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ABSTRACT

Unlike thin tissues (e.g., skin) which has been successfully grown, growing thick
tissues (e.g., bone and muscle) still exhibit certain limitations due to lack of nutrients
(e.g., glucose and oxygen) feeding on cells in extracapillary space (ECS) region, or
also known as scaffold in an in vitro static culture. The transport of glucose and
oxygen into the cells is depended solely on diffusion process which results in a
condition where the cells are deprived of adequate glucose and oxygen supply. This
condition is termed as hypoxia and leads to premature cell death. Hollow fibre
membrane bioreactors (HFMBs) which operate under perfusive cell culture
conditions, have been attempted to reduce the diffusion limitation problem. However,
direct sampling of glucose and oxygen is almost impossible; hence noninvasive
methods (e.g., mathematical models) have been developed in the past. These models
have defined that the glucose diffusivity in cell culture medium (CCM) is similar to
the diffusivity in water; thus, they do not represent precisely the nutrient transport

processes occurring inside the HFMB.

In this research, we define glucose as our nutrient specie due to its limited published
information with regard to its diffusivity values, especially one that corresponds to
cell/tissue engineering (TE) experiments. A series of well-defined diffusion
experiments are carried out with TE materials of varying pore size and shapes
imbibed in water and CCM, namely, cellulose nitrate (CN) membrane, polyvinylidene
fluoride (PVDF) membrane, poly(L-lactide) (PLLA) scaffold, poly(caprolactone)
(PCL) scaffold and collagen scaffold. A diffusion cell is constructed to study the
diffusion of glucose across these materials. The glucose diffusion across cell-free
membranes and scaffolds is investigated first where pore size distribution, porosity
and tortuosity are determined and correlated to the effective diffusivity. As expected,
the effective diffusivity increases correspondingly with the pore size of the materials.
We also observe that the effective glucose diffusivity through the pores of these
materials in CCM is smaller than in water. Next, we seeded human osteoblast cells
(HOSTES5) on the scaffolds for a culture period of up to 3 weeks. Similar to the first

series of the diffusion experiments, we have attempted to determine the effective
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glucose diffusivity through the pores of the scaffolds where cells have grown at 37°C.
The results show that cell growth changes the morphological structure of the
scaffolds, reducing the effective pore space which leads to reduced effective

diffusivity.

In addition, the self-diffusion of glucose in CCM and water has also been determined
using a diaphragm cell method (DCM). The results have shown that the glucose
diffusivity in CCM has significantly reduced in comparison to the water diffusivity
which is due to the larger dynamic viscosity of CCM. The presence of other
components and difference in fluid properties of CCM may also contribute to the

decrease.

We finally employ our experimentally deduced effective diffusivity and self-
diffusivity values into a mathematical model based on the Krogh cylinder assumption.
The glucose concentration is predicted to be the lowest near the bioreactor outlet, or
in the scaffold region, hence this region becomes a location of interest. The governing
transport equations are non-dimensionalised and solved numerically. The results
shown offer an insight into pointing out the important parameters that should be

considered when one wishes to develop and optimise the HFMB design.

Keywords: Glucose; Diffusivity; Cell culture medium; Membrane; Scaffold;
Osteoblast cell; Mathematical modelling; Hollow fibre membrane bioreactor; Tissue

engineering
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CHAPTER 1

INTRODUCTION

1.1 Background

The notion of growing cells in vitro was first suggested by Loeb in 1897 (Loeb,
1897). This was followed by numerous experiments where researchers were only
able to show cell survival, not growth, until the breakthrough came when Harrison
(1907) successfully grew frog ectodermal cells in vitro. Up to the mid 1980s, the
term tissue engineering was not defined as what it is now. Instead, it was seen as
changes of tissues and organs through surgeries as well as the use of biomaterials or
prosthetics (Skalak and Fox, 1988). In 1988, tissue engineering was defined as has

been used since then:

“Tissue engineering is the application of the principles and methods of engineering
and life sciences toward the fundamental understanding of structure-function
relationships in normal and pathologic mammalian tissue and the development of
biological substitutes to restore, maintain, or improve function’ (Skalak and Fox,
1988).

Tissue engineering is a relatively new field of regenerative medicine aiming at
growing artificial tissues and organs both in vitro and in vivo. This includes bone
cells. Bone diseases such as osteosarcoma, osteoporosis and osteoarthritis and bone
defects such as fractures have caused an impact on the health of millions of people
and traditional bone defects management mechanisms would require bone grafts
(Kim et al., 2014). Autologous bone graft has been widely used and referred to as
the “‘gold standard’ but due to several disadvantages (e.g., donor site morbidity and
limited availability (Nauth et al., 2011; Starecki et al., 2014)), an alternative
treatment is being sought after that is envisioned to be a long lasting cure. This

treatment is defined as bone tissue engineering (BTE) approach.
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To put it simply, BTE involves harvesting living tissues from a patient’s body of
relative excess and expansion of these cells in vitro, followed by loading of cells on
tissue engineering scaffolds in a process known as cell seeding. Once these cells
have reached physiologically relevant standards for bone tissue engineering, surgical
implantations are performed in reconstructive surgeries and finally evaluation of in
vivo results is carried out to observe the functionality of the regenerated tissues
(Vindigni et al., 2011).

Cell growth chamber, or a bioreactor, is an integral part of in vitro cell expansion in
providing an optimized cell environment. Before the emergence of bioreactors, cell
expansion had been traditionally performed in shake flasks. However, temperature,
light condition and media composition were the only parameters that were able to
support the growth of cells inside the shake flasks (Chin et al., 2014). Further
researches have suggested other essential parameters for optimum cell growth
conditions including gaseous composition, mixing, efficient nutrient transfer, pH,
hydrodynamic forces and shear stress which can be conveniently controlled in a
bioreactor (Hossain et al., 2012; Dong et al., 2013). Hence, the need of a bioreactor

system is essential.

Cells are similar to human beings in terms of growth and development. Humans
need regular intake of food that contains necessary nutrients such as carbohydrates,
proteins and vitamins for healthy growth and robust development. The same
principle applies to cells where they require substantial nutrients to grow, multiply
and form functional tissues. The distribution and availability of nutrients to living
cells is one of the important factors that ensure successful tissue formation, growth
and survival. Glucose, oxygen and carbon dioxide are examples of necessary

nutrients that pertains the viability and metabolism of cells (Simon et al., 2014).

In a human body, oxygen and nutrients are supplied to cells by the naturally formed
blood vessels which are made tailored to deliver enough nutrients but this is not the
case for cells grown in vitro. Due to the absence of the blood vessels, artificial
network of fibres has been suggested to mimic the blood capillary system and this is
made possible in the design of a hollow fibre membrane bioreactor (HFMB). The
HFMBs is unique in such a way that it allows better nutrient transport and therefore
provides a desired nutrient concentration to be maintained inside the HFMBs. Cells
are grown on a scaffold and the transport of nutrients within the scaffold is mainly
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dominated by diffusion. Although many studies have reported the advantages of
growing functional bone tissues (Abdullah and Das, 2007; Pearson et al., 2013; De
Napoli et al., 2014; Misener et al., 2014) in HFMBs, one cannot ignore one major
problem that persists along with its numerous advantages. To measure the nutrient
concentration during tissue formation is not an easy task and proven to be
challenging (Chesnick et al., 2007) and with this reason alone, researchers have tried
to develop a computational modelling framework that enables the nutrient
concentration profiles to be generated (Galban and Locke, 1999; Abdullah et al.,
2006; Mohebbi-Kalhori et al., 2012).

Various computational modelling frameworks have been developed and studied to
determine the nutrient concentration profiles inside the HFMBs as well as the effect
of increasing cell mass grown on the scaffold within the extracapillary space (ECS)
of the HFMBs on the transport of nutrients by diffusion. However, as far as we are
aware, none of these studies used experimentally determined glucose diffusion
coefficient values in cell culture medium (CCM) with tissue engineering membranes
and scaffolds imbibed with CCM, which is the typical media for cell/tissue culture
experiments. This is applicable to both cell-free and cell-seeded tissue engineering
materials. Therefore, we propose in this work, the investigation of glucose diffusion
experiments with both cell-free and cell-seeded tissue engineering materials imbibed
with CCM as well as the self-diffusion of glucose in CCM at 37-38°C of which
diffusivity values will be used for modelling glucose transport.

1.2 Objectives

The overall aim of this research is to analyse the glucose diffusivity in tissue
engineering membranes and scaffolds and the implications they have in hollow fibre
membrane bioreactors for bone tissue growth. Glucose is chosen in this research as
it represents one of the most crucial nutrients for cell growth as well as due to the
lack of its diffusivity data in CCM in the literature. As previously mentioned, the
diffusivity values of glucose determined experimentally will be employed to
generate glucose concentration profiles from the already existed computational
modelling framework via MATrix LABoratory (MATLAB) in order to observe any
changes with the new values obtained experimentally, instead of the assumed

glucose diffusivity values in previous studies.
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This research specifically aims to:
e Investigate the self-diffusion of glucose in CCM and water (reference fluid)

e Quantify the relationship between glucose diffusion coefficient and membrane
morphology by engaging typical membrane and scaffold materials for tissue

engineering in diffusion experiments

e Relate the diffusivity values to the quantitative information of the pore

morphology of the tissue engineering materials

e Determine the effects of micro-structural properties of tissue engineering

seeded-scaffolds and transport properties of glucose by diffusion

e Link processes at various scales in HFMBs for growing bone tissues by
changing the dimensionless groups of variables and numbers in the multiscale
modelling framework based on experimentally deduced diffusivity values

e Observe any changes on the glucose concentration profiles based on diffusivity
values obtained in-house and determine effective mass transport behaviour in
HFMBs

1.3 Thesis structure

This thesis is divided into seven main chapters as discussed briefly below.

Chapter 1 gives a brief background to the work in this thesis as well as the

objectives of this research.

Chapter 2 introduces a detailed background of BTE which include a review of
measurements of glucose concentration or diffusivity, some techniques used to
determine porosity and tortuosity of tissue engineering membranes and scaffolds,
microstructure and diffusion and typical methods used to investigate glucose

diffusivities in liquids.

Chapter 3 presents the self-diffusion of glucose in CCM and water (reference fluid).
In this chapter, glucose diffusion experiments are performed using a diffusion cell
based on the diaphragm cell method (DCM) principle. The results of glucose

diffusion in CCM and water are discussed and compared with diffusivity values
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obtained from Stokes-Einstein’s equation as well as from empirical corrections such

as Wilke-Chang’s correlation.

Chapter 4 discusses a series of well-defined laboratory diffusion experiments to
measure the glucose diffusion coefficient across a number of tissue engineering
membranes and scaffolds imbibed with water and CCM. A total of five different
membranes and scaffolds are outlined in this chapter namely cellulose nitrate
membrane, polyvinylidene fluoride membrane, poly(L-lactide) scaffold,
poly(caprolactone) scaffold and collagen scaffold of different pore size and
thickness. Pore size distribution, porosity and tortuosity evaluation as well as the

relationship between diffusivity and membrane microstructure are discussed.

Subsequently, Chapter 5 mimics the work done in Chapter 4 by seeding the
scaffolds employed in Chapter 4 with osteoblast cells with an estimated range of
size between 20-30 microns. This chapter aims to observe any changes on the mass
transfer rate by diffusion and to deduce if the microstructure is changed by cells
grown on the surface as well as migrated cells into the scaffold (e.g. pore volume).

Chapter 6 models the mass transfer behaviour in HFMB using the experimental
values obtained in Chapters 3, 4 and 5. This chapter illustrates the effect of changing
the dimensionless groups of variables and numbers has on the glucose concentration
profiles. The dimensionless numbers include Peclet, Damkohler and Reynolds

numbers.

Chapter 7 concludes this research as well as recommendations for future work is

listed in this chapter.

Finally, references act as a closing part of this thesis.
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CHAPTER 2

LITERATURE REVIEW

Chapter overview

Tissue engineering has evolved into an exciting area of research due to its potential
in regenerative medicine. The shortage of organ donor as well as incompatibility
between patient and donor pose an alarming concern. This has resulted in an
interest in regenerative therapy where the importance of understanding the
transport properties of critical nutrients such as glucose in numerous tissue
engineering membranes and scaffolds is crucial. This is due to its dependency on
successful tissue growth as a measure of potential cure for health issues that cannot
be healed using traditional medical treatments. In this regard, the diffusion of
glucose in membranes and scaffolds which act as templates to support cell growth
must be well grasped. Keeping this in mind, the review aims to discuss the glucose
diffusivity of these materials. This chapter reviews four interconnected issues,
namely, (i) the glucose diffusion in tissue engineering materials, (ii) porosity and
tortuosity of these materials, (iii) the relationship between microstructure of the
material and diffusion and, (iv) estimation of glucose diffusivities in liquids, which
determine the effective diffusivities in the porous membranes or scaffolds. It is
anticipated that the review would help improve the understanding of the transport
properties of glucose in membranes and scaffolds used in tissue engineering

applications.

2.1 Introduction

Organ shortage and failures due to accidental and illness incidences have been a
concern in almost every part of the world. Organ transplantation has been a common
practice in clinical settings and has been reported to be successful as early as the
1960s (Couch et al., 1966). Although it has been perceived to be successful, it also
has its limitations, e.g., long patient waiting time and death of organ donors (Liu et
al., 2013; Guo and Ma, 2014). To overcome these limitations, engineers, biologists,
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chemists and material experts have come together to create the tissue engineering
(TE) approach as an alternative to organ transplantation which provides a cost-
effective permanent treatment, resulting in improved health care and quality of lives
of the patients. TE is therefore defined as a multidisciplinary field that helps to
repair, replace and restore the original functions of damaged tissues (Langer and
Vacanti, 1993; Liu at al., 2013). A simple illustration of TE principles is shown in
Figure 2.1. As the figure shows, TE approach aims to mimic the in vivo environment
to help in cell proliferation and differentiation into tissues and consequently tissue
regeneration (Tabata, 2014). In brief, living cells are harvested from a patient’s body
of relative excess followed by expansion of these cells in vitro. The cells are then
loaded on tissue engineered scaffolds which act as a template for cell growth in a
process known as cell seeding. The cells are grown, with the supply of nutrients
(e.g., glucose and oxygen), and monitored for its physiologically relevant standards
for bone tissue engineering (BTE) in terms of cell-cell and cell-matrix interactions
as well as possessing the nanostructural and chemical extracellular matrices (ECM)
(Zhu et al., 2015) as found in the native ECM of the body. Surgical implantations
into the host body are carried out and finally the functionality of the regenerated

tissue is observed in vivo.

Due to its numerous successes, TE has become the leading choice in the field of
regenerative medicine (Khaled et al., 2011). The main goal of TE is to produce an
alternative that can overcome the limitations of traditional treatments and possess a
good potential to eventually form an “artificial’ organ that resembles the original
organ in terms of function and ability. Furthermore, it is envisaged that a TE
approach presents a permanent cure without the need for follow-up therapies
(Langer and Vacanti, 1993; Patrick et al., 1998). For example, bone tissue
engineering (BTE), which has been reported since the early 1980s (Amini et al.,
2012), has become a substitute for bone grafting.
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Figure 2.1: Basic principles of tissue engineering (Vindigni et al., 2011)

Tissue engineering researchers have shown the possibility of growing artificial
tissues both in vitro and in vivo, e.g., bone, cartilage, tendon and blood vessel tissues
(L’Heureux et al., 2007; Schulz et al., 2008; Abousleiman et al., 2009; Grayson et
al., 2010; Kimelman-Bleich et al., 2011; Omae et al., 2012). However, it is proven
difficult to grow tissues in vitro than in vivo due to the absence of a natural capillary
network that supplies nutrients (e.g., glucose) and removes waste products (e.g.,
lactic acid) as well as the inaccessibility of a controlled environment during cell
cultivation (Li et al., 2014). Hence, the idea of growing artificial tissues in

bioreactors has been introduced.

Bioreactors are defined as a growth kit that helps to monitor and control necessary
conditions for cell growth (e.g., pH, pressure, temperature, nutrient supply and
removal of waste product) as well as synchronising both biological and biochemical
processes involved in cell culture (Gardel et al., 2014). There have been several
reported studies that show the development of these bioreactors to grow 3D tissues,
such as spinner flasks (Page et al., 2013), rotating vessels (Nishi et al., 2013; Chao
and Das, 2015) and flow perfusion systems (Baptista et al., 2013). Although these
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bioreactors satisfy tissue engineers to the extent of improved tissue growth, they
may still not able to sustain the cell culture environments (Li et al., 2014). One of
the reasons is due to the limited nutrient diffusion in the scaffold and membrane in
the bioreactor.

