapter 1
which come from other sources. The permissions are attached in the following order:

Reprint permission for Fig. 2 (a)_1
Reprint permission for Fig. 2 (a)_2
Reprint permission for Fig. 2 (b)
Reprint permission for Fig. 3 (a)-(e)
Reprint permission for Fig. 3 (g)
Reprint permission for Fig. 4 (a)

Reprint permission for Fig. 4 (b)
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inconsistent with these terms and conditions or CCC's Billing and Payment terms and conditions.
These terms and conditions, together with CCC's Billing and Payment terms and conditions (which
are incorporated herein), comprise the entire agreement between you and publisher (and CCC)
concerning this licensing transaction. In the event of any conflict between your obligations
established by these terms and conditions and those established by CCC's Billing and Payment
terms and conditions, these terms and conditions shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described in this
License at their sole discretion, for any reason or no reason, with a full refund payable to you.
Notice of such denial will be made using the contact information provided by you. Failure to
receive such notice will not alter or invalidate the denial. In no event will Elsevier or Copyright
Clearance Center be responsible or liable for any costs, expenses or damage incurred by you as a
result of a denial of your permission request, other than a refund of the amount(s) paid by you to
Elsevier and/or Copyright Clearance Center for denied permissions.

LIMITED LICENSE
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The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only unless
your license was granted for translation rights. If you licensed translation rights you may only
translate this content into the languages you requested. A professional translator must perform all
translations and reproduce the content word for word preserving the mtegrity of the article. If this
license is to re-use 1 or 2 figures then permission is granted for non-exclusive world rights n all

languages.

16. Website: The following terms and conditions apply to electronic reserve and author websites:
Electronic reserve: If licensed material is to be posted to website, the web site is to be
password-protected and made available only to bona fide students registered on a relevant course
This license was made in connection with a course,

This permission is granted for 1 year only. You may obtain a license for future website posting,
All content posted to the web site must maintain the copyright information line on the bottom of
each image,

A hyper-text must be included to the Homepage of the journal from which you are licensing at
http//www.sciencedirect.conv/science/journal/xxxxx or the Elsevier homepage for books at
http//www.elsevier.com , and

Central Storage: This license does not include permission for a scanned version of the material to
be stored in a central repository such as that provided by Heron/XanEdu.

17. Author website for journals with the following additional clauses:

All content posted to the web site must mantain the copyright information line on the bottom of
each image, and

he permission granted is limited to the personal version of your paper. You are not allowed to
download and post the published electronic version of your article (whether PDF or HTML, proof
or final version), nor may you scan the printed edition to create an electronic version,

A hyper-text must be included to the Homepage of the journal from which you are licensing at
http//www.sciencedirect.com/science/journal/xxxxx , As part of our normal production process,
you will receive an e-mail notice when your article appears on Elsevier’s online service
ScienceDirect (www.sciencedirect.com). That e-mail will include the article’s Digital Object
Identifier (DOT). This number provides the electronic link to the published article and should be
included m the posting of your personal version. We ask that you wait until you receive this e-mail
and have the DOI to do any posting.

Central Storage: This license does not include permission for a scanned version of the material to
be stored in a central repository such as that provided by Heron/XanEdu.

18. Author website for books with the following additional clauses:
Authors are permitted to place a brief summary of their work online only.
A hyper-text must be included to the Elsevier homepage at http//www.elsevier.com

All content posted to the web site must maintain the copyright information line on the bottom of
each image
You are not allowed to download and post the published electronic version of your chapter, nor
https://s100.copyright.com/AppDispatchServiet 4/5
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may you scan the printed edition to create an electronic version.
Central Storage: This license does not include permission for a scanned version of the material to
be stored in a central repository such as that provided by Heron/XanEdu.

19. Website (regular and for author): A hyper-text must be included to the Homepage of the
journal from which you are licensing at http//www.sciencedirect.convscience/journal/xxxxx. or for
books to the Elsevier homepage at http//www.elsevier.com

20. Thesis/Dissertation: If your license is for use i a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be published
commercially, please reapply for permission. These requirements include permission for the Library
and Archives of Canada to supply single copies, on demand, of the complete thesis and include
permission for UMI to supply single copies, on demand, of the complete thesis. Should your thesis
be published commercially, please reapply for permission.

21. Other Conditions:

v1.6

If you would like to pay for this license now, please remit this license along with your
payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you will be
invoiced within 48 hours of the license date. Payment should be in the form of a check or
money order referencing your account number and this invoice number RLNK500669920.
Once you receive your invoice for this order, you may pay your invoice by credit card.
Please follow instructions provided at that time.

Make Payment To:
Copyright Clearance Center
Dept 001

P.O. Box 843006

Boston, MA 02284-3006

For suggestions or comments regarding this order, contact RightsLink Customer Support:
customercare@copyright.com or +1-877-622-5543 (toll free in the US) or +1-978-646-
2777.