An example of a bioreactor where the issues with limited mass transfer has largely
been overcome is hollow fibre membrane bioreactors (HFMBs) (Abdullah et al.,
2006; Das and Jones, 2006; Ye et al., 2006; Das, 2007; De Napoli et al., 2011;
Mohebbi-Kalhori et al.,, 2012) . The presence of a network of hollow fibre
membranes in the bioreactor allows nutrients (e.g., glucose) to diffuse into the
scaffolding matrix and membrane, and remove waste products produced by the cells
(e.g., lactic acid) (Ye et al., 2006). This therefore allows a nutrient circulation
system identical to that in the natural tissue to be generated, consequently creating
better mass transfer behaviour and allowing high nutrient concentration to be
maintained in HFMBs (Abdullah and Das, 2007; Pearson et al., 2013; De Napoli et
al., 2014; Misener et al., 2014).

Mass transfer behaviour in TE bioreactors is generally governed by one or more
than one of the following processes, namely, convection, diffusion and reaction.
Convection refers to the coupled mass transport due to fluid flow (i.e., advection)
and diffusive transport while diffusion refers to the transport of molecules due to
concentration gradient alone. Reaction is illustrated by the formation of a new
product (for e.g., C) as a result of a chemical or metabolic reaction. An example of a
bioreactor that involves all three processes is the HFMBs. Figure 2.2 shows a
schematic drawing which reveals the three main sections mainly the extracapillary
space (ECS) which can be referred as scaffold, membrane and lumen. In the figure,
R; refers to the fibre lumen radius while R; illustrates R; and the thickness of the
membrane wall. Rz represent R, and the ECS thickness while L refers to the fibre
length. As for A;, A; and Ag, they refer to the lumen, membrane wall and half of the

ECS, respectively.
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Figure 2.2: Schematic diagram showing a single hollow fibre

According to Ye et al. (2006), Das (2007) and Abdullah et al. (2009), the transport
of a solute in the fibre lumen region is governed by advection and diffusion, but the
advective process dominates the diffusive process. In the membrane region, solute
transport is governed by diffusion only. In the ECS, the solute transport is governed
by reaction and diffusion processes; however, reaction process dominates the

diffusive transport.

A surge of interest has been observed in trying to understand the mass transfer
behaviour in tissue engineering bioreactors (Khaled and Vafai, 2003; Khanafer and
Vafai, 2006; Wang et al., 2009; Laatikainen, 2011; Podichetty et al., 2014). In the
last two decades, the use of membranes and scaffolds as a synthetic extracellular
matrix (ECM) for tissue engineering studies has also gained popularity, which is
evidenced from the increasing number of publications (Figure 2.3A and 2.3B). The

tissue engineering discipline has grown remarkably and the significance of
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understanding the importance of tissue engineering applications is demonstrated by
the fact that the number of patients waiting for transplants is almost doubled to those
who actually received the transplants, as shown in Figure 2.4 (Regional data, United
Network for Organ Sharing). This trend continues where only 27,036 people
received transplants while 77,917 people were on the waiting list, from January
2014 to November 2014.
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Figure 2.3A: Overview of the number of papers published with regard to tissue
engineering membranes and scaffolds during the last 18 years (key words:
membranes and scaffolds for tissue engineering; search engine: www.scopus.com)
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Figure 2.3B: Overview of the number of papers published with regard to glucose
transport in tissue engineering materials during the last 18 years (key words: glucose
transport in tissue engineering membranes and scaffolds, tissue bioreactors; search

engine: Www.scopus.com)
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Figure 2.4: Overview of the number of patients on the waiting list, received

transplants and the donor statistics from 2000 to 2014

To combat this challenge, numerous studies have been conducted to enhance the
understanding of the field of regenerative medicine, more specifically, in the field of
tissue engineering and research has already indicated the necessity of a bioreactor
system which is essential for a controlled environment during cell cultivation (Li et
al., 2014).

One of the key features of most tissue engineering bioreactors is the use of
membrane and scaffold which acts as a support for cells to grow into new tissues
before being implanted into the host tissue. One of the important criteria of this
support system is the highly porous structure for ease of nutrient diffusion,
particularly glucose, to produce a 3D structure of new tissues (Deans et al., 2012;
Florczyk et al., 2013; Guan et al., 2013). Table 2.1 shows some typical examples of
morphological structures of membrane/scaffold materials that can have an effect on
the nutrient diffusion for cell growth. These will be discussed later in the chapter.
Please note that the materials presented in Table 2.1 might not be necessarily used in

tissue engineering applications. The objective here is to show the variation of
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morphological structure of various kinds of membranes/scaffolds, which can affect

the solute diffusivity.

Since solute diffusion is dependent on the material morphology, there is not a
particular membrane structure for better glucose diffusion, however, based from
extensive literature studies, hollow fibre membranes seem to illustrate a promising
indication for enhanced glucose delivery into the cells (Abdullah and Das, 2007;
Bettahalli et al., 2011; Diban and Stamatialis. 2014; Wung et al., 2014). Hollow
fibre membranes have a large surface area to volume ratio therefore allowing a
relatively high flow rate of culture medium containing glucose to be maintained.
The basic building blocks of any membrane material are usually non-periodic and
display heterogeneity in nature as they vary within the same material, or from one
material to another, which defines the non-linear and non-monotonic relationship
between membrane material and glucose transport. If the membrane/scaffold
material is less tortuous and more porous, the glucose diffusion is predicted to be
smoother and faster than one in a more tortuous structure which limits the glucose
diffusion. However, there is a possibility that the glucose diffusion may be enhanced
especially in hydrophilic materials but the results of Suhaimi et al. (2015b) indicated
no difference between hydrophobic and hydrophilic materials with regard to
diffusivity data. In this work, they investigated the glucose diffusion in both
hydrophobic and hydrophilic materials and results showed that instead of a
difference in diffusivity date due to hydrophobic and hydrophilic nature, the
difference in the morphological structure of the materials was deduced as the

primary factor for the different diffusivity data presented in their work.

In a tissue engineering process, the supporting template for cell growth plays a
crucial role in cell attachment, differentiation and proliferation (Guo and Ma, 2014).
Researchers have identified several important characteristics which scaffolds must
have, e.g., (1) biocompatibility and biodegradability (2) high porosity and
connectivity of pores for diffusion, (3) appropriate surface chemistry and surface
topography for cellular interaction, (4) good mechanical properties for regeneration
and (5) low/no adverse response (Hutmacher, 2001; Yang et al., 2001; Holzwarth et
al., 2011). Due to the importance in tissue engineering processes, several different
materials have been investigated to develop potential scaffolds such as ceramics

(e.g., hydroxyapatite and tricalcium phosphate) and polymers (Sachlos and
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Czernuszka, 2003; Guo and Ma, 2014). For example, polymers have been reported
to have a greater potential as scaffolds for tissue engineering purposes due to its
processing flexibility and biodegradability (Nair and Laurencin, 2007). Synthetic
polymers such as aliphatic polyester (e.g., polyglycolic acid (PGA), polylactic acid
(PLLA) and polycaprolactone (PCL)), polyanhydrides, polyphosphazenes (e.g.,
alanine and phenylalanine alkyl ester), polyurethanes (PUs) and poly(glycerol
sebacate) (PGS) and natural polymers such as collagen are some of the most
commonly used polymers as scaffolds for TE (Freed and VVunjak-Novakovic, 1998;
Agrawal and Ray, 2001; Hutmacher, 2001; Sachlos and Czernuszka, 2003; Nichol et
al., 2013; Guo and Ma, 2014; Suhaimi et al., 2015b, 2015c). Melt moulding,
solution casting, phase separation, solvent-casting particulate-leaching, emulsion
freeze drying, fibre meshes/fibre bonding, freeze drying and gas foaming are some
conventional scaffold fabrication techniques cited in the literature (Sachlos and
Czernuszka, 2003).

Meneghello et al. (2009) fabricated poly(lactic-co-glycolic acid)/polyvinyl alcohol
(PVA) blended hollow fibre membranes where the results demonstrated that 5%
(w/w) addition of PVA helped to better transport the cell culture medium and its
constituents. Bettahalli et al. (2011) developed poly(L-lactic acid) (PLLA) hollow
fiber membranes to test the delivery capability of these membranes to diffuse
nutrients to the cells. Results showed that the transport of nutrients was high at a rate
of 1963 L/(m? h bar). In the same year, De Napoli and coworkers (De Napoli et al.,
2011) investigated cell growth in layers of medical microporous polypropylene
hollow fibre membranes and the results showed cells formed thick multilayer among
the membranes. More recently, Bettahalli et al. (2014) developed a multilayer
scaffold by rolling PLLA electrospun sheets with a multibore hollow fibre
membrane and the results showed that the concept illustrated a good potential for
developing complex and thicker tissues. Diban et al. (2014) developed a
biodegradable poly(e-caprolactone) scaffold and results indicated good cell
attachment, proliferation and penetration into the scaffold. Permeance tests also
indicated high water permeabilities which is a positive indication of nutrient

delivery into the cells.

Earlier, Ellis and Chaudhuri (2007) developed a hollow fibre membrane scaffold

based on poly(lactide-co-glycolide) (PLGA) sheets. Their results showed that
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varying the air gap and spinning temperature significantly changed the morphology
of the hollow fibre membrane scaffold, allowing larger macrovoids and thicker skin
formed. This is a one step forward in addressing the size limitations in tissue
engineered constructs for clinical practice. Chaudhuri et al. (2008) fabricated
honeycomb-structured poly(p.-lactide) and poly[(p_-lactide)-co-glycolide] films
using water droplet templating method. Osteoblast cells were able to attach and
proliferate on these films, suggesting the potential of its application as tissue
engineering scaffold. In the same year, Ellis and Chaudhuri (2008) studied the
combination of three different lactide:glycolide ratios and results showed that any
ratio was able to support bone regeneration in vitro. Freed et al. (1993) and Galban
and Locke (1999) considered the diffusion of nutrients such as glucose and oxygen
in porous scaffolds and both indicated that restriction diffusion of nutrients did limit

cell growth, though it may not be the only limiting factor.

Table 2.1: Some examples of membranes showing different morphological
structures. Different morphological structure of these materials affect the glucose
diffusivity though the materials

Membrane type Schematic of cross-section Reference
Poly(trimethylene 100-130nm

terephthalate) Lietal. (2013)
(PTT) nanofiber Xue et al. (2010)

membrane 5 pm

Thin film 0 0 ﬂ O m
composite (TFC) O Han (2013)
00V

membrane
U | 50 p.!r'l
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Polysulfone (PSf)

membrane

O100 m

Crock et al. (2013)
Zhao et al. (2011)

Poly(vinylidene
fluoride) (PVDF)

Sukitpaneenit and
Chung (2009)

hollow fibre Zhang et al. (2013)
membrane ®) Liu et al. (2009)
ILO |,_1m|
O~ .0
O Lin et al. (2002)
PVDF membrane 0 _
Lietal. (2012)
>+ 05
20Tim
—
0 Madaeni and
O Bakhtiari (2012)
Polyethersulfone _
Rahimpour et al.
(PES) membrane
0 (2012)
1| "lm| Daraei et al. (2013)

Poly(amide-
imide) (PAI)
hollow fiber

membrane

Setiawan et al. (2011)
Zhang et al. (2011)
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(2010)
DeFriend et al. (2003)
Tsuru et al. (2001)

Kim and der Bruggen

Han et al. (2013)
Mohammadi and
Saljoughi (2009)

Nanoporous layer
—= Macroporous layer
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Ceramic
asymmetric

Cellulose acetate
blend membrane

Since by definition a porous medium consists of a network of open spaces, in which

a network of pores and fibres for membranes and scaffolds exists, the molecular

diffusion is interrupted by the tortuous channels and the combination of both

porosity and tortuosity characterizes the morphological structure of the porous

media (Figure 2.5). A relationship which takes into account the mass transport by

diffusion, porosity, as well as the tortuosity, is summarized in Eq. (2.1):

(2.1)

Solid

Liquid phase (D)

Figure 2.5: A representation of liquid diffusional pathway in porous media

2015
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where D, is the effective diffusion coefficient of the solute in membranes or/and
scaffolds, D is the self-diffusion coefficient of the solute in the liquid which fills the
pores while ¢ and t are porosity and tortuosity of the material, respectively, with the
assumption that the average pore diameter, d, is much greater than the mean free

path of the solute diffusing in the given liquid.

Keeping these aspects in mind, the present review aims to give an overview of the
diffusion of glucose in membranes and gels/scaffolds for tissue engineering
applications as well as the self-diffusion of glucose in liquid. In effect, the review is
divided into sections, which represent the four terms in Eq. (2.1). Firstly, the review
will discuss the measurements of diffusion of glucose in membranes/scaffolds using
various methods available. Secondly, it will deal with the techniques available to
measure porosity and tortuosity of the porous media. Thirdly, the review will cover
the effects of microstructure on the diffusion process. Lastly, the different methods
available for the estimation of glucose self-diffusion in liquids will be reviewed
briefly, given that their understanding is also required to quantify the effective

diffusion of glucose in the membranes/scaffolds.

The field of tissue engineering holds a promising future in such a way that there are
some health conditions that cannot be cured just by prescribing some medicines and
drugs such as liver failure and spinal cord failure (Langer, 2009). When this
happens, apart from organ transplants which induce immunological responses to
name a few, tissue engineering is the only hope that remains. It is greatly hoped that
the present review will help in understanding the diffusion of nutrient and its effects
on the membrane and scaffold microstructure, specifically, and in the field of tissue

engineering, generally.

2.2 Measurements of glucose concentration or diffusivity

Numerous glucose diffusion studies have been reported for a vast number of
applications ranging from tissue engineering (Hannoun and Stephanopoulos, 1986;
Sternberg et al., 1988; Weng et al., 2005; Rong et al., 2006; Papenburg et al., 2007,
Wang et al., 2009; Jin et al., 2010; Podichetty et al., 2014), diabetes management
(Bindra et al., 1991; Maier et al., 1994; Atanasov and Wilkins, 1996; Wang and
Musameh, 2003; Boss et al., 2012), modern laser medicine (Chance et al., 1995; Liu
et al., 1996; Tuchin et al., 1997; Wang, 2000; Vargas et al., 2001; Yao et al., 2002;
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Bashkatov et al., 2003), pharmaceutics (Andersson et al., 1997), chemical
engineering (Laatikainen, 2011), filtration (Yaroshchuk et al., 2011; Adams et al.,
2013), oil and fat industry (Miyagi et al., 2012) and water desalination (Lonsdale et
al., 1965; Sherwood et al., 1967). A review of these studies suggests that a number
of different techniques could be applied to measure glucose concentration or

diffusivity as discussed below.
2.2.1 Needle enzyme electrodes

A number of papers have been reported on the use of needle enzyme electrode to
observe glucose diffusion. For example, Rong et al. (2006) presented an interesting
work to measure directly the transient glucose concentration at the centre of a
specially compressed and rolled collagen gel using needle enzyme electrodes. They
first stabilised and calibrated the needle electrodes. Glucose was then oxidised by
glucose oxidase enzyme solution to hydrogen peroxide which was further oxidised
to form an amperometric current. The current was read by an AUTOLAB
PGSTAT10 potentiostat instrument. They also proposed a computational model to
fit the simulated concentration profile to the experimental results. The glucose
diffusion coefficient was estimated to be 1.3 x 10™° m%s (Table 2.4) in the chosen
gel and the authors concluded that potential errors sourced from noise, baseline and
zero time determination were able to be kept as minimum as possible and
consequently resulted in higher accuracy. Wang and Musameh (2003) conducted a
study on needle enzyme electrodes to observe the potential of this technique for
continuous monitoring of glucose and results demonstrated positive response for
future use. Fang et al. (2014) fabricated a glucose electrode coated with poly lactic-
co-glycolic acid (PLGA) biodegradable membrane to test the long-term stability of
the electrode in bovine serum at 37°C. The condition was to mimic the in vivo
environment and their results showed 80% of its sensitivity was retained after 44
days inside the serum. They concluded that glucose sensors exhibited a good
potential for real time measurements of glucose concentrations inside the body.
Glucose biosensors have been developed for over 50 years with the aim of
continuous measuring of glucose level. An error of <20% for glucose concentrations
ranging between 1.65 and 22 mmol/L should be followed as recommended by
U.S.FDA (Yoo and Lee, 2010). Needle enzyme electrode is seen as a good and

reliable biosensor for measuring glucose concentration both in vitro and in vivo.
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2.2.2 Diffusion cell

Diffusion cell technique has been used regularly used since Hannoun and
Stephanopoulos (1986) measured both ethanol and glucose diffusivities in calcium
alginate membranes, both seeded and not seeded with cells. More recently, Jin et al.
(2010) studied the diffusion of glucose in different molecular weights of dextran-
tyramine (Dex-TA) hydrogels to determine the ability of these hydrogels as
injectable scaffolds for tissue engineering applications. They used a diffusion cell
consisted of two chambers with identical volumes. Both chambers were filled with
glucose solution and distilled water, respectively. The diffusion cell was subjected to
a 37°C water bath. The concentration of glucose in both chambers were analysed
using a UV spectrophotometer at a wavelength of 450 nm. Jin et al. (2010) also
employed an enzyme based system to help measure the glucose concentration. As
what can be expected of diffusion work in similar cases, the glucose concentration in
glucose solution-filled chamber decreased while that of distilled water-filled
chamber increased accordingly before reaching a plateau after three days. They also
concluded that different molecular weights and degree of substitution of TA groups
work well with glucose diffusion where in all cases over 70% of glucose diffused

was observed.

Papenburg et al. (2007), in an attempt to observe the glucose diffusion in their own
fabricated PLLA micropatterned sheets, also employed a diffusion cell. The glucose
diffusion coefficient was measured to be 0.8-0.1 x 10™® m%/s (Table 2.4). Boss et al.
(2012) used the diffusion cell to measure the glucose diffusion coefficient across
nanoporous alumina membrane and results showed a value of 1.35 (+ 0.31) x 10
m?/s (Table 2.4). More recently, Suhaimi et al. (2015b) adopted the diffusion cell
method to determine the glucose diffusion coefficient in typical tissue engineering
membranes and scaffolds (Figure 2.6) saturated with water and cell culture medium
(CCM). Their results demonstrated reduced glucose diffusivities in materials
saturated with CCM (e.g., from 1.20 + 0.38 x 10 m%s to 0.728 + 3.37 x 10" m?/s
for polyvinylidene fluoride (PVDF) membrane). Diffusion cell method is valid
under the assumption of steady state systems which make use of Fick’s first law to

measure the glucose diffusivity.
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Figure 2.6: SEM micrographs showing surface morphology of (a) PVDF
membrane, (b) cellulose nitrate membrane, (c) poly(caprolactone) scaffold, (d)
poly(L-lactide) scaffold and (e) collagen scaffold (Suhaimi et al., 2015b)

2.2.3 Refractive index method

A group of researchers (Weng et al., 2005) attempted to further understand the
glucose behaviour in agarose gel which has a significant effect in molecular
diffusion research in general and tissue engineering in particular. For this particular
work, they adopted a refractive index method as a means to measure the glucose
diffusion coefficient in the agarose gel. The gel was contained inside a triangular
cell where it was later immersed into the glucose solution. When this happened, the

change of light was captured by a CCD camera and post processed with specific
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software. The source of light came from a He-Ne laser. This method presents some
advantages over others due to its capability to measure concentration in situ without
interrupting the process as well as the simple post processing work thereafter. As
such, the method has been used since in the early 1990s up until recently (Maier et
al., 1994; Chance et al., 1995; Liu et al., 1996; Tuchin et al., 1997; Wang, 2000;
Vargas et al., 2001; Yao et al., 2002; Bashkatov et al., 2003; Zhang et al., 2013;
Trichet et al., 2014 Ullah et al., 2014, Pleitez et al., 2015).

In general, when light passes through a prism, some if not all, will be refracted back
in what is known as refractive angle. This refractive angle resembles refractive
index of the prism. Weng et al. (2005) indicated in their work the success of
monitoring glucose transport in the agarose gel as well as determining the diffusion
coefficients using the method. They deduced 5.73 x 10™° m%s (Table 2.4) as the
diffusivity in 1.5% agarose gel at 25°C. This figure is comparable to the value of
Andersson and Oste (1994) whose work monitored the glucose diffusion in 1.2-
3.6% agarose gel at 25°C using a steady-state diaphragm cell. The obtained
diffusion coefficients were around 4.25-6.15 x 10™° m?/s which is close to what
Weng et al. (2005) obtained. Another pertinent work by Li et al. (1996) can be taken
as a comparison where they observed the glucose diffusion in 0.197% agarose gel at
37°C. The comparison indicated that the obtained glucose diffusivity was at least
50% more than what Weng et al. (2005) obtained. They also compared the
diffusivities of glucose in 0.5% and 1.5% agarose gel and as expected, 0.5% agarose
gel showed a slightly higher diffusion coefficient of 6.26 x 10™° m?/s due to lower

polymer content resulting in higher glucose mobility.

In 2006, Liang and coworkers attempted to improve the in situ refractive index
method with temperature-controlled capability (Liang et al., 2006). They used
protein instead of glucose to measure the diffusion coefficient in agarose gel.
Results proved that this improved method was reliable in measuring the protein
diffusion at different temperatures. There seems to be no recent study reported on
the use of refractive index method to monitor the glucose diffusion in tissue
engineering materials. However, this method has been used recently to measure
glucose level in tissue sample and one such study is reported by Ullah et al. (2014)
where they used the refractive index method to measure the glucose level in mouse

blood. The aim of their study was to further understand the use of laser applications
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to determine blood glucose levels without incision. Their results showed a positive
indication for future applications. This technique is suitable for materials such as
transparent gel-like scaffolds since it involves light transmission from and to the
solute molecules in the gel to capture the speed.

2.2.4 Dispersion model method

Apart from the polymer content of a gel matrix, the working temperature of the
diffusion process also has an impact on the diffusing solute molecules. Andersson et
al. (1997) conducted a temperature dependent study on the effect of glucose
diffusion at 10, 20 and 30°C in a swelling N-isopropylacrylamide (NiPAAm) gel
using a dispersion model method. They noted in their report that due to dispersion
and time delay during the actual experiment, the concentration recorded by the
detector was different to the in situ concentration in the diffusion cell. For these
reasons, they fitted the experimental concentration profiles into a mathematical
model that corrected both the dispersion and time delay factors. The calculated
diffusion coefficients of glucose at 10, 20 and 30°C are summarized in Table 2.2.
They concluded that the glucose diffusivity agreed with Wilke-Chang temperature
correlation (Wilke and Chang, 1955) suggesting the change in diffusivity was
mostly due to the change in temperature, not due to the degree of gel swelling. On
the other hand, Podichetty et al. (2014) reported the use of dispersion model coupled
with residence time distribution (RTD) analysis to observe the distribution of
glucose in polycaprolactone (PCL) scaffold and chitosan-gelatin (CG) scaffold.
Their results showed the surface properties of scaffolds had an effect on the glucose
distribution and concluded that the combined approach gave useful insights to
designing bioreactors for tissue regeneration. Since this method combines both
experimental and modelling approaches, the mathematical model is validated by
experimental measurements and it is also valid for small diffusants in diluted and

uncharged gel systems.

Hazwani Suhaimi 2015



CHAPTER 2 24

Table 2.2: Effective diffusivities of glucose in swelling N-isopropylacrylamide
(NiPAAmM) gel (Andersson et al., 1997)

Temperature (°C) Effective diffusivity (m?/s)
10 2.70 (+0.13) x 10
20 3.74 (+0.20) x 10™°
30 465 +0.57)x 10"

2.2.5 Six cross-flow cell unit method

A number of studies of glucose transport through different types of membranes have
been carried out but no or little work has been reported on the glucose diffusion in
polymeric/cyclodextrin mixed-matrix membranes. Thus, Adams et al. (2013)
presented a noble work on the transport of glucose through polysulfone (PSf)/p-
cyclodextrin (B-CD) polyurethane (PU) mixed-matrix membranes of three different
PSf concentrations. The surface morphology of the mixed-matrix membranes

showed uniformly sized circular voids of a smooth structure (Figure 2.7).

Figure 2.7: SEM micrographs showing surface morphology of (a) PSf
membrane, (b) PSf 5% B-CDPU membrane, (c) PSf 8% B-CDPU membrane
and (d) PSf 10% B-CDPU membrane (Adams et al., 2013)
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Before conducting the investigation, the membranes were subjected to a pressure of
3.10 MPa for a period of 2 hours and, specifically for diffusion experiments, they
were conditioned to a pH of 6.89 and a temperature of 20°C. The diffusion
coefficients of glucose were calculated based on Fick’s diffusion law assuming the
concentration difference was the sole driving force. The corresponding diffusion
coefficients are shown in Table 2.3. The authors concluded that mixed-matrix
membranes performed well in diffusing glucose due to its increased hydrophilicity
as well as its crystal structure. This method which applies solution-diffusion system
is typically validated with non-porous membranes in which the difference between
solubility and diffusivity leads to separation of permeates. Table 2.4 summarises the
different methodologies used for measurements of glucose diffusion in various
membranes and scaffolds as well as the corresponding effective diffusion

coefficients values from these studies.

Table 2.3: Glucose diffusivities in mixed-matrix membranes (Adams et al., 2013)

Membrane type Effective diffusivity (m?/s)
Polysulfone (PSf) 0.0793 x 101°
PSf 5% B-cyclodextrin polyurethane (B- 0.0290 x 10°*°
CDPU)
PSf 8% B-CDPU 0.1833 x 101°
PSf 10% B-CDPU 0.1717 x 10™%°
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Table 2.4: Examples of measured glucose diffusivity values for typical tissue engineering membranes and scaffolds

Scaffold/membrane Temperature | Porosity Methodology Effective diffusivity Reference
(°C) (%) (100 m?s)
Poly(L-lactic acid) Ethanol 23 84.3 £ 2.1 | Diffusion cell — samples were 0.15+0.5 Papenburg et al.
(PLLA) scaffold 23 826+0.7 analysed using a UV 033+0.1 (2007)
spectrophotometer at A = 450
4 75.2+1.6 nm 1.04+45
Isopropanol 23 86.0+0.8 0.26 £0.2
23 86.0+1.2 0.64+1.7
4 83.0+2.6 086+ 15
Inverted colloidal crystal (ICC) 25 NA Computer simulation 3 Shanbhag et al.
scaffold (2005)
Hydroxypropyl 37 NA Diffusion cell — samples were 1.16 +0.11 Wang et al. (2009)
chitosan/gelatin/chondroitin reacted with dinitrosalicyclic
sulfate (HPCTS/GEL/CS) (DNS) acid at 540 nm
scaffold
Poly(caprolactone) (PCL) scaffold 37 80 Diffusion cell 1.78 £ 0.50 Suhaimi et al.
Poly(L-lactide) (PLLA) scaffold 80 1.39 +0.28 (2015b)
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27

Collagen scaffold 72 37.1+2.78
Polyvinylidene fluoride (PVDF) 37 69 Diffusion cell 0.768 £ 2.78 Suhaimi et al.
membrane (2015b)
Cellulose nitrate membrane 64 0.891 +0.80
Nanoporous polyethylene 37 28.9 £ 0.7 | Diffusion cell — samples were 0.18 Boss et al. (2012)
membrane analysed using a
Asymmetric alumina membrane refractometer at 589.3 nm 1.39
Polysulfone (PSf) membrane 20 NA Diffusion was analysed based 0.07933 Adams et al. (2013)
PSF 5% p-cyclodextrin on a. solutI?n-dlffu3|on model 0.029
polyurethane (CDPU) membrane using a six cross-flow cell
unit
PSf 8% B-CDPU membrane 0.183
PSf 10% B-CDPU membrane 0.172
Collagen scaffold NA NA Needle enzyme electrodes 1.33 Rong et al. (2006)
Dextran-tyramine (Dex-TA) NA NA Diffusion cell 3.2 Jin et al. (2010)
scaffold
0.5% Agarose scaffold 25 NA Refractive index 6.26 Weng et al. (2005)
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1.5% Agarose scaffold 5.73
N-isopropylacrylamide 10 NA Diffusion cell connected to a 2.7+0.13 Andersson et al.
(NiPAAm) scaffold 20 computer 374 + 0.20 (1997)
30 4.65 + 0.57
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2.3 Porosity and tortuosity of tissue engineering membranes and scaffolds

Besides the interactions between the diffusing solute and the porous network in
membranes and scaffolds, the amount of void spaces (porosity) and the tortuous path
length (tortuosity), which increases the distance a molecule has to traverse through
the pore network, also have significant effects on the mass transport.

Porosity can be determined either using indirect or direct techniques. Examples of
indirect techniques include liquid permeability (Palacio et al., 1999), permporometry
(Mey-Marom and Katz, 1986), air-liquid porometry (Hernandez et al., 1996), liquid-
liquid porometry (Bechhold et al.,, 1931), SEM (Riedel and Spohr, 1980),
transmission electron microscopy (TEM) (Nakao, 1994), atomic force microscopy
(AFM) (Binnig et al., 1986), field emission scanning electron microscopy (FESEM)
(Dietz et al., 1992), thermoporometry (Brun et al., 1977) and gas adsorption-
desorption (Dollimore and Heal, 1964; Gregg and Sing, 1982). On the other hand,
pycnometric methods, mercury intrusion and apparent density estimation are some

examples of direct techniques for measuring porosity (Palacio et al., 1999).

Comparisons between using direct and indirect techniques will be highlighted here.
While pycnometric method appears to be easy and simple, it can lead to hydration
problem which will have a significant effect on the porosity determination. Instead
of wetting the porous material with water, mercury as the wetting agent has been
proven to be more precise (Liabastre and Orr, 1978). However, only certain pore
sizes are able to work well with Hg-porosimetry due to a considerable amount of
pressures needed to infuse mercury into very fine pores. Apparent density estimation
is also another simple and easy method to comprehend, yet it tends to overestimate
porosities which may be due to hydration and the presence of contaminants as well
as non-pure materials whose densities are unaccountable for in the calculation of
porosity. A common setback of using these direct techniques is the ability to detect

non-active pores or dead-end pores in the porous materials.

Microscopic methods such as scanning electron microscopy (SEM), transmission
electron microscopy (TEM), atomic force microscopy (AFM) and field emission
scanning electron microscopy (FESEM) present surface and cross section
micrographs of the porous material and these images can be uploaded onto a
computer and analysed using special software which enable surface porosity to be
determined easily. However, the bulk porosity requires the cross section images to
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be captured at certain angles which will eventually distort the overall structure. The
air-liquid and liquid-liquid porometry techniques require two steps: the first one is to
produce a flow graph against pressure or the resulting pore diameter which can be
deduced using Washburn equation (Washburn, 1921). This step requires a suitable
air and liquid to be pressurised in order to diffuse into the pores while the second
step involves integrating the cross section area of the pore diameter which results to

porosity determination.

Palacio et al. (1999) reported the outcome of using a gas penetration method in view
of experimental and nominal porosities and they acknowledged the difference
between these two. This may be due to a lack of information from the manufactures
on the techniques used to obtain the nominal values therefore comparisons of using
the same method to confirm the porosity values are not possible. The nominal values
are merely a representative for the same batches of the same membrane material and
therefore cannot be truly justified. This method is preferred if all voids are to be
investigated and also benefits from minimising structure distortion as only minimal

pressures are required.

Tortuosity is defined by the increased distance the diffusing solution has to travel
due to pore bending and curves. Porosity, diffusion coefficient and tortuosity are
correlated together (van Cappellen and Gaillard, 1996) and the latter can be
determined experimentally, theoretically and empirically. Shen and Chen (2007)
reviewed two experimental methods: one is the work of Sweerts et al. (1991) aimed
at determining the ratio of diffusivity in free media to the diffusivity in a porous
material of known porosity while the other one is the work of McDuff and Ellis
(1979) aimed at determining diffusivities of marine sediments. They linked
tortuosity to a formation factor obtained via electrical resistivity measurements. The

former is time consuming while the latter needs electrical resistivity probes.

Theoretical methods of correlating porosity and tortuosity are generally based on the
assumption of an idealised porous medium with the absence of adjustable
parameters. Examples of such models can be seen in the works of Bhatia (1985),
Dykhuizen and Casey (1989) and Petersen (1958). In contrast to the theoretical
method, empirical method encompasses adjustable parameters which differ in values
in traditional literatures. The first reported work involving the empirical method is
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the work of Archie (1942). Some examples of the relationship between porosity and

tortuosity for idealised porous material can be found in Table 2.5.

Table 2.5: Porosity-tortuosity relations for idealised porous materials

Relation Reference
T=1—041In¢ Comiti and Renaud (1989)
T=1-049In¢ Mauret and Renaud (1997); Barrande et

al. (2007)
T=1/£033 Bear (1972); Dullien (1975)
T=14+08(1-¢) Koponen et al. (1996)
2=1-1n (&%) Boudreau (1996)
=TT (18_ SEE Beeckman (1990)

Suhaimi et al. (2015b) determined both porosity and tortuosity values for tissue
engineering membranes and scaffolds experimentally. All materials were saturated
with both water and CCM at temperatures of 27 and 37°C. Porosity was evaluated
using a pycnometric method while tortuosity was derived from the determination of
the ratio of diffusivity in free media to the effective diffusivity in the porous network
(i.e. TE membranes and scaffolds). The corresponding porosity and tortuosity values
are shown in Table 2.6. They concluded that tortuosities varied with temperature as
what has been reported previously (Gao et al., 2014; Sadighi et al., 2013; Sharma
and Chellam, 2005).