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.
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ELSEVIER LICENSE
TERMS AND CONDITIONS

Nov 22, 2011

This is a License Agreement between Xin Yan ("You") and Elsevier ("Elsevier") provided by
Copyright Clearance Center ("CCC"). The license consists of your order details, the terms and
conditions provided by Elsevier, and the payment terms and conditions.

All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.

Supplier Elsevier Limited
The Boulevard,Langford Lane
Kidlington,Oxford,OX5 1GB,UK

Registered Company 1982084

Number

Customer name Xin Yan

Customer address 57 Campus Drive,
Saskatoon, SK S7N 5A9

License number 2794331190304

License date Nov 22, 2011

Licensed content publisher Elsevier

Licensed content Trends in Biotechnology
publication
Licensed content title The role of bioreactors in tissue engineering

Licensed content author Ivan Martin,David Wendt,Michael Heberer

Licensed content date February 2004

Licensed content volume 22

number

Licensed content issue 2

number

Number of pages 7

Start Page 80

End Page 86

Type of Use reuse in a thesis/dissertation
Intended publisher of new other

work

Portion figures/tables/illustrations
Number of 1

figures/tables/illustrations
Format both print and electronic

Are you the author of this No
Elsevier article?

Will viAn A FranclatrinAa? NA
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Vv i yuu vc LIOIIDIGLIIIH.’ NV
Order reference number

Title of your MODELING OF MASS TRANSFER AND FLUID FLOW IN PERUFUSION
thesis/dissertation BIOREACTORS

Expected completion date Dec 2011

Estimated size (number of 80

pages)

Elsevier VAT number GB 494 6272 12
Permissions price 0.00 USD
VAT/Local Sales Tax 0.0 USD / 0.0 GBP
Total 0.00 USD

Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in connection with
completing this licensing transaction, you agree that the following terms and conditions apply to this
transaction (along with the Billing and Payment terms and conditions established by Copyright
Clearance Center, Inc. ("CCC"), at the time that you opened your Rightslink account and that are

available at any time at http//myaccount.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to the
terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has appeared in
our publication with credit or acknowledgement to another source, permission must also be sought
from that source. If such permission is not obtained then that material may not be mcluded in your
publication/copies. Suitable acknowledgement to the source must be made, either as a footnote or
in a reference list at the end of your publication, as follows:

“Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of chapter,
Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE SOCIETY
COPYRIGHT OWNER].” Also Lancet special credit - “Reprinted from The Lancet, Vol. number,
Author(s), Title of article, Pages No., Copyright (Year), with permission from Elsevier.”

4. Reproduction of this material is confined to the purpose and/or media for which permission is
hereby given.

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions and/or
any other alterations shall be made only with prior written authorization of Elsevier Ltd. (Please
contact Elsevier at permissions(@elsevier.com)

6. If the permission fee for the requested use of our material is waived in this instance, please be
advised that your future requests for Elsevier materials may attract a fee.
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7. Reservation of Rights: Publisher reserves all rights not specifically granted in the combination of
(1) the license details provided by you and accepted in the course of this licensing transaction, (ii)
these terms and conditions and (iii) CCC's Billing and Payment terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed immediately upon
issuance of'the license at the end of the licensing process for the transaction, provided that you have
disclosed complete and accurate details of your proposed use, no license is finally effective unless
and until full payment is received from you (either by publisher or by CCC) as provided in CCC's
Billing and Payment terms and conditions. If full payment is not received on a timely basis, then any
license preliminarily granted shall be deemed automatically revoked and shall be void as if never
granted. Further, in the event that you breach any of these terms and conditions or any of CCC's
Billing and Payment terms and conditions, the license is automatically revoked and shall be void as
ifnever granted. Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement and
publisher reserves the right to take any and all action to protect its copyright in the materials.

9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and their
respective officers, directors, employees and agents, from and against any and all claims arising out
of your use of'the licensed material other than as specifically authorized pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed, assigned,
or transferred by you to any other person without publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in a writing signed
by both parties (or, in the case of publisher, by CCC on publisher's behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any purchase
order, acknowledgment, check endorsement or other writing prepared by you, which terms are
inconsistent with these terms and conditions or CCC's Billing and Payment terms and conditions.
These terms and conditions, together with CCC's Billing and Payment terms and conditions (which
are incorporated herein), comprise the entire agreement between you and publisher (and CCC)
concerning this licensing transaction. In the event of any conflict between your obligations
established by these terms and conditions and those established by CCC's Billing and Payment
terms and conditions, these terms and conditions shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described in this
License at their sole discretion, for any reason or no reason, with a full refund payable to you.
Notice of such denial will be made using the contact information provided by you. Failure to
receive such notice will not alter or invalidate the denial. In no event will Elsevier or Copyright
Clearance Center be responsible or liable for any costs, expenses or damage incurred by you as a
result of a denial of your permission request, other than a refund of the amount(s) paid by you to
Elsevier and/or Copyright Clearance Center for denied permissions.

LIMITED LICENSE
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The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only unless
your license was granted for translation rights. If you licensed translation rights you may only
translate this content into the languages you requested. A professional translator must perform all
translations and reproduce the content word for word preserving the mtegrity of the article. If this
license is to re-use 1 or 2 figures then permission is granted for non-exclusive world rights n all

languages.

16. Website: The following terms and conditions apply to electronic reserve and author websites:
Electronic reserve: If licensed material is to be posted to website, the web site is to be
password-protected and made available only to bona fide students registered on a relevant course
This license was made in connection with a course,

This permission is granted for 1 year only. You may obtain a license for future website posting,
All content posted to the web site must maintain the copyright information line on the bottom of
each image,

A hyper-text must be included to the Homepage of the journal from which you are licensing at
http//www.sciencedirect.conv/science/journal/xxxxx or the Elsevier homepage for books at
http//www.elsevier.com , and

Central Storage: This license does not include permission for a scanned version of the material to
be stored in a central repository such as that provided by Heron/XanEdu.

17. Author website for journals with the following additional clauses:

All content posted to the web site must mantain the copyright information line on the bottom of
each image, and

he permission granted is limited to the personal version of your paper. You are not allowed to
download and post the published electronic version of your article (whether PDF or HTML, proof
or final version), nor may you scan the printed edition to create an electronic version,

A hyper-text must be included to the Homepage of the journal from which you are licensing at
http//www.sciencedirect.com/science/journal/xxxxx , As part of our normal production process,
you will receive an e-mail notice when your article appears on Elsevier’s online service
ScienceDirect (www.sciencedirect.com). That e-mail will include the article’s Digital Object
Identifier (DOT). This number provides the electronic link to the published article and should be
included m the posting of your personal version. We ask that you wait until you receive this e-mail
and have the DOI to do any posting.

Central Storage: This license does not include permission for a scanned version of the material to
be stored in a central repository such as that provided by Heron/XanEdu.

18. Author website for books with the following additional clauses:
Authors are permitted to place a brief summary of their work online only.
A hyper-text must be included to the Elsevier homepage at http//www.elsevier.com

All content posted to the web site must maintain the copyright information line on the bottom of
each image
You are not allowed to download and post the published electronic version of your chapter, nor
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may you scan the printed edition to create an electronic version.
Central Storage: This license does not include permission for a scanned version of the material to
be stored in a central repository such as that provided by Heron/XanEdu.

19. Website (regular and for author): A hyper-text must be included to the Homepage of the
journal from which you are licensing at http//www.sciencedirect.convscience/journal/xxxxx. or for
books to the Elsevier homepage at http//www.elsevier.com

20. Thesis/Dissertation: If your license is for use i a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be published
commercially, please reapply for permission. These requirements include permission for the Library
and Archives of Canada to supply single copies, on demand, of the complete thesis and include
permission for UMI to supply single copies, on demand, of the complete thesis. Should your thesis
be published commercially, please reapply for permission.

21. Other Conditions:

v1.6

If you would like to pay for this license now, please remit this license along with your
payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you will be
invoiced within 48 hours of the license date. Payment should be in the form of a check or
money order referencing your account number and this invoice number RLNK500669922.
Once you receive your invoice for this order, you may pay your invoice by credit card.
Please follow instructions provided at that time.

Make Payment To:
Copyright Clearance Center
Dept 001

P.O. Box 843006

Boston, MA 02284-3006

For suggestions or comments regarding this order, contact RightsLink Customer Support:
customercare@copyright.com or +1-877-622-5543 (toll free in the US) or +1-978-646-
2777.

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.
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JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

Nov 22, 2011

Ths is a License Agreement between Xin Yan ("You") and John Wiley and Sons ("John Wiley and
Sons") provided by Copyright Clearance Center ("CCC"). The license consists of your order
details, the terms and conditions provided by John Wiley and Sons, and the payment terms and
conditions.

All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.

License Number 2794340505064

License date Nov 22, 2011

Licensed content publisher John Wiley and Sons

Licensed content Biotechnology & Bioengineering

publication

Licensed content title Flow modeling in a novel non-perfusion conical bioreactor

Licensed content author Harmeet Singh,Eng Seng Ang,T.T. Lim,Dietmar W. Hutmacher

Licensed content date Aug 1, 2007

Start page 1291

End page 1299

Type of use Dissertation/Thesis
Requestor type University/Academic
Format Print and electronic
Portion Figure/table

Number of figures/tables 1
Number of extracts

Original Wiley figure/table Figure 2.1
number(s)