Table 2.6: Porosity and tortuosity values in TE membranes and scaffolds (Suhaimi
et al., 2015b)

Material Porosity Tortuosity (dimensionless)
(%)
Waterat Waterat CCMat CCMat
27°C 37°C 27°C 37°C
Polyvinylidene fluoride 69 4.0 35 5.4 5.6
membrane (PVDF)
Cellulose nitrate 64 2.4 3.1 4.8 4.4
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membrane (CN)

Poly(L-lactide) scaffold 80 2.7 3.0 3.3 35
(PLLA)
Poly(caprolactone) 80 1.6 1.9 2.8 2.8

scaffold (PCL)

2.4 Microstructure and diffusion

The relationship between nutrient diffusion (i.e., glucose) and membrane/scaffold
morphology or tissue morphology is crucial for better understanding the transport
behaviour of the nutrients. In addition, it will help to further improve the
computational modelling work with regard to nutrient supply to the cells. An
example of the relationship between solute diffusivity and tissue morphology is
shown in the work of Shi et al. (2013). Temporomandibular joint (TMJ) disc, a
fibrocartilaginous tissue, was taken as their tissue sample and five regions namely
anterior, medial, intermediate, lateral and posterior in three orthogonal orientations;
medial-lateral (ML), anterior-posterior (AP) and superior-inferior (SI) were
subjected to fluorescein diffusion. The diffusion process was analysed by a
fluorescence recovery after photobleaching (FRAP) technique. All the tissue
samples were examined using SEM for the purpose of observing the tissue

morphology, that is, the collagen fibre structure (Figure 2.8).
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Figure 2.8: SEM micrographs showing the AP-ML orientation of the collagen
fibre in all five regions of the TMJ disc (Shi et al., 2013)

Shi et al. (2013) stated that the collagen fibre orientation may influence the
fluorescein (a molecule that is similar to glucose in terms of molecular weight)
diffusion based on the inhomogeneous and anisotropic diffusion style of the
fluorescein in the TMJ tissue. Furthermore, both the anisotropic diffusion and
collagen fibre orientation showed same degrees of similarity and trends in all five
regions investigated. They demonstrated that the fluorescein diffusion was

dependent on the composition of the region.

Another similar example can be seen in the work of Travascio et al. (2009) where
they observed the diffusion of fluorescein in human annulus fibrosus (AF) via the
fluorescence recovery after photobleaching (FRAP) technique. The diffusion
process spanned across three regions namely inner AF (IAF), middle AF (MAF) and
outer AF (OAF) in two directions, axial and radial, respectively. They concluded
that their findings in a similar fashion to Shi et al. (2013) stating a relationship
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between solute diffusivity in the human AF and the morphological structure and
content of the tissue existed. This hypothesis was drawn based on the similar trend
of both diffusivity values and water content whereby higher water content as well as
higher diffusivity value were determined in IAF region compared to the OAF
region. The morphological structure of the tissue samples were analysed using SEM
(Figure 2.9).
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Figure 2.9: SEM micrographs showing axial sections of (a) IAF, (b) MAF, (c)
OAF and radial sections of (d) IAF, () MAF and (f) OAF (Travascio et al.,
2009)

An additional example that verified the relationship between transport property and
morphological structure of the porous material is illustrated in the work of Li et al.
(2007). They fabricated sulfonated poly(ether ether ketone ketone)s (SPEEKK)
membranes (Table 2.7) and observed the morphologies using TEM and AFM
(Figure 2.10).

Table 2.7: Fabrication details of SPEEKK membranes (Li et al., 2007)

Membrane Sulfonated degree (Ds)
SPEEKK-1 0.78
SPEEKK-2 0.97
SPEEKK-3 1.23
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b,

Figure 2.10: TEM micrographs of (a;) SPEEKK-1, (a;) SPEEKK-2 and (a3)
SPEEKK-3 and AFM micrographs of (b1) SPEEKK-1, (b;) SPEEKK-2 and
(bs) SPEEKK-3 (Li et al., 2007)

2.5 Glucose diffusivities in liquids

Attempts to deduce liquid diffusivities have been ongoing dated back over many
decades ago and by far, the most frequently used method is a diaphragm cell method
(DCM). The DCM has been used as early as some 60 years ago up until now (Mills,
1957; Wendt and Shamim, 1970; Choy et al., 1973; Tham et al., 1973; Turhan et al.,
1995; Breer et al., 2014; Buzier et al., 2014) due to its precise and accurate
measurements. Other methods have surfaced recently such as Taylor dispersion
method using a long capillary tube (Ribeiro et al., 2006 and 2014), static and
dynamic light scattering (Soraruf et al., 2014), open-end capillary method (OECM)
(Ouerfelli et al., 2014) and total internal reflection fluorescence microscopy (TIRF)
(Uehara et al., 2014).
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Generally, the DCM is consisted of two half glass compartments with stirrers
attached to both and a diaphragm in the middle to separate the content of the
compartments. The diaphragm differs in every experiment, ranging from track-
etched membrane, porous disk, dialysis paper and to glass sinter membrane
depending on the molecular size of the diffusing solutes. Both compartments are
filled with the diffusing solution and distilled water, respectively. Samples are
withdrawn from both compartments at allocated time intervals for measurement of
concentration. The whole experimental set-up is conditioned to a working

temperature.

The corresponding diffusion coefficient by the DCM method is given by:

0 _,0
D=2Lm (M) (2.2)

.Bt Clower_cupper

where g is the cell calibration constant which must be determined before the start of
the diffusion experiment. The diaphragm cell is calibrated by performing a diffusion

experiment of solute of known diffusivity at the same experimental conditions.

The Taylor dispersion method is typically used to investigate mutual diffusion
coefficients of aqueous solutions. It involves a long capillary tube where it houses a
number of ports for inlet point. The diffusing solution is injected into the ports and a
metering pump is used to keep the flow consistent. The concentration of the
dispersed injected sample is analysed by a differential refractometer and the
equivalent diffusion coefficient is calculated via the dispersion equation which

followed the Gaussian concentration profile:

Sl WCECT M ]{1+(1—6a)1/2} (2.3)

T 48F | (1+4K2)1/2+2K2—1

where R and t are capillary tube radius and mean residence time, respectively while

K and §, are defined as follow:

_ — — 1/2
o?2—t2+(t*+4t?%0?) /
8t2—402

K =0/t E=L/u, 8, = (768)%0(, and {, = - (2.4)

where o, L, 4 and © are variance, capillary tube length, mean flow velocity and a

constant of 2.17014 x 107, respectively.

Ouerfelli et al. (2014) in their report presented the OECM for the purpose of

investigating the diffusion of trivalent lanthanide and actinide ions in aqueous
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electrolyte solutions. They attached radioactive tracer to these solutions and deduced

the diffusivity by the following equation:

(2.5)

D = 0.4053%1n (222)

where [, t and T are capillary length, diffusion time and ratio of final average
activity to total activity in the capillary tube at initial time (I" = A(t)/A(0)),
respectively. Eq. (2.5) is only valid for concentrations up to 0.114 mol/l. Uehara et
al. (2014) reported the diffusion of single-stranded DNA molecules (ssSDNA) in
aqueous solutions by the TIRF technique (Figure 2.11).

evanescent light

ssDMA, - - slide gla s;
© double-faced tape,_ | sealed by vaseline
cover glass cover glass__ .|

objective lens immersion oil

excitation light | fluorescence objectiye lens

ND filter b

laser [ ' ) i '
memmme e SN A
— Achrotc mirror
E e -

evanescent light

"1 emission filter

( sCMOS camera J |/ \

a c
Figure 2.11: The TIRF technique consisted of: (a) optical system, (b) sealing
sample solution and (c) penetration of light (Uehara et al., 2014)
The corresponding diffusion coefficients were evaluated based on their mean square

displacements (MSDs):

[r(t) = r(0)]?) (2.6)

1
D =lim; oo ——
t—oo zndimt (

where r(t), ng;, and () are the ssDNA molecules’ vector position at time t,

dimension of r(t) and ensemble average, respectively.
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More recently, Suhaimi et al. (2015a) measured glucose diffusivity in both CCM
and water (as reference fluid) using the DCM principle and they concluded that the
glucose diffusion coefficients in CCM were significantly reduced than the ones in
water. This was attributed to the higher dynamic viscosity of CCM compared to
water as well as the multi-component interactions present in CCM, though the latter
is believed not to be as significant as the former. While many authors assumed the
diffusivity in cell culture media to be equal to that in water (Li, 1982; Das and
Abdullah, 2007; Clark et al., 2011; Van Winkle et al., 2012), Suhaimi et al. (2015a)
highlighted the significant differences between the diffusivities in both media. Table
2.8 summarises some examples of diffusing solutes and the corresponding

diffusivity values that have been reviewed in this section.

Table 2.8: Typical diffusing solutes and their respective diffusivities

Diffusing solute Temperature | Methodology | Diffusivity | Reference
(°C) (107" m?/s)
Chloride ion 25 Diaphragm 20.33 Mills
cell method (1957)
(DCM)
Water-magnesium 25 DCM 0.3 Wendt and
chloride-sodium Shamim
chloride (1970)
Sodium ion 25 DCM 7.4 Choy et al.
(1973)
Sodium chloride 25 DCM 14.6 Turhan et
Potassium chloride 18.7 al. (1995)
Glucose 6.6
L-tryptophan 20 6.52
Lysozyme 1.09
Bovine serum 6.44
albumin (BSA)
Aqueous lactose 25 Taylor 5.68 £ 0.035 | Ribeiro et
Aqueous sucrose dispersion 5.25 £ 0.009 al. (2006)
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Aqueous glucose method using a | 6.78 £ 0.020
Aqueous fructose long capillary 6.89 + 0.030
tube
Aspartic acid 25 Taylor 8.20 £ 0.010 | Ribeiro et
Monosodium salt dispersion 9.35 £ 0.007 al. (2014)
method using a
long capillary
tube
Single stranded DNA NA Total internal 2.73 Uehara et
(ssDNA) molecule reflection al. (2014)
fluorescence
microscopy
(TIRF)
Aqueous glucose in 37 NA 9 Buchwald
water (2011)
Aqueous glucose in 37 Stokes- 5.926 Provin et
cell culture media Einstein al. (2008)
(CCM) equation
Glucose in water 27 DCM 6.98 £ 0.60 | Suhaimi et
37 058+013 | & (20159)
Glucose in CCM 27 5.67£0.74
37 6.16 +
1.25

2.6 Chapter summary

Various different techniques have been used and applied to determine the effective
diffusion coefficient of small solutes (e.g., glucose) in the porous material such as
needle enzyme electrodes, refractive index method, dispersion model method, six
cross-flow cell unit method and diffusion cell. The suitability of each technique
depends on the materials’ properties to be investigated as well as the validity of each
method. For example, the refractive index method is only suitable for transparent
materials as light needs to transmit across the transparent gel to capture its speed of
which refractive indexes are translated into concentration measurements. Needle
enzyme electrodes, refractive index method and dispersion model method are shown
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to require indirect and complicated methods for the concentration measurements of
the diffusant across the materials. On the other hand, six cross-flow cell unit and
diffusion cell methods are simple and easy to use. We recommend diffusion cell as a
way to investigate glucose diffusion in tissue engineering materials as it has been
widely used and accepted. Moreover, this method works under the assumption of
steady state systems which is usually the case for glucose diffusion across tissue
engineering materials, as compared to six cross-flow cell unit which involves the use
of non-porous membranes. For some methods, there is only one or two studies
reviewed for the particular method. As the aim of this chapter is to analyse and study
methods that have been developed and used over the years in concentration
measurements, it is still worth mentioning even though there seems to be fewer
studies reported using the methods as they can also be a potential technique for

concentration determination.

There have been a number of equations developed and produced by various authors
based on the methods studied. As such, the equations are used in different
applications. For example, diaphragm cell method will use Eq. (2.2) while taylor
dispersion method will employ Eq. (2.3) and Eq. (2.4). As the aim of this chapter is
not to discuss which equation is the most appropriate one as the equation used for
estimating the liquid diffusivity depends on the method used, we will therefore not
state in this chapter. However, due to its simple, precise and accurate measurements,
diaphragm cell method (DCM) has been widely used, and hence, Eqg. (2.2). In
addition, with reference to Table 2.8, DCM seems to be the most frequently used
method in determining the liquid diffusivity in free medium. The range of
concentration used for DCM is also larger than other methods (Table 2.8); therefore,

we can conclude that DCM is more applicable in wider applications.

Apart from pore size, porosity and tortuosity also affect the diffusion of a molecule
through the porous material. Both direct and indirect approaches have been
discussed with regard to its respective advantages and disadvantages and we
conclude that there is no general procedure to determine both porosity and tortuosity
of the porous media. For example, while pycnometric method seems to be
straightforward, it can also result in hydration. Mercury has also been proposed as a
better wetting agent instead of water for pycnometric technique, however it is only

valid for certain pore sizes. Hence, we conclude that the most appropriate method
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depends on the materials to be characterized itself. Sufficient studies have proven
that there exists a relationship between the property of transport of solute and
morphological structure and these findings are crucial in better and improved
understanding of the nutritional supply to extra cellular matrix and cells for tissue
engineering applications. Despite a number of literature works, the relationship
between membrane morphology and solute diffusion is not fully understood yet as
the building blocks of the material varies within the same material, and from one
material to another. The temperature and fluid that saturates it may also affect the

microstructure and this in turn affects the diffusion.
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CHAPTER 3

GLUCOSE DIFFUSIVITY IN CELL CULTURE MEDIUM

Chapter overview

The diaphragm cell method (DCM) was applied to determine the self-diffusion of
glucose in cell culture media (CCM) and water (reference fluid). For this purpose, a
diffusion cell based on the DCM principle was constructed and the cell was
calibrated with ethanol prior to carrying out the diffusion experiments. The results
show that the diffusion coefficients of glucose in CCM are significantly smaller as
compared to those for water which are due to the larger dynamic viscosity of CCM.
This may also account for the presence of extra components and difference in fluid
properties of CCM. The obtained diffusivity values are compared to values
estimated from Stokes-Einstein equation and it appears that the agreement is fairly

good.

3.1 Introduction

Diffusion is one of the primary mechanisms for transport of solutes in media of
biological importance. For example, glucose diffusion in tissue engineering fluids is
fundamental in growing successful three dimensional (3D) tissues. Glucose is a
small biomolecule which plays an important part as a source of nutrient for growing
these tissues. For many years now, numerous efforts have been made to understand
glucose diffusion behaviour in various chemical, biomedical and tissue engineering
applications (e.g., Khanafer and Vafai, 2006; Wang et al., 2009; Laatikainen, 2011,
Podichetty et al., 2014). In particular, glucose transport has been studied in the
context of tissue engineering bioreactors as it determines their performance for
growing artificial tissues (Chapman et al., 2012; Baptista et al., 2013; Nishi et al.,
2013; Napoli et al., 2014). From the point of view of mathematical modelling of
glucose transport in these bioreactors, values of glucose diffusivity in liquids (e.g.,
cell culture media, CCM) and porous materials (e.g., membranes, scaffolds) are
essential to solve the diffusion equations (Mauck et al., 2003a; Ye et al., 2006;
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Khademi et al., 2014; Chao and Das, 2015). These data are also needed to verify
theories of mass transport (e.g., Chen et al., 1992) and to enhance our understanding
of the diffusion processes, e.g., how fast and slow the molecular transport is in a
liquid medium in a bioreactor (Suhaimi et al., 2015b).

While a number of studies have reported the diffusion coefficients of glucose in
aqueous solutions (Longsworth, 1952; Dionne et al., 1996; Phanthong and
Somasundrum, 2003; Curcio et al., 2005), none of these studies seem to have
reported the glucose diffusivity in tissue engineering fluids (e.g., CCM). They have
mainly focused on glucose diffusion in water and other fluids (e.g., poly-ether-
sulphone, poly-sulphone and polyvinyl alcohol). There are also a number of studies
which have reported the influence of some compounds usually found in biological
media on the diffusion of oxygen as well as the effect of different solutes have on
the liquid mass transfer coefficients (Hebrard et al., 2009; Jamnongwong et al.,
2010; Garcia-Abuin et al., 2013). But as far as we are aware, there is a serious lack
of data in the literature for the glucose diffusion in CCM. Consequently, most
previous studies have assumed that the glucose diffusivities in CCM are similar to
those in water (e.g., Li, 1982; Abdullah and Das, 2007; Clark et al., 2011; van
Winkle et al., 2012). The extent to which this assumption is correct or wrong is not
certain at the moment. The purpose of our study is therefore to measure glucose
diffusivities in CCM and water (as a reference fluid).