Will you be translating? No
Order reference number

Total 0.00 USD
Terms and Conditions

TERMS AND CONDITIONS

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or one
of its group companies (each a "Wiley Company") or a society for whom a Wiley Company has
exclusive publishing rights in relation to a particular journal (collectively WILEY"). By clicking
"accept" in connection with completing this licensing transaction, you agree that the following
terms and conditions apply to this transaction (along with the billing and payment terms and
conditions established by the Copyright Clearance Center Inc., ("CCC's Billing and Payment
terms and conditions"), at the time that you opened your Rightslink account (these are
available at any time at http://myaccount.copyright.com)
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Terms and Conditions

1. The materials you have requested permission to reproduce (the "Materials") are protected
by copyright.

2. You are hereby granted a personal, non-exclusive, non-sublicensable, non-transferable,
worldwide, limited license to reproduce the Materials for the purpose specified in the licensing
process. This license is for a one-time use only with a maximum distribution equal to the
number that you identified in the licensing process. Any form of republication granted by this
licence must be completed within two years of the date of the grant of this licence (although
copies prepared before may be distributed thereafter). The Materials shall not be used in any
other manner or for any other purpose. Permission is granted subject to an appropriate
acknowledgement given to the author, title of the material/book/journal and the publisher.
You shall also duplicate the copyright notice that appears in the Wiley publication in your use
of the Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Material. Any third party
material is expressly excluded from this permission.

3. With respect to the Materials, all rights are reserved. Except as expressly granted by the
terms of the license, no part of the Materials may be copied, modified, adapted (except for
minor reformatting required by the new Publication), translated, reproduced, transferred or
distributed, in any form or by any means, and no derivative works may be made based on the
Materials without the prior permission of the respective copyright owner. You may not alter,
remove or suppress in any manner any copyright, trademark or other notices displayed by the
Materials. You may not license, rent, sell, loan, lease, pledge, offer as security, transfer or
assign the Materials, or any of the rights granted to you hereunder to any other person.

4. The Materials and all of the intellectual property rights therein shall at all times remain the
exclusive property of John Wiley & Sons Inc or one of its related companies (WILEY) or their
respective licensors, and your interest therein is only that of having possession of and the
right to reproduce the Materials pursuant to Section 2 herein during the continuance of this
Agreement. You agree that you own no right, title or interest in or to the Materials or any of
the intellectual property rights therein. You shall have no rights hereunder other than the
license as provided for above in Section 2. No right, license or interest to any trademark, trade
name, service mark or other branding ("Marks") of WILEY or its licensors is granted
hereunder, and you agree that you shall not assert any such right, license or interest with
respect thereto.

5. NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR REPRESENTATION OF ANY
KIND TO YOU OR ANY THIRD PARTY, EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE
MATERIALS OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE MATERIALS,
INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTY OF MERCHANTABILITY, ACCURACY,
SATISFACTORY QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY, INTEGRATION OR
NON-INFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED BY WILEY AND ITS
LICENSORS AND WAIVED BY YOU.

6. WILEY shall have the right to terminate this Agreement immediately upon breach of this
Agreement by you.

7. You shall indemnify, defend and hold harmless WILEY, its Licensors and their respective
directors, officers, agents and employees, from and against any actual or threatened claims,
demands, causes of action or proceedings arising from any breach of this Agreement by you.

8. IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
EXEMPLARY OR PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION
WITH THE DOWNLOADING, PROVISIONING, VIEWING OR USE OF THE MATERIALS REGARDLESS
OF THE FORM OF ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY,
TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT LIMITATION,
DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS
OF THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN.

9. Should any provision of this Agreement be held by a court of competent jurisdiction to be
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illegal, invalid, or unenforceable, that provision shall be deemed amended to achieve as nearly
as possible the same economic effect as the original provision, and the legality, validity and
enforceability of the remaining provisions of this Agreement shall not be affected or impaired
thereby.

10. The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition of this
Agreement. No breach under this agreement shall be deemed waived or excused by either
party unless such waiver or consent is in writing signed by the party granting such waiver or
consent. The waiver by or consent of a party to a breach of any provision of this Agreement
shall not operate or be construed as a waiver of or consent to any other or subsequent
breach by such other party.

11. This Agreement may not be assigned (including by operation of law or otherwise) by you
without WILEY's prior written consent.

12. Any fee required for this permission shall be non-refundable after thirty (30) days from
receipt.

13. These terms and conditions together with CCC’s Billing and Payment terms and conditions
(which are incorporated herein) form the entire agreement between you and WILEY
concerning this licensing transaction and (in the absence of fraud) supersedes all prior
agreements and representations of the parties, oral or written. This Agreement may not be
amended except in writing signed by both parties. This Agreement shall be binding upon and
inure to the benefit of the parties' successors, legal representatives, and authorized assigns.

14. In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC’s Billing and Payment terms and conditions, these
terms and conditions shall prevail.

15. WILEY expressly reserves all rights not specifically granted in the combination of (i) the
license details provided by you and accepted in the course of this licensing transaction, (ii)
these terms and conditions and (iii) CCC’s Billing and Payment terms and conditions.

16. This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was
misrepresented during the licensing process.

17. This Agreement shall be governed by and construed in accordance with the laws of the
State of New York, USA, without regards to such state’s conflict of law rules. Any legal action,
suit or proceeding arising out of or relating to these Terms and Conditions or the breach
thereof shall be instituted in a court of competent jurisdiction in New York County in the State
of New York in the United States of America and each party hereby consents and submits to
the personal jurisdiction of such court, waives any objection to venue in such court and
consents to service of process by registered or certified mail, return receipt requested, at the
last known address of such party.

Wiley Open Access Terms and Conditions

All research articles published in Wiley Open Access journals are fully open access:
immediately freely available to read, download and share. Articles are published under the
terms of the Creative Commons Attribution Non Commercial License. which permits use,
distribution and reproduction in any medium, provided the original work is properly cited and
is not used for commercial purposes. The license is subject to the Wiley Open Access terms
and conditions:

Wiley Open Access articles are protected by copyright and are posted to repositories and
websites in accordance with the terms of the Creative Commons Attribution Non Commercial
License. At the time of deposit, Wiley Open Access articles include all changes made during
peer review, copyediting, and publishing. Repositories and websites that host the article are
responsible for incorporating any publisher-supplied amendments or retractions issued
subsequently.

Wiley Open Access articles are also available without charge on Wiley's publishing platform,
Wiley Online Library or any successor sites.

Use by non-commercial users
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For non-commercial and non-promotional purposes individual users may access, download,
copy, display and redistribute to colleagues Wiley Open Access articles, as well as adapt,
translate, text- and data-mine the content subject to the following conditions:

e The authors' moral rights are not compromised. These rights include the right of "paternity” (also
known as "attribution" - the right for the author to be identified as such) and "integrity" (the right for
the author not to have the work altered in such a way that the author's reputation or integrity may
be impugned).

e Where content in the article is identified as belonging to a third party, it is the obligation of the
user to ensure that any reuse complies with the copyright policies of the owner of that content.

e [farticle content is copied, downloaded or otherwise reused for non-commercial research and
education purposes, a link to the appropriate bibliographic citation (authors, journal, article title,
volume, issue, page numbers, DOI and the link to the definitive published version on Wiley Online
Library) should be maintained. Copyright notices and disclaimers must not be deleted.

¢ Any translations, for which a prior translation agreement with Wiley has not been agreed, must
prominently display the statement: "This is an unofficial translation of an article that appeared in a
Wiley publication. The publisher has not endorsed this translation."

Use by commercial "for-profit" organisations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes requires
further explicit permission from Wiley and will be subject to a fee. Commercial purposes include:

e Copymng or downloading of articles, or linking to such articles for further redistribution, sale or
licensing;

e Copying, downloading or posting by a site or service that incorporates advertising with such
content;

¢ The inclusion or incorporation of article content in other works or services (other than normal
quotations with an appropriate citation) that is then available for sale or licensing, for a fee (for
example, a compilation produced for marketing purposes, inclusion in a sales pack)

e Use ofarticle content (other than normal quotations with appropriate citation) by for-profit
organisations for promotional purposes

¢ Linking to article content in e-mails redistributed for promotional, marketing or educational
purposes;

e Use for the purposes of monetary reward by means of sale, resale, licence, loan, transfer or
other form of commercial exploitation such as marketing products

¢ Print reprints of Wiley Open Access articles can be purchased from: corporatesales@wiley.com

Other Terms and Conditions:

BY CLICKING ON THE 'T AGREE..." BOX, YOU ACKNOWLEDGE THAT YOU HAVE
READ AND FULLY UNDERSTAND EACH OF THE SECTIONS OF AND PROVISIONS
SET FORTH IN THIS AGREEMENT AND THAT YOU ARE IN AGREEMENT WITH AND
ARE WILLING TO ACCEPT ALL OF YOUR OBLIGATIONS AS SET FORTH IN THIS
AGREEMENT.
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vl.7

If you would like to pay for this license now, please remit this license along with your
payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you will be
invoiced within 48 hours of the license date. Payment should be in the form of a check or
money order referencing your account humber and this invoice number RLNK500669931.
Once you receive your invoice for this order, you may pay your invoice by credit card.
Please follow instructions provided at that time.

Make Payment To:
Copyright Clearance Center
Dept 001

P.O. Box 843006

Boston, MA 02284-3006

For suggestions or comments regarding this order, contact RightsLink Customer Support:
customercare@copyright.com or +1-877-622-5543 (toll free in the US) or +1-978-646-
2777.