A number of methods have been studied and developed to estimate the liquid
diffusion coefficients such as Taylor dispersion method using a long capillary tube
(Ribeiro et al., 2006, 2014), static and dynamic light scattering (Soraruf et al., 2014),
open-end capillary method (OECM) (Ouerfelli et al., 2014) and total internal
reflection fluorescence microscopy (TIRF) (Uehara et al., 2014). However, the most
commonly used method is a diaphragm cell method (DCM) due to its precise and
accurate measurements. The DCM has been used dated back from some 60 years
ago up until now (Mills, 1957; Wendt and Shamim, 1970; Choy et al., 1973; Tham
et al., 1973; Turhan et al., 1995; Breer et al., 2014; Buzier et al., 2014). The
apparatus consists of two well-stirred compartments separated by a diaphragm. One
of the compartments is filled with a solute solution from where the solute diffuses
through the pores of the diaphragm into the other compartment with a lower or zero

solute concentration. Typical diaphragm cell diffusion experiments are conducted
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over a period of 1-3 days where the contents of both the compartments are analysed
for concentration determination at the end of the experimental period (Tyrrell and
Harris, 2013).

We propose in this chapter the use of a diffusion cell based on the DCM principle.
By adopting the DCM method, we have investigated the self-diffusion of glucose in
CCM and water (reference fluid) at 27 and 37 + 1°C. 37°C is chosen as most cell
culture or tissue engineering experiments are conducted at 37-38°C. On the other
hand 27°C is chosen as a control and typical ambient condition. It is envisaged that
the diffusivity values as determined in this work will provide improved tool for

designing and modelling nutrient transport in tissue engineering bioreactors.

3.2 Experimental

3.2.1 Materials

The solute used in this study was glucose of analytical grade powder D-glucose-
anhydrous (Fisher Scientific UK Ltd, Loughborough, UK) of molecular weight
180.16 g/mol. The cell culture medium (CCM) used was Dulbecco’s Modified Eagle
Medium (DMEM) (Life Technologies Ltd, Paisley, UK). It typically contains
inorganic salts (e.g., potassium chloride and sodium chloride), amino acids (e.qg.,
glycine), vitamins (e.g., folic acid and riboflavin) and other components (e.g.,

phenol red and sodium pyruvate).

As the diaphragm, polyvinylidene fluoride (PVDF) membranes with pore size of 0.1
pm and thickness of 125 um were used in the diffusion cell. These membranes were
wetted overnight in deionised water in order to remove any remaining preservative
on the membrane surface, prior to conducting the diffusion experiments (Suhaimi et
al., 2015b).

3.2.2 Diffusion cell design

Two glass cylindrical diffusion cells were made to estimate the liquid diffusivities of
glucose in both CCM and water (reference fluid). The cells consisted of identical
volumes of 52.5 ml each with an internal geometry of length 60 mm x height 38 mm
(Figure 3.1B). A membrane was placed in between two membrane holders

belonging to each cell and clasped together when in use. Each cell had a stirrer shaft
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which was clamped to a polytetrafluoroethylene (PTFE) seal of a motor. The motors
were sealed by motor seal units and plugged into a diffusion cell motor control
which controlled the rotational speed of the stirrer shafts (Figure 3.1A). The
stainless steel impeller-like stirrer shafts had a rotational speed of 40 RPM. The
radial flow impellers were used to simply maintain good mixing in each
compartment. The whole apparatus was placed in a transparent temperature-
controlled box with a thermocouple attached to it to regulate the experimental
temperature at either 27 or 37 = 1°C. Both cells were assembled by tightly screwing
the stainless steel rods into the standing holder which kept the whole apparatus

together.
3.2.3 Experimental process

3.2.3.1 Calibration of the diffusion cell

Prior to conducting the diffusion experiments, the diffusion cell was calibrated with
a calibration solute. Ethanol was chosen based on its reliable diffusivity value in
water, i.e., 1.28 x 10 m?/s which can be found in the International Critical Tables
(Washburn, 1926). A diffusion experiment was performed in the diffusion cell to
determine a cell constant, B, which is essential for the determination of glucose
diffusion coefficient in both water and CCM. The method of calculation for DCM is
presented below.
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Figure 3.1: (A) Front section of cell design used in diffusion experiments; (B)
Schematic drawing of the diaphragm cell set-up used for glucose diffusion

experiments

To calibrate the DCM, one of the compartments was filled with ethanol solution
while the other with deionized water. The diffusion of ethanol was monitored by
withdrawing samples using a plastic syringe from both the compartments, at
intervals of 1 h for a period of 5 h. The samples were placed in a glass cuvette and
analysed by a UV spectrophotometer (UV Mini 1240, Shimadzu, Japan) at a
wavelength of 196.5 nm. The samples were poured back into the compartments
almost immediately after analysing, in order to keep the volume constant.

The rate of flow of liquid through the membrane is proportional to the difference of

concentration in solute and it is given by:

. D
] = oy (Cglucose—CCM/Water - CCCM/water) (3.2)
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where D is the solute diffusivity, 7 is the tortuosity across the membrane and § is the

thickness of the membrane.

The overall mass balance of the compartment containing the glucose-CCM/water

solution is defined by:

ac -
glucose—CCM/water __ .
Vglucose—CCM/water e = —4j (3.2

while for the other compartment containing CCM/water is defined by:

ac water .
VCCM/water % = —Aj (3.3)

where A is the membrane surface area and ¢ is the diffusion time.

Substituting Eqg. (3.1) in Eqg. (3.2) and Eq. (3.3) provides Eq. (3.4) and Eq. (3.5),

respectively:

AdCglucose—CCM /water D
4 lucose—CCM /water . =—-A—|(C cem — C cem (34)
g / dt T6 glucose water water
dCccMjwater D
VCCM/water - a —A % (Cglucose—CCM/water - CCCM/water) (3-5)

Dividing Eq. (3.4) by Vjiucose—cemjwater aNd EQ. (3.5) bY Vecn jwater We Obtain Eq.
(3.6) and Eq. (3.7), respectively:

dCglucose—CCM/water __ 1

D
dt =—4 5 (Cglucose—CCM/water - CCCM/water) v ccM (3-6)
glucose—m

ac water D 1
% =—A s (Cglucose—CCM/water - CCCM/water) W (3.7)
Eq. (3.8) is derived by subtracting Eq. (3.7) from Eq. (3.6):
da
E (Cglucose—CCM/water - CCCM/water) = D:B (3-8)

Where ,8 iS _ AVCCM/water_AVglucose—CCM/water
TSVCCM/waterVglucose—CCM/wat:er

Finally, Eq. (3.8) is integrated with the following initial conditions:
t=0
Cf,glucose—CCM/water - Cf,CCM/water = Ci,glucose—CCM/water - Ci,CCM/water (3-9)

to give

Cr.gl —ccM/water—Cf,ccM/wat -
f.glucose /water —Lf /water —e BDt (310)
Ci,glucose—CCM/water_Ci,CCM/water
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By rearranging Eqg. (3.10), D is defined as below (Robinson and Stokes, 1959;
Cussler, 1997):

D = i lTl < Ci,glucose—CCM/water_Ci,CCM/water) (311)
Cf,glucose—CCM/water_Cf,CCM/water

Bt

where D is the diffusion coefficient of ethanol in water, t is the diffusion time, C is
the concentration of the diffusing solute molecule and i and f denote the initial and
final, respectively. f was calculated by dividing the slope of the line with the
diffusion coefficient of ethanol in water. The cell constant, 8, was then determined
by Eq. (3.11).

It is worth pointing out that the cell constant, £, is a characteristic of the diffusion
cell. Littel et al. (1992) concluded in their calibration experiment of the same
principle of diffusion cell that the effect of temperature on the value of the cell
constant was negligible within experimental accuracy. In addition, Sanni and
Hutchison (1968) calibrated their diffusion cell at 25°C only despite having
diffusion measurements at temperatures up to 60°C. They also reported in their work
that there was no effect on medium change. Hence, we define in the current study

that the cell constant is not dependent on temperature and/or fluid.
3.2.3.2 Methodology for diffusion experiments

One compartment was filled with glucose solution while the other compartment
contained either CCM or water. The glucose powder was dissolved without further
purification in a beaker with either CCM or water prior to the start of the diffusion
experiment. Both solutions were allowed to reach thermal equilibrium at either 27 or
37°C in the heated water bath for 60 min before the apparatus was assembled. The
whole apparatus was placed in a transparent temperature-controlled box at both
temperatures. Both compartments were stirred at 40 RPM and maintained at this

speed for the complete duration of the experiment.

An YSI glucose analyser (YSI 2300 STAT PLUS, YSI UK Ltd, Hampshire, UK)
was used to measure the glucose concentration at initial and final conditions. The
operation principle of the glucose analyser was described in detail in section 4.2.6.3.
Both compartments were filled with 52.5 ml of CCM/water and the other
compartment also contained 8 mg/ml of glucose solution. The glucose-in-water

diffusion experiments were run for 24 and 22 h at 27 and 37 + 1°C, respectively,
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while the glucose-in-CCM diffusion experiments were run for a period of 7-11 h for
both temperatures. The latter was run for a much shorter period than the former due
to contamination of CCM that typically occurred beyond 11-12 h. There were two
possible causes of the contamination: (i) contact with air during sampling procedure
and (ii) formation of gaseous substances was observed at the inlet/sampling port
which may be due to an enhanced reaction of CCM content. The latter persisted
after several experiments and, hence, we concluded that the duration of the
experiments was justified through repeated experiments. The samples were
withdrawn simultaneously from both compartments using a plastic syringe and
placed in a glass cuvette for concentration determination. 25 pl were aspirated by the
sipper of the analyser. Immediately after being analysed, the samples from both
compartments were poured back. This was the case for initial concentration
determination only. All diffusion experiments were repeated three times. The
corresponding diffusion coefficients were calculated according to Eq. (3.11) where

B is the cell constant determined experimentally from cell calibration process.

3.3 Results and discussions

The self-diffusion of glucose in both CCM and water was determined for 27 and 37
+ 1°C. A comparison is also drawn between experimentally deduced glucose
diffusion coefficients with diffusion coefficient values calculated from Stokes-
Einstein’s equation as well as from Wilke-Chang’s correlation. While Stokes-
Einstein’s equation gives a fair estimation based on solvent viscosity and
temperature but in practice, empirical corrections are necessary to obtain more
accurate estimations of liquid diffusivity. The most commonly used method based
on empirical corrections is Wilke-Chang’s correlation. The focus of this work is not
to determine the influence of temperature on the diffusion coefficient. Hence, only

two different temperatures were used in the experiments in this work.

As stated earlier, before the start of the diffusion experiments, the diffusion cell was
calibrated using ethanol in order to deduce the cell constant, 5. By measuring the
concentration in both compartments at different times, the cell constant, 8, was
calculated by fitting the experimental data to Eq. (3.11). £ was found to be 61197.92

m~.
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Table 3.1 summarizes the results from the concentration measurements and it is
apparent that the glucose diffusion coefficients in CCM are significantly reduced at
a given temperature. This is due to the higher dynamic viscosity of CCM compared
to water which is evident from Table 3.1. This may also be due to the presence of
other molecules in CCM hindering glucose diffusion; however, we believe that this
is a minor effect as the glucose is a small molecule. It is also clear that the diffusion
coefficient increases from 27°C to 37°C for both CCM and water (Table 3.1). This
is due to a decrease in viscosity at a higher temperature. This is also due to the

increased in Kinetic energy of the glucose molecules at higher temperatures.
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Table 3.1: Self-diffusivities of glucose in CCM and water

o1

Temperature | Average dynamic Experimentally Stokes-Einstein’s Wilke-Chang’s From literature Deviation
(°C) viscosity (kg/m/s) Determined Equation Equation between values
calculated from
Eqg. 3.11 and
(Eq. 3.11) (Eq. 3.12) (Eq. 3.13) Eq. 312 (%)
D (m7s) D (m/s)
Values Reference
CCM 27+1 0.001306489 5.67 +0.74 x 107 461 x10™ Not calculated NA NA 23.0
due to lack of data
37+1 0.001100855 6.16 + 1.25 x 10™° 5.65 x 107 Not calculated | 5.90x | Provinetal. 9.0
due to lack of data | 10™° (2008)
Water 27+1 0.000865269 6.98 + 0.60 x 107 6.96 x 10™%° 7.92x 1070 5.40 x | Kleinstreuer 0.3
10" | and Agarwal
(1986)
37+1 0.000649516 9.58 +0.13 x 107 9.58 x 10%° 1.09 x 10° 9.00x | Buchwald 0.0
10" (2011)
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In Table 3.1, a comparison is also drawn between glucose diffusivities deduced
experimentally, diffusion coefficients derived from Stokes-Einstein’s equation as
well as from Wilke-Chang’s correlation and values reported in literature. The
glucose diffusion coefficient in CCM at 37°C calculated from the Stokes-Einstein’s
equation is found to be 5.65 x 10™° m?/s. This is consistent with the results of Provin
et al. (2008), who have also estimated glucose diffusivity in CCM for the application
of designing 3D scaffolds for high-density cell attachment using the same equation
at the same temperature. Their result was found to be 5.90 x 10™° m%s. In addition,
Buchwald (2011) has quoted a value of 9 x 10™° m?/s for the glucose diffusivity in
water at 37°C for the study of glucose-induced insulin secretion model. The value
obtained by Buchwald is very similar to what has been deduced experimentally in
the current study, which is 9.58 x 10™° m?%s.

The percentage deviation values calculated in Table 3.1 are based between the
experimentally determined values and values calculated from the Stokes-Einstein’s

equation.

The Stokes-Einstein’s equation is defined in this work as (Einstein, 1905):

__ kpT
- 6nnr

(3.12)

where kg is Boltzmann’s constant with a value of 1.3807 x 102 J/K, T is the
working temperature in K, 7 is the liquid dynamic viscosity in kg/m/s and r is the
Stokes radius of glucose with a value of 3.65 x 10-> m (Bouchoux et al., 2005). The
liquid dynamic viscosity at different temperature is determined in-house using a U-
tube viscometer (Poulten, Selfe & Lee Ltd, Essex, UK) (Kim et al., 2002), which are
provided in Table 3.1. The experiments provided values of kinematic viscosity,
which were converted to dynamic viscosity for the purpose of this work. The
experiments for the measurements of the fluid viscosity were performed at two

operating temperatures, i.e., 27 and 37 + 1°C for both CCM and water.
The Wilke and Chang correlation is given as (Wilke and Chang, 1955):

(@M)/2T
nVo.s

D=74x%x10"8

(3.13)

where @ is the association factor for water (2.26), M is the relative molecular mass
of solvent in g/mol, T is the working temperature in K, n is the liquid dynamic

viscosity in cP and V is the glucose molar volume at its normal boiling point in
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cm®mol. Wilke-Chang correlation is used to calculate the glucose diffusion

coefficient in water only due to an unknown association factor for CCM.

3.4 Chapter summary

A diffusion cell has been designed and constructed to determine the self-diffusion of
glucose in CCM and water. The cell was calibrated prior to conducting the diffusion
experiments to determine the cell constant, S, which is essential for the
determination of the glucose self-diffusion coefficient in CCM and water. All
diffusion experiments for both 27 and 37 £ 1°C were repeated three times. The
results show the diffusion coefficients of glucose in CCM are significantly reduced
at a given temperature due to the larger dynamic viscosity of CCM compared to the
ones in water. This may also be due to the multi-component interactions present in
CCM and what we obtained is therefore a lumped effect from a number of inter-

related phenomena.
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CHAPTER 4

GLUCOSE DIFFUSIVITY OF TISSUE ENGINEERING
MEMBRANES AND SCAFFOLDS

Chapter overview

There has been an increasing interest in the concept of growing artificial tissues in
bioreactors which use numerous membranes and scaffolds to support the cellular
processes such as cell growth and nutrient uptake. While these approaches are
promising and may be considered to be successful in some circumstances, there is a
general lack of quantitative information on the glucose (nutrient) diffusivity of these
materials. In addressing this issue we have carried out a series of well-defined
laboratory experiments to measure the glucose diffusion coefficient across a number
of tissue engineering membranes and scaffolds saturated with water and cell culture
medium (CCM). For this purpose, a diffusion cell was constructed and five different
membranes and scaffolds with varying pore size and shapes were employed, which
include cellulose nitrate membrane, polyvinylidene fluoride membrane, poly(L-
lactide) scaffold, poly(caprolactone) scaffold and collagen scaffold. Pore size
distribution, porosity and tortuosity of these materials were then determined and
correlated to the glucose diffusivity values. As expected, we found that the diffusion
coefficient increases with increasing pore size of the materials. These relationships
are non-linear and may be non-monotonic in nature as they depend on a number of
factors such as the basic building blocks of the materials which are non-periodic
and heterogeneous in nature and vary within the same material, or from one
material to another. We observed that glucose diffusivities in the materials saturated
with CCM are significantly reduced at a given temperature which is contrary to
what have been generally assumed in the previous studies on glucose transport
processes. Therefore, a conclusion can be drawn that the presence of extra
components and difference in fluid properties of CCM compared to water have a
significant effect on the glucose diffusion coefficient in the tissue engineering

membranes and scaffolds.
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4.1 Introduction

The concept of growing cells outside the human body and their survival has been
proven to work dated back almost a century ago when Wilhelm Roux, a German
zoologist, had successfully cultured chick neural crest in warm saline water for over
a period of few days (Hamburger, 1997). This is supported by Alexis Carrel, a
Nobel Prize winner in 1912, whose work showed that not only it is possible to grow
tissues including connective and heart tissues in vitro but also maintain their
characteristics for over a long period of time (Carrel, 1912). Tissue engineering has
emerged now to be a valuable tool as a solution to overcome health problems such

as tissue damage, degeneration and failure.