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.
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Terms and Conditions

TERMS AND CONDITIONS

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or one
of its group companies (each a "Wiley Company") or a society for whom a Wiley Company has
exclusive publishing rights in relation to a particular journal (collectively WILEY"). By clicking
"accept" in connection with completing this licensing transaction, you agree that the following
terms and conditions apply to this transaction (along with the billing and payment terms and
conditions established by the Copyright Clearance Center Inc., ("CCC's Billing and Payment
terms and conditions"), at the time that you opened your Rightslink account (these are
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Terms and Conditions

1. The materials you have requested permission to reproduce (the "Materials") are protected
by copyright.

2. You are hereby granted a personal, non-exclusive, non-sublicensable, non-transferable,
worldwide, limited license to reproduce the Materials for the purpose specified in the licensing
process. This license is for a one-time use only with a maximum distribution equal to the
number that you identified in the licensing process. Any form of republication granted by this
licence must be completed within two years of the date of the grant of this licence (although
copies prepared before may be distributed thereafter). The Materials shall not be used in any
other manner or for any other purpose. Permission is granted subject to an appropriate
acknowledgement given to the author, title of the material/book/journal and the publisher.
You shall also duplicate the copyright notice that appears in the Wiley publication in your use
of the Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Material. Any third party
material is expressly excluded from this permission.

3. With respect to the Materials, all rights are reserved. Except as expressly granted by the
terms of the license, no part of the Materials may be copied, modified, adapted (except for
minor reformatting required by the new Publication), translated, reproduced, transferred or
distributed, in any form or by any means, and no derivative works may be made based on the
Materials without the prior permission of the respective copyright owner. You may not alter,
remove or suppress in any manner any copyright, trademark or other notices displayed by the
Materials. You may not license, rent, sell, loan, lease, pledge, offer as security, transfer or
assign the Materials, or any of the rights granted to you hereunder to any other person.

4. The Materials and all of the intellectual property rights therein shall at all times remain the
exclusive property of John Wiley & Sons Inc or one of its related companies (WILEY) or their
respective licensors, and your interest therein is only that of having possession of and the
right to reproduce the Materials pursuant to Section 2 herein during the continuance of this
Agreement. You agree that you own no right, title or interest in or to the Materials or any of
the intellectual property rights therein. You shall have no rights hereunder other than the
license as provided for above in Section 2. No right, license or interest to any trademark, trade
name, service mark or other branding ("Marks") of WILEY or its licensors is granted
hereunder, and you agree that you shall not assert any such right, license or interest with
respect thereto.

5. NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR REPRESENTATION OF ANY
KIND TO YOU OR ANY THIRD PARTY, EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE
MATERIALS OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE MATERIALS,
INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTY OF MERCHANTABILITY, ACCURACY,
SATISFACTORY QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY, INTEGRATION OR
NON-INFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED BY WILEY AND ITS
LICENSORS AND WAIVED BY YOU.

6. WILEY shall have the right to terminate this Agreement immediately upon breach of this
Agreement by you.

7. You shall indemnify, defend and hold harmless WILEY, its Licensors and their respective
directors, officers, agents and employees, from and against any actual or threatened claims,
demands, causes of action or proceedings arising from any breach of this Agreement by you.

8. IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
EXEMPLARY OR PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION
WITH THE DOWNLOADING, PROVISIONING, VIEWING OR USE OF THE MATERIALS REGARDLESS
OF THE FORM OF ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY,
TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT LIMITATION,
DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS
OF THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN.
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9. Should any provision of this Agreement be held by a court of competent jurisdiction to be
illegal, invalid, or unenforceable, that provision shall be deemed amended to achieve as nearly
as possible the same economic effect as the original provision, and the legality, validity and
enforceability of the remaining provisions of this Agreement shall not be affected or impaired
thereby.

10. The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition of this
Agreement. No breach under this agreement shall be deemed waived or excused by either
party unless such waiver or consent is in writing signed by the party granting such waiver or
consent. The waiver by or consent of a party to a breach of any provision of this Agreement
shall not operate or be construed as a waiver of or consent to any other or subsequent
breach by such other party.

11. This Agreement may not be assigned (including by operation of law or otherwise) by you
without WILEY's prior written consent.

12. Any fee required for this permission shall be non-refundable after thirty (30) days from
receipt.

13. These terms and conditions together with CCC'’s Billing and Payment terms and conditions
(which are incorporated herein) form the entire agreement between you and WILEY
concerning this licensing transaction and (in the absence of fraud) supersedes all prior
agreements and representations of the parties, oral or written. This Agreement may not be
amended except in writing signed by both parties. This Agreement shall be binding upon and
inure to the benefit of the parties' successors, legal representatives, and authorized assigns.

14. In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC’s Billing and Payment terms and conditions, these
terms and conditions shall prevail.

15. WILEY expressly reserves all rights not specifically granted in the combination of (i) the
license details provided by you and accepted in the course of this licensing transaction, (ii)
these terms and conditions and (iii) CCC’s Billing and Payment terms and conditions.

16. This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was
misrepresented during the licensing process.

17. This Agreement shall be governed by and construed in accordance with the laws of the
State of New York, USA, without regards to such state’s conflict of law rules. Any legal action,
suit or proceeding arising out of or relating to these Terms and Conditions or the breach
thereof shall be instituted in a court of competent jurisdiction in New York County in the State
of New York in the United States of America and each party hereby consents and submits to
the personal jurisdiction of such court, waives any objection to venue in such court and
consents to service of process by registered or certified mail, return receipt requested, at the
last known address of such party.

Wiley Open Access Terms and Conditions

All research articles published in Wiley Open Access journals are fully open access:
immediately freely available to read, download and share. Articles are published under the
terms of the Creative Commons Attribution Non Commercial License. which permits use,
distribution and reproduction in any medium, provided the original work is properly cited and
is not used for commercial purposes. The license is subject to the Wiley Open Access terms
and conditions:

Wiley Open Access articles are protected by copyright and are posted to repositories and
websites in accordance with the terms of the Creative Commons Attribution Non Commercial
License. At the time of deposit, Wiley Open Access articles include all changes made during
peer review, copyediting, and publishing. Repositories and websites that host the article are
responsible for incorporating any publisher-supplied amendments or retractions issued
subsequently.

Wiley Open Access articles are also available without charge on Wiley's publishing platform,
Wiley Online Library or any successor sites.

https://s100.copyright.com/AppDispatchServiet 3/5



11/22/11 Rightslink Printable License
Use by non-commercial users

For non-commercial and non-promotional purposes individual users may access, download,
copy, display and redistribute to colleagues Wiley Open Access articles, as well as adapt,
translate, text- and data-mine the content subject to the following conditions:

® The authors' moral rights are not compromised. These rights include the right of "paternity” (also
known as "attribution" - the right for the author to be identified as such) and "mtegrity" (the right for
the author not to have the work altered in such a way that the author's reputation or integrity may
be impugned).

e Where content in the article is identified as belonging to a third party, it is the obligation of the
user to ensure that any reuse complies with the copyright policies of the owner of that content.

¢ [farticle content is copied, downloaded or otherwise reused for non-commercial research and
education purposes, a link to the appropriate bibliographic citation (authors, journal, article title,
volume, issue, page numbers, DOI and the link to the definitive published version on Wiley Online
Library) should be maintained. Copyright notices and disclaimers must not be deleted.

e Any translations, for which a prior translation agreement with Wiley has not been agreed, must
prominently display the statement: "This is an unofficial translation of an article that appeared in a
Wiley publication. The publisher has not endorsed this translation."

Use by commercial " for-profit" organisations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes requires
further explicit permission from Wiley and will be subject to a fee. Commercial purposes include:

¢ Copying or downloading of articles, or linking to such articles for further redistribution, sale or
licensing;

¢ Copying, downloading or posting by a site or service that incorporates advertising with such
content;

¢ The inclusion or incorporation of article content in other works or services (other than normal
quotations with an appropriate citation) that is then available for sale or licensing, for a fee (for
example, a compilation produced for marketing purposes, inclusion in a sales pack)

e Use of article content (other than normal quotations with appropriate citation) by for-profit
organisations for promotional purposes

e Linking to article content in e-mails redistributed for promotional, marketing or educational
purposes;

e Use for the purposes of monetary reward by means of sale, resale, licence, loan, transfer or
other form of commercial exploitation such as marketing products

¢ Prmt reprints of Wiley Open Access articles can be purchased from: corporatesales@wiley.com

Other Terms and Conditions:

BY CLICKING ON THE 'T AGREE..." BOX, YOU ACKNOWLEDGE THAT YOU HAVE
READ AND FULLY UNDERSTAND EACH OF THE SECTIONS OF AND PROVISIONS
SET FORTH IN THIS AGREEMENT AND THAT YOU ARE IN AGREEMENT WITH AND
ARE WILLING TO ACCEPT ALL OF YOUR OBLIGATIONS AS SET FORTH IN THIS
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AGREEMENT.

vl.7

If you would like to pay for this license now, please remit this license along with your
payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you will be
invoiced within 48 hours of the license date. Payment should be in the form of a check or
money order referencing your account number and this invoice number RLNK500669933.
Once you receive your invoice for this order, you may pay your invoice by credit card.
Please follow instructions provided at that time.

Make Payment To:
Copyright Clearance Center
Dept 001

P.O. Box 843006

Boston, MA 02284-3006

For suggestions or comments regarding this order, contact RightsLink Customer Support:
customercare@copyright.com or +1-877-622-5543 (toll free in the US) or +1-978-646-
2777.

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.
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L ]
Glﬂ I I Xin Yan <yanxinbumubutai@gmail.com>
by 00gle

Reprint permission. Thank you

3 messages

Xin Yan <xiy562@mail.usask.ca> Wed, Dec 7, 2011 at 1:11 PM
To: manuela.raimondi@polimi.it

Hi, Dear Sir or Madam,

This is Xin, a master student in university of Saskatchewan, Canada. | would like to ask a permission to use a
figure in your paper in my thesis, the information about your paper is followed. | have already got the
permission from the journal of Biorheology. However, based on the information from the journal, | have to get
your permission too (I forward the E-mail to you here). Could you do me a favor to give me the permission to
use your figure in my thesis.