Engineered bone (Kimelman-Bleich et al., 2011; Grayson et al., 2010), cartilage
(Schulz et al., 2008), tendon (Abousleiman et al., 2009; Omae et al., 2012) and
blood vessel tissues (L’Heureux et al., 2007) have been successfully cultured both in
vitro and in vivo (Kimelman-Bleich et al., 2011; Omae et al., 2012; L’Heureux et al.,
2007). But studies have shown that culturing functional tissues in vitro is more
complex than in vivo due to the need for a controlled environment during cell
cultivation (Li et al., 2013). Hence, a bioreactor system is essential. To date, there
have been several types of bioreactors designed to culture and grow 3D tissues, such
as spinner flasks (Page et al., 2013), rotating vessels (Nishi et al., 2013; Chao and
Das, 2015), perfusion systems (Baptista et al., 2013), magnetic force bioreactors
(Bock et al., 2010), compression or strain bioreactors (Abousleiman et al., 2009;
Wartella and Wayne, 2009), combined bioreactors which may couple perfusion with
compression (Liu et al., 2012) such as rotating compression bioreactors (Wu et al.,
2013) and, another perfusion bioreactor, namely, hollow fibre membrane bioreactors
(Ye et al., 2006; Abdullah et al., 2009; Napoli et al., 2011, 2014; Chapman et al.,
2012). Even though these bioreactors give hopes to tissue engineering approaches,
they may not be able to prolong the cell culture environments (Li et al., 2013). One
of the reasons for this is limited nutrient diffusion through scaffolding matrix and
membrane. To achieve the desired rate of mass transfer and allow the development
of novel membranes and scaffold, a good understanding of the quantitative
relationship between their properties and nutrient transport behaviour is essential

(Chao and Das, 2015). A good understanding of the mass transfer behaviour in these
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materials is also necessary as these materials may be used to calibrate and develop

biosensors, e.g., for monitoring glucose level (Boss et al., 2012; Wang et al., 2013).

One of the important components of most tissue engineering bioreactors is the
scaffold/membrane matrix which acts as a support for cells to grow into new tissues
before being implanted into the host tissue. Some of the general characteristics of
the support materials are that they must be porous for ease of nutrient diffusion and
waste product removal (Florczyk et al., 2013; Guan et al., 2013; Deans et al., 2012),
biocompatible (Stamatialis et al., 2008), the material must possess comparable
mechanical properties to that of in vivo tissues (Karageorgiou and Kaplan, 2005;
Karande et al., 2004), allow cell seeding, and others. Some examples of these

support materials for tissue engineering purposes are summarised in Table 4.1.
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Table 4.1: Some examples of commonly used support porous materials and their characteristics
Material Fabrication technique Pore size Porosity Reference
(Hm) (%)
Poly(lactic-co-glycolic acid)(PLGA) Fiber knitting NA NA Ouyang et al. (2003);
scaffold Sequeira et al. (2012)
Poly(caprolactone) (PCL) scaffold  Salt leaching and thermal induced NA 93.6 £ 0.6 Zhang et al. (2013)
phase separation
Hydroxyapatite (HA) scaffold Imaging techniques and stereo 250 40 Chu et al. (2002);
lithography Kim et al. (2007)
Poly(L-lactide)/B-tricalcium Solvent self-proliferating/model 100-250 57 Xiong et al. (2002);
phosphate (PLLA/B-TCP) scaffold compressing/particulate leaching Kang et al. (2009)
Collagen-glycosaminoglycan (GAG) Lyophilisation technique 96 99.5 O’Brien et al. (2005);
scaffold Keogh et al. (2010)
Poly(lactic-co-glycolic acid)(PLGA) Dry/wet- and wet-spinning 0.2-1.0 NA Ellis and Chaudhuri
membrane (2007)
Poly(lactic-co-glycolic Wet-spinning 0.54+0.11 46 Meneghello et al.
acid)(PLGA)/polyvinyl alcohol (PLGA)
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(PVA) membrane 0.67 £0.15 67 (2009)
(1.25%
PVA-
0.89+0.16 76
um (2.5%
PVA-
1.1+£01 77
pum (5 %
Poly (lactide-co-glycolide)(Pp  LGA) Wet-spinning phase-inversion 0.16 = 0.006 NA Morgan et al. (2007)
membrane
Nanoporous polyethylene membrane Stereolithography using a 0.01649 28.9+4.93 Boss et al. (2012);
biocompatible medical-grade resin Boss et al. (2011)
(proform)
Polypropylene microporous Melt-extrusion/cold-stretch 0.10 45-50 Yu et al. (2008)
membrane
Titania nanotubular membrane NA 0.125 60-70 Paulose et al. (2008)
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Tissue growth and survival are undoubtedly complex, involving an immense variety
of processes from intracellular transduction pathways to tissue-level mechanics
(O’Dea et al., 2013). Cell differentiation, survival and proliferation of tissue-
engineered constructs are highly dependent on the availability of nutrients.
Therefore, the diffusion as well as the distribution and availability of the relevant
solutes, e.g., nutrients, must be fully grasped as they are important for tissue
formation, growth and survival (Liu et al., 2013). Glucose and oxygen are critical
molecules in these regards as shown in both experimental and modelling studies
(e.g., Mauck et al., 2003a; Ye et al., 2006). In contrast to oxygen which has been
extensively studied over the years (Malda et al., 2004a, 2004b; Kellner et al., 2002;
Guaccio et al., 2008; Ellis et al., 2001), there is limited knowledge available on the
diffusion coefficients of other nutrients or metabolites especially glucose and lactic
acid in porous membrane and scaffold within cell culture media (CCM) (Liu et al.,
2013). Most diffusion coefficient data are for cases where these materials are
saturated with water at ambient conditions. However, the cell/tissue culture
experiments are typically conducted at 37-38°C and the materials are imbibed with
cell culture medium (CCM).

The diffusivities of glucose in aqueous solutions were measured some sixty years
ago (Longsworth, 1952). More extensive measurements of glucose diffusion
coefficients in different fluid and porous media have been studied as well, such as
water (Dionne et al., 1996), poly-ether-sulphone and poly-sulphone (Curcio et al.,
2005), polyvinyl alcohol (Phanthong and Somasundrum, 2003), calcium alginate
(Chai et al., 2004 ), collagen gel (Shaw and Schy, 1981), agarose gel (Weng et al.,
2005) and hemodialysis films and hollow fibers for blood purification processes
(Klein et al., 1977). However, there is little or no published information that discuss
specifically the glucose diffusivity across membranes or scaffolds that are used for
cell/tissue engineering. Lactic acid is beyond the scope of this study and will not be
covered here.

While a number of techniques have been studied and developed to study the
diffusion of small molecules such as light scattering (Bica et al., 2001), nuclear
magnetic resonance microscopy (NMR) (Kwak and Lafleur, 2003; George et al.,
2004), fluorescence spectroscopy (Ye et al., 2003; McCain et al., 2004), fourier
transform infrared microscopy (FTIR) (Sahlin and Peppas, 1996; Peppas and
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Wright, 1996), electrochemical techniques (Zhang et al., 2002; Cleary et al., 2003)
and fluorescence recovery after photobleaching (FRAP) (Pluen et al., 1999), these
often require sophisticated and indirect methods for the concentration measurements
of the molecule diffusing across the membrane. These may not allow the diffusion
process to be monitored continuously (Lu et al., 2013). Furthermore, the suitability
of these techniques to study the materials investigated in the present study may not
match with the materials’ properties. For instance, the light transmission from and to
the solute molecules in the gel-like scaffolds to capture its speed is not possible for
used in the present study due to the membranes/scaffolds investigated are generally
not transparent. We propose in this study the use of a simple diffusion cell that is

easy to use and allows us to monitor the diffusion process continuously over time.

The interest in the determination of diffusion coefficients in membranes particularly
in chemical and biotechnological applications can be found in many applications of
membranes, e.g., water treatments, drug delivery and tissue engineering (Choi et al.,
2013; Bai et al., 2012; Jeon et al., 2012; Parizek et al., 2012; Peter et al., 2010).
Despite a number of literature works, it does seem that the mass transfer behaviour
in terms of dependence of diffusion on membrane morphology is still not fully
understood (Wang and Ma, 2012). Molecular diffusion is dependent on the
membrane morphology and the fluid that saturates it may have an effect on the
diffusivity values (Cussler, 2009). Diffusional boundary layers that are created at the
porous material-liquid interfaces may offer different resistances to diffusion as the
fluid and materials change (Chan et al., 2012). The temperature of the system also
plays important roles in determining the molecular diffusion. For example, the
temperature affects both the solubility and diffusion coefficient of a molecule in a
fluid and the porous material (Chen et al., 2013). The temperature also impacts the
interactions among the multi-components that make up the fluid (e.g., a cell culture
media) which may affect the diffusion coefficient of the molecule particularly if the
molecular size is big (Abdullah and Das, 2007). What we obtain for the
measurements of the diffusion coefficient of a molecule is therefore a lumped effect

from a number of inter-related phenomena.

It is therefore the purpose of our work to quantify the relationship between diffusion
coefficient and membrane morphology by engaging typical membrane and scaffold

materials for tissue engineering in diffusion experiments and relating the diffusivity
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values to the quantitative information of the pore morphology of the materials. We
acknowledge that some papers have discussed the dependence of the diffusion
coefficient on temperature, for example, that by Yui et al. (2013) which discusses
the change in diffusion coefficient of some solutes in water as temperature changes.
Cai et al. (2012) reported the diffusion of glucose in membranes at 20°C and 37°C
in deionized water and in NaCl solution. Umecky et al. (2013) also reported the
influence of temperature on the values of the diffusion coefficient of amino acids in
water. However, none of these papers really relate to the specific tissue engineering
membranes, fluids (i.e., cell culture media) or combination of these two as they are

normally used in tissue engineering.

In this chapter, we have adopted a two-compartment diffusion cell technique to
investigate the glucose transport properties of typical tissue engineering membranes
and scaffolds within CCM and water. This includes the relationship between the
morphology of membranes and scaffolds and its effect on glucose diffusivities. In
addition, tortuosity and porosity as well as the diffusion coefficient of glucose in
free media have been determined.

Please note that although the materials chosen for this work are designed for tissue
engineering purposes, they are not seeded with any biological cells yet (see chapter
5) in the experiments. This is because this chapter is aimed at quantifying simple
passive diffusion of glucose through the materials. As mentioned earlier, the
diffusivity values are needed for a number of practical scenarios, e.g., modelling of
mass transport in tissue engineering bioreactors, choosing the materials for tissue
engineering bioreactors and biosensors, and any others. If indeed the membranes
and scaffolds are seeded with biological cells (e.g., stem or epithelial cells; adherent
or suspended cells), the mass transfer rate may be different due to their presence.
The effective passive diffusion in this case may be different depending on a number
of factors, e.g., density of cells in the materials, glucose uptake rate by the cells and
any other factors. We consider this to be a ‘derived” property and not discussed in

this chapter.
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4.2 Materials and methods

4.2.1 Membranes

Two types of membranes were used in this study: cellulose nitrate (CN) and
polyvinylidene fluoride (PVDF). The CN and PVDF membranes were purchased
from Fisher Scientific UK Ltd (Loughborough, UK) and Millipore UK Ltd
(Watford, UK), respectively. Table 4.2 shows the main characteristics of these
membranes. Prior to conducting all experiments, the membranes were soaked in
deionised water for a day in order to remove any remaining preservative on the
membrane surface. We define that water fully imbibes into the membrane during
this time period and, that there is no significant swelling and, hence, changes in the
pore morphology of the membrane after this period. Table 4.3 shows the thicknesses
of these membranes as measured using a surface profiling (non-contact mode)
instrument (Talysurf CLI 2000, Taylor Hobson Ltd, Leicester, UK). The differences
between the thicknesses at different time intervals are defined as due to the swelling
of the membrane because of imbibition. The measurements were only done for
water. As evident from the table, there is no significant change in the thickness of

the membrane and, hence, swelling.
4.2.2 Scaffolds

Poly(caprolactone) (PCL), poly(L-lactide) (PLLA) and collagen scaffolds were used
in this study. PCL was purchased from the Electrospinning Company Ltd (Didcot,
UK) while PLLA was a kind gift from the same company. Collagen was purchased
from Matricel GmbH (Herzogenrath, Germany). Table 4.2 shows the main
characteristics of these scaffold materials. Before their use, all scaffolds were treated
as follows. PCL was treated with 15% ethanol (Fisher Scientific UK Ltd,
Loughborough, UK) for 30 min to aid in wetting the material and to remove any
trapped air, before being soaked and washed with deionised water, replacing the
water twice in 30 min in order to remove any trace of ethanol. The same treatment
was applied to PLLA except that a 70% ethanol solution (Fisher Scientific UK Ltd,
Loughborough, UK) was used. Collagen scaffold was pre-soaked in deionised water
for 30 min before used in experiments. A different treatment was used in this case as
the collagen scaffold is hydrophilic while both PCL and PLLA are hydrophobic in

nature. Similar to the membranes, we define that there is no significant swelling and,
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hence, changes in the pore morphology of the scaffold after this period. Table 4.3
shows the thicknesses of these scaffold materials. Similar to the membranes, it is
deduced that there is no significant swelling based on the results depicted in the
table.

4.2.3 Other materials

The cell culture medium (CCM) used was Dulbecco’s Modified Eagle Medium
(DMEM) (Life Technologies Ltd, Paisley, UK). The glucose was of analytical grade
powder D-glucose-anhydrous (Fisher Scientific UK Ltd, Loughborough, UK) of
molecular weight 180.16 g/mol.
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Table 4.2: Summary of the commercial membrane and scaffold properties

64

Material Thickness (um) Manufacturers’ Min pore Mean pore Max pore Source
based on pore size (um) size (um) size (um) size (um)
Manufacturers’
information
Membrane | PVDF 125 0.1 0.08 0.32+£0.29 1.65 Merck Millipore (Watford, UK)
CN 1225 0.45 0.21 0.6+£0.30 2.09 Whatman International Ltd

(Maidstone, UK)
Scaffold PLLA 50 12-18 4.04 13.67 £4.25 25.87 The Electrospinning Company

Ltd (Didcot, UK)
PCL 50 20-30 5.8 21.69 = 6.85 44.84 The Electrospinning Company

Ltd (Didcot, UK)
Collagen 1500 80 12.55 75.15+5.21 175.18 Matricel GmbH (Herzogenrath,

Germany)
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Table 4.3: Material thicknesses as measured a surface profiling instrument (Talysurf CLI 2000, Taylor Hobson Ltd, Leicester, UK), and their

respective swelling percentage. Please note that the average thicknesses we have measured vary slightly from the values of average thickness that

the manufactures provide for the same samples (Table 4.2)

Material Average Average thickness of wet Average thickness of wet | Swelling between dry | Swelling between
thickness of dry | sample after soaking in sample after soaking in sample (1) and wet wet sample (2)
sample (1) water for 24 hours (2), water for 48 hours (3), sample (2) and wet sample
which represent the which represent the (3)
samples at the beginning of samples at the end of
diffusion experiment diffusion experiments
(Hm) (Hm) (Hm) (%) (%)
PVDF membrane 98.38 98.61 101.23 0.23 2.66
CN membrane 124.22 125.54 129.79 1.06 3.39
PLLA scaffold 32.04 33.58 34.11 4.81 1.58
PCL scaffold 37.79 38.85 40.89 2.80 5.25
Collagen scaffold 1659.37 1699.9 1715.3 2.44 0.91
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4.2.4 Determination of pore size distribution of the membrane and scaffold
materials

Measurement of pore size is done manually using the software ImageJ (Wayne
Rasband, National Institute of Mental Health, USA). The analysis of the pore size
distribution of the sample materials also used scanning electron microscopy (SEM)
images where it enables visual images of membrane/scaffold’s morphology and can
be used directly in ImageJ software. Although these images refer to the surface
morphology of the membranes and scaffolds investigated, they represent the sample
morphology well as the samples have a fairly homogeneous (narrow range) of pore
size distribution. The SEM images were uploaded on to the software and lines were
drawn for every pore after setting the scale to track the measurements. The
minimum, maximum and average of pore size are shown in Table 4.2. On the other

hand, the pore size distributions for the selected materials are shown in Figure 4.3.

4.2.5 Evaluation of the porosity (g) and tortuosity (t) of the membrane and
scaffold materials

Besides the pore size distribution, the porosity values of the materials were
determined as they effect the solute diffusion through the materials. The porosity
values depend on the size and distributions of the pores in the materials. Further,
they are required to find out the tortuosity of each membrane/scaffold material in

this study.

Porosity is defined as the ratio of voids volume to total volume:
e=1-—->-+ (4.1)

where, v, is solid volume and v, is total volume of sample.

Porosity can be determined either using indirect or direct approaches. Apparent
densities estimation, pycnometric methods and mercury porosimetry are direct
approaches while computerised analysis of scanning electron microscopy images
and air-liquid displacement techniques are indirect approaches (Palacio et al., 1999).
In this study, we opted for a direct approach, which is a pycnometric method. By
measuring the masses and fitting the experimental data into the equation below,

porosity is evaluated.

Hazwani Suhaimi 2015



CHAPTER 4 67

mq+ my—mgs
Vtpw

e=1 (4.2)

where m, is the mass of dry sample, m, is the mass of pycnometer levelled with
water, ms is the mass of pycnometer levelled with water together with sample
contained inside and p,, is the water density which is 0.9970 g/cm® at room

temperature.

The dry membranes and scaffolds were each weighed separately before soaking
them wet in the pycnometer. Assuming the porous materials were soaked completely
and effectively in water, the masses of these wet samples were measured together
with the water-levelled pycnometer, giving ms. The experimental data were then

fitted into Eq. (4.2) above giving porosity of the materials investigated.

Tortuosity, on the other hand, considers the increase in distance of a diffusing
molecule due to pore bending and curves. Tortuous channels hinder the movement
of molecules which gives resistance to mass transfer. This hindrance is included and
defined by the tortuosity factor which takes into account the fluid transport system
as well as the pore connectivity. A relatively straight channel gives a tortuosity value
of unity while porous materials give a tortuosity value greater than unity, but
typically between 2 and 3 (Martin, 1993).

Nuclear magnetic resonance (NMR) based measurements, mercury intrusion
porosimetry, image analysis (Wu et al., 2006) and determination of the ratio of
diffusion coefficient in free media to the diffusion coefficient in the porous network
(Barrande et al., 2007) are some example methods used to evaluate the tortuosity.
The latter is used in this study where the effective diffusion coefficient (D,) is
derived from diffusivity measurements with the diffusion cell; porosity (¢) is derived
from the aforementioned method and the diffusion coefficient in free media (D) is
calculated from Eq. (3.11). Hence, tortuosity (z) is derived from the following

relationship:

D,=D

S | Mm

(4.3)

It must be noted that different types of diffusivities are used in the above equation
where D, leads to transport diffusivity by fitting experimental measurements into

Eq. (4.6) while D represent self-diffusivities calculated from Eq. (3.11).
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4.2.6 Measurement of glucose diffusion coefficient

4.2.6.1 Diffusion cell for measurement of glucose diffusion coefficient

Two rectangular diffusion cells, which are similar to those described by Chenu and
Roberson (1996), were made to measure the diffusion coefficient of glucose across
the membranes and scaffolds in both CCM and water. Both cells consisted of two
acrylic chambers with identical volumes. The chambers were called donor and
receptor phase, respectively. A larger cell was used to determine the diffusion of
glucose across the membranes and scaffolds in water while the smaller cell was used
with CCM to help reduce the amount of CCM consumed per experiment. The
diffusion cells were assembled by tightly screwing the half chambers into the rubber
gaskets, with the membrane/scaffold fixed in between (Figure 4.1). The rubber

gaskets were embodied to prevent leakage between the half chambers.

NLET PORT AMPLING PORT AMPLING PORT AMPLING PORT
[ s==|l | [
— . WATER
H —
WATER AND GLUCOSE — EMI-PERMEABLE MEMBRANE
—
—
RECEIVER

———————
| |—_—| |

o s LONNECTOR

Figure 4.1: Schematic drawing of a diffusion cell

The larger cell has a volume of 207.5 ml per chamber with an internal geometry of
length 100 mm x height 45 mm x width 50 mm. The smaller cell has a volume of 41
ml per chamber with an internal geometry of length 20 mm x height 45 mm x width
45 mm. Each half chamber was filled with either CCM or water. The donor phase
also contained glucose solution. The glucose powder was pre-mixed in a beaker with
either CCM or water prior to the start of the experiment. Both solutions of pure
CCM/water (receptor phase) and glucose mixed with CCM/water (donor phase)

were allowed to equilibrate at either 27 or 37°C in the heated water bath for 60 min
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before the apparatus was assembled. The whole apparatus was placed in a
thermostated water bath at either 27 or 37 + 1°C.

The corresponding diffusion coefficients were calculated according to Fick’s first
law. Fick’s first law describes the diffusion of small uncharged molecules well. It is
given by (e.g., Crank, 1975)

ac
] = _DE (44)

where ] is the mass flux describing the mass transfer through an area per unit time,
D is the diffusion coefficient of the solute molecule; c is the concentration of the
diffusing solute molecule while z is the diffusion length. Obstruction effects as a
result from diffusion across membranes and scaffolds must be considered with
certain porosity and partition coefficient. These properties are included in the

effective diffusion coefficient of the material (Gutenwik et al., 2004) defined by

ac
] = _Dea (4-5)

Assuming that there was no change in volume, Eq. (4.5) was transformed into Eq.
(4.6) and that the glucose diffusion across membranes and scaffolds in CCM was
calculated as given below:

Vg St = —D A (4.6)

where [ was the membrane/scaffold thickness, A the membrane/scaffold area, D, the
effective diffusion coefficient of the material and V; the donor volume. By
measuring the concentration in both chambers at different times, a diffusion

coefficient was calculated by fitting Eq. (4.6) to the experimental data.
4.2.6.2 Measurements of glucose diffusivities of the samples saturated in water

A UV spectrophotometer (UV Mini 1240, Shimadzu, Japan) was used to monitor the
change in glucose concentration over time. Each chamber (Figure 4.1) was filled
with 207.5 ml of deionized water as this is the amount that is required to fill the
chamber completely. The donor phase also contained 2 mg/ml of glucose solution.
Samples of 2.5 ml were taken using a plastic syringe from both the donor and
receptor phase at intervals of 1 h until equilibrium was established. The samples
were placed in a glass cuvette and analysed by the UV spectrophotometer at a
wavelength of 190 nm. Immediately after being analysed, the samples were poured
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back into the donor and receptor phase, respectively, to keep the volume constant.

All experiments were conducted in duplicate.
4.2.6.3 Measurements of glucose diffusivities of the samples saturated in CCM

An issue was encountered while investigating the diffusion of glucose in CCM. The
photometric elusion curve showed significant noise at around 190 nm suggesting
that the presence of other molecules in CCM might interfere and obscure the
concentration measurements. To resolve this issue, a glucose analyser was used
instead. To resolve this issues and to measure the diffusion of glucose in CCM, an
YSI glucose analyser (YSI 2300 STAT PLUS, YSI UK Ltd, Hampshire, UK) was
used. The outstanding performance of YSI glucose analyser has been known for
more than two decades (Lindh et al., 1982; Clarke et al., 1987; Burrin and Alberti,
1990). It has been well accepted as a device for measuring glucose concentration
due to its ease of use, quick analysing time (1 min) and small sample size (25 pl).
This instrument is based on enzymatic reaction. The system consists of two
membrane layers, an enzyme layer and a platinum electrode. The first layer which
houses porous polycarbonate minimises the glucose diffusion into the enzyme layer
to avoid the reaction from becoming enzyme-limited while the third layer which
contains cellulose acetate only allows small molecules such as hydrogen peroxide to
pass through and finally reaches the platinum electrode where it is oxidised to

produce electrons.

Immobilized enzyme reaction:

glucose oxidase

D-glucose + O, — D-glucano-é-lactone + H,0, 4.7)

Anode reaction:

platinum anode + )
H,Op ———— 2H + O, + 2e (48)

Each half chamber was filled with 41 ml of CCM. The donor phase also contained 8
mg/ml of glucose solution. The diffusion of glucose was monitored by withdrawing
samples using a plastic syringe from both the chambers, at intervals of 1 h for a
period of 8-9 h. The samples were placed in a glass cuvette and 25 ul were aspirated
by the sipper for glucose concentration determination. The volume loss for each
chamber remains consistent for every sample, thus the issue of keeping the volume

constant can be ignored. All diffusion experiments were conducted in duplicate.
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4.2.7 Determination of glucose diffusion coefficient in liquid

Diffusion coefficient of glucose in liquid media is an important factor to evaluate
tortuosity. In this work, Eq. (3.11) is used to evaluate this parameter for both water
and CCM (see section 3.2.3.1).

Stokes-Einstein’s equation is also considered in this chapter to compare with liquid
diffusion coefficient values reported in previous papers (see Table 4.7).

__ kpT
- 6mnr

(4.9)

where kj is Boltzmann’s constant with a value of 1.3807 x 102 J/K, T is the
working temperature in K, 7 is the liquid dynamic viscosity in kg/m/s and r is the
Stokes radius of glucose with a value of 3.65 x 10-> m (Bouchoux et al., 2005). The
liquid dynamic viscosity is determined in-house using a U-tube viscometer (Poulten,
Selfe & Lee Ltd, Essex, UK) (Kim et al., 2002), which are provided in Table 4.4.
This gave kinematic viscosity, which were converted to dynamic viscosity. The
experiments for the measurements of the fluid viscosity were performed at two

operating temperatures, i.e., 27 and 37 + 1°C for both water and CCM.

Table 4.4: Dynamic viscosities of liquids at different temperatures (determined in-

house using a U-tube viscometer)

Liquid Temperature (°C) Average dynamic viscosity (kg/m/s)
Water 271 0.000865269

371 0.000649516
CCM 271 0.001306489

371 0.001100855
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4.3 Results and discussions

To investigate the relationship between diffusion and membrane morphology, the
microstructures of all the materials were investigated using a scanning electron
microscopy (SEM) as discussed in the next section. The diffusion of glucose across
membranes and scaffolds saturated in water and CCM was monitored. The results
show that the diffusion coefficient is higher at a larger pore size, indicating least
resistance of glucose molecules diffusing through the channel. Porosity and
tortuosity were also determined to develop a correlation between diffusion and
membrane morphology with porosity and tortuosity.

4.3.1 Material characterization

SEM was utilized to observe the morphology of membranes and scaffolds used in
this work. The dry samples were placed on a sample stand and coated with carbon.
The high voltage SEM (Cambridge Stereoscan 360 SEM) was used to view the
surface morphology of the investigated membranes and scaffolds. Figure 4.2
presents typical SEM images of PVDF membrane, CN membrane, PCL scaffold,
PLLA scaffold and collagen scaffold. The photographs show the distribution of
pores and channels within the material where Figure 4.2a and 4.2b show the pore
distribution of the membranes. Please note that Figures 4.2a and 4.2b have different
scale bars. Figure 4.2c-4.2e show the distribution of channels and that collagen
scaffold has relatively straight orientation and larger pores and this attributes to the

diffusivity value presented in Table 4.6.
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Figure 4.2: SEM micrographs showing surface morphology of the selected
sample materials: (a) PVDF membrane, (b) Cellulose Nitrate membrane, (c)
PCL scaffold, (d) PLLA scaffold and (e) Collagen scaffold

Pore size distribution across the surface of the material was also investigated (Figure
4.3) using the software ImageJ. It is done manually as described in section 4.2.4 and
the procedure is reproducible. Most results are in good agreement with the
manufacturer’s size rating except for PVDF membrane. PVDF gave a higher mean

pore size than the rating and can be ignored.
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Figure 4.3: Average pore size distribution of membrane/scaffold as
determined by us; x-axis scales are referred as follows: (a) Cellulose Nitrate
membrane, (b) PVDF membrane, (¢) PCL and PLLA scaffolds and (d)

Collagen scaffold. The pore sizes have been manually obtained using ImageJ
4.3.2 Atomic force microscopy (AFM) observation for surface roughness

Atomic force microscopy is a characterisation method and presents high possibilities
of application in both the field of microscopy observation and characterisation of
various surfaces (Ochoa et al., 2001). The difference between AFM and SEM is that
AFM can be used to determine 3D surface topography/roughness while SEM is used
to determine pore size, both of which have been reported to affect the diffusion
process. Figure 4.4 shows the 3D AFM images of cellulose nitrate (CN) membrane
and PVDF membrane at a scan area of 10 um using an atomic force microscope
model Topometrix Explorer (Veeco Explorer AFM, Santa Barbara, USA) with a
high resonant frequency (HRF) silicon probe and tapping mode as the imaging

mode. The nodules are seen as bright high peaks.
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The results for roughness parameters R, and R, are presented in Table 4.5. R, is
the average surface roughness while R, is the root mean squared values. The
average surface roughness values and the root mean squared values were estimated
by the AFM software using the following expressions (Henke et al., 2002):

Ry = ~ 3N,z (4.10)
Ryms = EZ{V:lZLZ (4.11)

where N is the number of points sampled on the surface and z; is the surface height

variation of the point (+z) from the mean surface level.

A

Figure 4.4: AFM topographic images of (A) CN and (B) PVDF membranes

When the surface consists of deep depressions and high peaks, high roughness
parameters are expected (Idris et al., 2007). It was also observed from other study
that less tightly packed nodules created a rough surface indicated by the high
roughness parameter values (ldris et al., 2007). The change in the roughness

parameters is proportional to the change in the pore size (Bessieres et al., 1996). The
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values in Table 4.5 clearly shows that PVDF membrane with a smaller pore size
than cellulose nitrate membrane has lower surface roughness values and the 3D
AFM image also shows that PVDF membrane has lower peaks as compared to

cellulose nitrate membrane.

Comparison between Figure 4.4A and Figure 4.4B indicates that the nodules are
slightly merged and much lower peaks observed. In theory, this means that the
roughness parameter decreases and it agrees well with the values presented in Table
4.5. It has been shown in other studies (Goodyer and Bunge, 2012; Idris et al., 2007)
that high surface roughness on membranes indicates increased flux as well as
decreased diffusion path length. A decrease in diffusion path length may imply less
tortuous pores/channels, increasing the ease of diffusion and this is reflected in the
diffusion coefficient values obtained in Table 4.6 where cellulose nitrate membrane
has a higher average diffusion coefficient value than that of PVDF membrane. The
surface topography of the scaffolds is not included due to their high height ranges on
small scanned areas which are built for the atomic force microscope used in this

study.

Table 4.5: Roughness parameters of Cellulose Nitrate and Polyvinylidene Fluoride
(PVDF) membranes

Membrane Ra(nm) Rrms (NnM)
PVDF 164.3 208.6
144.9 181.2
Cellulose Nitrate 286.2 367.2
440.9 548.8

4.3.3 Glucose diffusion analysis

The basis for engaging different pore size and shapes tissue engineering membranes
and scaffolds is to study if the varying morphological porous structures of the
materials engaged have an effect on the diffusion of glucose. Typical curves for the
temporal change in glucose concentration for both donor and receptor phases are
shown in Figure 4.5. All other membranes show similar pattern as depicted in Figure
4.5. It can be clearly seen that this measurement gives a smooth concentration
change. Table 4.6 summarizes the results from all these measurements. As expected,
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the effective diffusion coefficient is higher for a material with larger pore size.
Figure 4.2e highlights the morphology of collagen scaffold that enables a relatively
low resistance to diffusion of glucose molecules through the scaffold. The image
clearly shows relatively straight channels and larger pores in comparison to other
scaffolds/membranes, thus providing less hindrance to glucose molecules diffusing
through the path length. All other membranes/scaffolds’ compositions are much
more intertwined, thus providing more resistance to glucose diffusion through the
materials (Figure 4.2a-4.2d). This is reflected in the diffusion coefficient values
shown in Table 4.6 where PVDF membrane with the smallest pore size of 0.1 um
has the smallest glucose diffusivity while collagen scaffold with 80 um pore size has
the largest glucose diffusivity. They show that the corresponding diffusion
coefficient increases with increasing pore size of the material. This is true
independent of the media used. This effect can be explained with the fact that the
pore radius increases. However it must be noted that apart from pore size, other
microscopic properties such as porosity and tortuosity also have an effect on
diffusion. It is also apparent that the results for both water and CCM saturated
membranes/scaffolds are significantly different. The glucose diffusion coefficients
of membranes and scaffolds saturated with CCM are significantly reduced at a given
temperature. This shows that other molecules present in CCM have significant
influence with respect to diffusion.