Thank you very much and best regards.

The information of paper:
Title:The effect of hydrodynamic shear on 3D engineered chondrocyte systems subject to direct perfusion

Author: Manuela T. Raimondi1, Matteo Moretti1, Margherita Ciofﬁ1, Carmen Giordanoz, Federica Boschetti1,

Katia Lagané1, Riccardo Pietrabissa’

Published in: Biorheology Volume 43, Number 3-4 / 2006

My thesis:
Title: Modeling of mass transfer and fluid flow in perfusion bioreactors.

------—-- Forwarded message --—---—--

From: Carry Koolbergen <C.Koolbergen@iospress.nl>
Date: Fri, Dec 2, 2011 at 7:50 AM

Subject: RE: Reprint permission

To: Xin Yan <xiy562@mail.usask.ca>

Dear Xin Yan,

We hereby grant you permission to reproduce the below mentioned material in print and
electronic format at no charge subject to the following conditions:

1. Permission should also be granted by the original authors of the article in
question.
2. If any part of the material to be used (for example, figures) has appeared in our

publication with credit or acknowledgement to another source, permission must also be
sought from that source. If such permission is not obtained then that material may not
be included in your publication/copies.

3. Suitable acknowledgement to the source must be made, either as a footnote or
in a reference list at the end of your publication, as follows:
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“Reprinted from Publication title, Vol number, Author(s), Title of article, Pages No.,
Copyright (Year), with permission from IOS Press”.

4, This permission is granted for non-exclusive world English rights only. For
other languages please reapply separately for each one required.

5. Reproduction of this material is confined to the purpose for which permission is
hereby given.

Yours sincerely

Carry Koolbergen (Mrs.)

Contracts, Rights & Permissions Coordinator

IOS Press BV
Nieuwe Hemweg 6B
1013 BG Amsterdam
The Netherlands

Tel.: +£31 (0)20 687 0022

Fax: +£31 (0)20 687 0019

Email: c.koolbergen@iospress.nl / publisher@iospress.nl

URL: www.iospress.nl

Follow us on Twitter: @IOSPress_STM

b% Please consider the environment before printing this email.

Van: yanxinbumubutai@gmail.com [mailto: yanxinbumubutai@gmail.com] Namens Xin Yan
Verzonden: woensdag 23 november 2011 17:39

Aan: Carry Koolbergen

Onderwerp: Reprint permission

Hi, Dear Sir or Madam,

https://mail. google. com/mail/?ui=2&ik=f9aff57c4d&view=pt&q=reprint&gs--- 2/4
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This is Xin, a master student in university of Saskatchewan, Canada. | would like to ask a permission to use a
figure in the following paper in my thesis. Could you do me a favor to help process the request.

Thank you very much and best regards.

The original paper:
Title:The effect of hydrodynamic shear on 3D engineered chondrocyte systems subject to direct perfusion

Author: Manuela T. Raimondi!, Matteo Moretti’, Margherita Cioffi!, Carmen Giordano?, Federica Boschetti!,
Katia Lagané1, Riccardo Pietrabissa’

Published in: Biorheology Volume 43, Number 3-4 / 2006

My thesis:

Title: Modeling of mass transfer and fluid flow in perfusion bioreactors.

Xin Yan

Master student
Department of Mechanical Engineering
University of Saskatchewan

Canada

Xin Yan

Master student

Department of Mechanical Engineering
University of Saskatchewan

Canada

Manuela T. Raimondi <manuela.raimondi@biomed.polimi.it> Thu, Dec 8, 2011 at 11:55 AM
To: Xin Yan <xiy562@mail.usask.ca>

Dear Xin Yan,

yes, you have my permission to use one of the figures of my paper in your Master Thesis.

https://mail. google. com/mail/?ui=2&ik=f9aff57c4d&view=pt&q=reprint&qs--*
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Send me a pdf version of your thesis, if you don't mind, | am very interested in reading it.

Best regards,
MTR

Manuela T. Raimondi

Department of Structural Engineering
Politecnico di Milano
http://www.labsmech.polimi.it/index.php?id=119

I 07/12/2011 20.11, Xin Yan ha scritto:
[Quoted text hidden]

Xin Yan <xiy562@mail.usask.ca> Thu, Dec 8, 2011 at 12:05 PM
To: "Manuela T. Raimondi" <manuela.raimondi@biomed.polimi.it>

Hi, Dear Dr.Manuela T. Raimondi

Thank you very much for your permission. Sure, | will send my final version of my thesis to you after my
defense next week.

Thank you again and have a nice day.

Xin
[Quoted text hidden]
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