It is worth pointing out that the diffusion coefficient for the materials increases from
27°C to 37°C. This is apparent for both water and CCM saturated
membranes/scaffolds. This is due to a decrease in viscosity at a higher temperature.
This is also due to the increased in kinetic energy of the glucose molecules at higher
temperatures and the results can be seen in Table 4.6. However, it must be noted that
the focus of this work is not to determine the influence of the temperature on the
diffusion coefficient. Hence there were only two different temperatures used in the

experiments in this work.

The diffusion coefficient in free media (liquid) calculated from Stokes-Einstein’s
equation is comparable to what have been reported in literature, as shown in Table
4.7. As expected, glucose diffusion through membrane/scaffold is smaller than in the
liquid which is reflected in the values shown in Table 4.6 except for collagen

scaffolds both at 27°C and 37°C. This may be due to the homogeneous and
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relatively parallel pore structure as can be seen from the surface morphology of the
collagen scaffold in Figure 4.2e. Although glucose was still able to diffuse through
the membrane/scaffold, the diffusion coefficient is reduced compared to its value in
free media. This may be due to several reasons. The diffusion length for glucose
increases due to impermeable segments of the membrane; this is an obstruction or
tortuosity effect (Westrin and Axelsson, 1991). The amount of water/CCM available
for diffusion is also reduced to a fraction of the total volume due to the
microstructure of the material. Hence, a much lowered value compared to the

diffusivity of glucose in free media.
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Figure 4.5: Diffusion cell experiment with 8 mg/ml glucose for both PCL and
PLLA scaffolds saturated in CCM at 37°C
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Table 4.6: Effective diffusion coefficients with standard deviations for glucose across membranes/scaffolds saturated in water and CCM
Material Manufacturers’ Effective diffusion coefficient (m*/s)
pore size (um) Water at 27°C Water at 37°C CCM at 27°C CCM at 37°C
Membrane PVDF 0.1 1.20+0.38 x 107 1.87+0.17x10" | 7.28+337x10" | 7.68+2.78x10™
CN 0.45 1.87£0.50 x 1077 1.95+0.28x10" | 763+0.17x10™ | 8.91+0.80x10™
Scaffold PLLA 12-18 2.08+0.20x 10™ 2.57+0.92x 10" 1.36 +0.45x 1077 1.39+0.28 x 1077
PCL 20-30 352+235x10™ | 4.13+1.75x10™ 1.64+133x10™° 1.78£0.50 x 1077
Collagen 80 9.59 +3.64 x 10” 1.07 +0.47 x 10°® 3.56 +0.84 x 10” 3.71+278x107°
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Table 4.7: Comparison of the diffusion coefficient values for liquid only calculated

from Stokes-Einstein’s equation and found in previous papers as well as

experimentally determined diffusion coefficient values

Experimentally Calculated | Values reported
determined (Eq. | from Stokes- in previous
3.11) Einstein’s papers
equation (Eq.
4.9)
Diffusion coefficientin | 6.98 £0.60x 10%° | 6.96 x 10™ 5.4x 10"
water at 27°C (m?/s) (Kleinstreuer
and Agarwal,
1986)
Diffusion coefficientin | 9.58 £ 0.13x10™° | 9.58 x 10™ 9.0x10™
water at 37°C (m?/s) (Buchwald,
2011)
Diffusion coefficientin | 5.67 £0.74x 10" | 4.61x10™ NA
CCM at 27°C (m?%s)
Diffusion coefficientin | 6.16 +1.25x 10™° | 5.65x 10 5.9 x 10™°
CCM at 37°C (m%5s) (Provin et al.,
2008)

Many papers have been published on the diffusion coefficients of glucose across
various membranes and scaffolds at different temperatures. Papenburg et al. (2007)
reported a value of 1.04 x 10 m%s of glucose diffusion coefficient across PLLA
scaffold saturated with water at 4°C while Shanbhag et al. (2005) obtained the
glucose diffusion coefficient across inverted colloidal crystal (ICC) scaffold
saturated in water at 25°C to be 2.7 x 10™° m?/s. In other studies conducted by Wang
et al. (2009) and Boss et al. (2012) at 37°C using hydroxypropyl chitosan (HPCTS)
crosslinked with gelatin (GEL) and chondroitin sulphate (CS) scaffold and
asymmetric alumina membrane, both saturated in water, glucose diffusion
coefficient values were found to be 1.16 x 10™° m?s and 1.39 x 10™° m?s,
respectively. These reported values are within the range of experimentally-deduced
diffusion coefficients found in the present study (Table 4.6).
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4.3.4 Relationship between porosity (€) and tortuosity (t)

As stated earlier, tortuous channels which are part of the pores of the membranes
and scaffolds hinder the diffusion of the molecules (namely, glucose in this case)
through the materials. The tortuosity of the molecule represents the average path
length resulting from all resistances to diffusion over which the molecule travels
during the diffusion through the material. The fluid that saturates the pores should
hinder the molecular diffusion in different ways. Furthermore, as the resistance to
diffusion changes due to change in temperature, the tortuosity values should also
change.

The porosity is a macroscopic property of the material that represents the amount of
void spaces in the material and pore size distribution although in reality it may be
difficult to determine the subtle differences in the effects of these on the porosity
values. Nevertheless, in an attempt to understand how the diffusional paths of the
molecules change with the pore structures of the materials, we attempt to correlate
the tortuosity values to porosity of the materials at different temperatures and for
different fluids. In traditional literature of flow and transport in porous media, many
such relationships can be found. Some of these relationships are reported for
idealised porous material as shown in Table 4.9. It is visible from the image (Figure
4.2) that PCL scaffold benefits from larger pores and less tortuous channels which
give a lower tortuosity value compared to other membranes/scaffolds. This is
depicted in Table 4.8 where PCL scaffold gives a tortuosity value of 2.8 and
consequently a higher diffusion coefficient (Table 4.6) in comparison to other
materials. PVDF membrane, with the smallest pore size, gives the largest tortuosity
value of 5.6 (Table 4.8) and the lowest diffusion coefficient value (Table 4.6). One
can also observe from Table 4.8 that the tortuosities vary with temperature and this
IS consistent with what have been found in several studies before (e.g., Gao et al.,
2014; Sadighi et al., 2013; Sharma and Chellam, 2005).

Figure 4.6 shows the plot of porosity-tortuosity relations between experimental and
empirical results. As expected, both results are not comparable as the approaches in
equation were based on a specific idealised model of a porous medium (Sun et al.,
2013) while the experimental results were collated from different membranes and
scaffolds of different pore size and microstructure.
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Table 4.8: Experimentally-calculated porosity and tortuosity for all materials

Material Manufacturers’ | Porosity Tortuosity (-)
poresize (M) | (o5) | water | Water | CCM | CCM
at27°C | at37°C | at 27°C | at 37°C

Membra PVDF 0.1 69 4.0 3.5 5.4 5.6
ne CN 0.45 64 2.4 3.1 48 4.4
Scaffold PLLA 12-18 80 2.7 3.0 3.3 3.5
PCL 20-30 80 1.6 1.9 2.8 2.8

Collagen 80 72 NA NA NA NA

Table 4.9: Porosity-tortuosity relations for ideal porous materials saturated with

water

Equation Relation Reference

number
412 T=1—-041lne¢ Comiti and Renaud (1989)
4.13 T=1-049In¢ Mauret and Renaud (1997); Barrande et

al. (2007)

4.14 T=1/g033 Bear (1972); Dullien (1975)
4.15 t=14+081—-¢) Koponen et al. (1996)
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Figure 4.6: Comparison of porosity-tortuosity relations for all materials
which are determined from the experiments in this work and four models of
ideal porous material. The equations for the relationship between tortuosity

and porosity for ideal porous media saturated with water (Eq. 4.12 — Eq. 4.15)
are shown in Table 4.9

4.4 Chapter summary

A diffusion cell has been constructed to measure the diffusion coefficient of glucose
across varying pore size and shapes tissue engineering membranes and scaffolds
which are saturated with water and CCM. The rationale behind selecting different
porous structure of membranes and scaffolds in this study was to observe how the
different morphological porous structure of the materials investigated might have an
effect on the glucose diffusion. The results showed the glucose diffusion coefficients
for materials saturated with CCM are significantly reduced at a given temperature.
This may be due to the multi-components that make up CCM and what we obtained
is therefore a lumped effect from a number of inter-related phenomena. A similar
trend was observed for both diffusion in water and CCM where a higher diffusion
coefficient was evident with larger pores due to increased pore size. SEM enabled
visual images of materials investigated including the morphology, porosity, pore

size and tortuosity. Both porosity and tortuosity were evaluated in this study and
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based on our results, a low tortuosity value was found for the PCL scaffold used in
this study and this is true independent of the media used. The low tortuosity value
coupled with a higher diffusion rate compared to other materials were due to less
hindrance to mass transfer and less tortuous channels. Varying the glucose
concentration for diffusivity measurements and determining the mass transfer rate
with the presence of biological cells (e.g., stem or epithelial cells; adherent or

suspended cells) in the scaffolds will be valuable for future work.
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CHAPTER 5

GLUCOSE DIFFUSIVITY IN CELL-SEEDED TISSUE
ENGINEERING SCAFFOLDS

Chapter overview

One of the keys to producing artificial tissues lies on sufficient nutrient diffusion,
especially glucose, into the cells, tissues and/or scaffolds. Studies have shown the
importance of understanding nutrient diffusion within tissue engineering scaffolds.
In order to further understand this behaviour, we have attempted a series of well-
defined diffusion experiments to determine the effective glucose diffusion coefficient
through the pores of scaffolds where cells are grown. For this purpose, a diffusion
cell was constructed and three commercialised scaffolds were employed, which
include poly(caprolactone), poly(L-lactide) and collagen. The results of the
experiments indicate the effect of cell growth has on the effective glucose diffusivity.
We observed that the cell growth changed the morphological structure of the
cultured scaffolds reducing the effective pore space in the scaffold and inevitably
reduced the effective glucose diffusivity. Therefore, a conclusion can be drawn that
the presence of cells over time during cell culture reduces the mobility of glucose.
The results of this study should be possible to use to predict the glucose

concentration profiles in thick engineered tissues.

5.1 Introduction

The main goal of tissue engineering (TE) field is to design, construct, regenerate and
repair damaged tissues in the human body (Ahn et al., 2014). For TE to be a
forefront approach, it needs a support system that mimics native extracellular
matrices (ECM). Native ECM exhibits a biologically induced stable environment
which should promote cell and tissue growth as well as providing mechanical
support (Daniele et al., 2014). ECM typically contains glycoproteins, proteoglycans
and functional proteins and it has a 3-dimensional (3D) structure (Kang et al., 2006).

Many TE scaffolds have emerged to mimic ECM, and they have been shown to play
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a crucial role in the successful reconstruction of diseased tissues. These scaffolds
must be porous, biocompatible and non-toxic, and they provide mechanical support
to the cells. Another important characteristic of the TE scaffolds is that they must
have interconnected porous network for easy access of nutrients into the cells and
removal of metabolic wastes such as lactate from the cells (Ahn et al., 2014). As the
amount of interconnected pores varies in different TE scaffolds, the nutrient
diffusivity in these scaffolds may also vary as discussed recently by Suhaimi et al.
(2015b).

The presence of a natural capillary network of blood vessels plays an important role
in supplying both the nutrients and oxygen to the cells and tissues in humans.
However, in vitro conditions pose a major setback due to the absence of these blood
vessels. Many studies have suggested the use of a bioreactor system to facilitate the
growth of artificial tissues (Bock et al., 2010; Page et al., 2013; Chao and Das,
2015), e.g., hollow fibre membrane bioreactors (HFMBSs) (Ye et al., 2006; Abdullah
et al., 2009; Chapman et al., 2012). HFMBs have been proven to be a promising
alternative to growing artificial bone tissues where studies have reported the
potential of successful growth of 3D tissue constructs of clinically relevant size
(Das, 2007; Ye et al., 2007; Chesnick et al., 2007; Ellis and Chaudhuri, 2007;
Bettahalli et al., 2011).

In general, the solutes for cell growth (e.g., nutrients and oxygen) are transported in
the scaffold in a bioreactor and into the cells by diffusion process. The
morphological structure of the scaffolds (e.g., pore size and shape distribution,
average porosity, tortuosity, and any other) has a significant effect on the solute
transport processes (Wu et al., 2010; Park et al., 2014). For example, increasing the
cell mass grown in scaffolds has been shown to affect the diffusivity of oxygen by
Kang et al. (2011) who reported a decrease in oxygen diffusivity with increasing
tissue formation within a TE scaffold.

In principle, the presence of cells should have affected the solute diffusivity in
scaffolds due to the possibility of the cells exerting significant contractile forces on
the scaffolds which is also dependent on the cell and scaffold type. For example,
fibroblasts and mesenchymal stem cells were shown to exert contractile forces on
collagenous scaffolds, as reported by Brown et al. (2002) and Awad et al. (2000),
while Leddy et al. (2004) reported the effects of changes in scaffold material leading
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to decreased diffusivity as a result of contractile forces exerted on the scaffold by

cells.

In contrast to oxygen diffusivity which has been reported in a number of studies
(Bettinger et al., 2006; Kang et al., 2011; Cheema et al., 2012; Fiedler et al., 2014),
there is limited study on the nutrient diffusivity especially glucose within cell-
seeded TE scaffolds. In addressing this issue, we report the glucose diffusivity of TE
scaffolds seeded with human osteoblast cells in cell culture media (CCM) at 37°C.
The scaffolds employed in this study have been used in our previous work (Suhaimi
et al., 2015b). However, these materials, at the time, were not seeded with any
biological cells as the previous work aimed only at quantifying passive diffusion of
glucose through the materials, i.e., the relationship between glucose diffusion with
different amount of connected pores and pore morphology in different TE scaffolds.
In contrast to this study (Suhaimi et al., 2015b), the goal of the present study is to
quantify the diffusive properties of cell-seeded scaffolds and compare with our
previous results of non-seeded TE scaffolds. 37°C is chosen as the typical optimal
temperature for cell culture or tissue engineering experiments. It is shown how the
glucose diffusivity would change with morphological changes of the scaffolds and
cell culture time. Specifically, the glucose diffusion coefficient is shown decrease

with increasing cell mass grown on the surface and inside the scaffolds.

5.2 Materials and methods

5.2.1 Materials

Human osteoblast HOSTE85 cell line (European Collection of Cell Culture
(ECACC), UK) was donated by the Centre for Biological Engineering,
Loughborough University. It was derived from a 13 year old female Caucasian from
USA. Dulbecco’s modified eagle medium (DMEM), 10% foetal bovine serum
(FBS) and 2% non-essential amino acids (NEAA) were purchased from Fisher
Scientific UK Ltd. (Loughborough, UK). Poly(caprolactone) (PCL) and poly(L-
lactide) (PLLA) scaffolds were purchased from the Electrospinning Company Ltd.
(Didcot, UK). Collagen scaffold was purchased from Matricel GmbH
(Herzogenrath, Germany). TE scaffolds should be biodegradable for successful

tissue formation in vivo; however, PCL, PLLA and collagen scaffolds were stable
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for culturing periods of up to three weeks. This shows that they have a long time of
degradation in comparison to the culturing periods and diffusion experiments and
hence, we define that any biodegradation has no effect on the diffusivity. Table 5.1
shows the main characteristics of the scaffold materials. Initial porosity of the
materials (i.e., before cells were seeded) was evaluated by a pycnometric method, as
described in Suhaimi et al. (2015b). Analytical grade powder D-glucose-anhydrous
was purchased from Fisher Scientific UK Ltd. (Loughborough, UK) which has a
molecular weight of 180.16 g/mol.
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Table 5.1: Summary of the commercial scaffold properties

89

Scaffold Thickness (um) Manufacturers’ Porosity Min pore Mean pore Max pore Source
based on pore size (uUm) (%) size (um) size (um) size (um)
Manufacturers’
information
Poly(L-lactide) 50 12-18 80 4.04 13.67 £4.25 25.87 The Electrospinning
(PLLA) Company Ltd.
(Didcot, UK)
Poly(caprolactone) 50 20-30 80 5.8 21.69 £ 6.85 44.84 The Electrospinning
(PCL) Company Ltd.
(Didcot, UK)
Collagen 1500 80 72 12.55 75.15+5.21 175.18 Matricel GmbH
(Herzogenrath,
Germany)
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5.2.2 Pore size distribution determination and morphological structure of
scaffolds

Pore structures and distribution as well as the morphological structure of the scaffold
materials were observed by a scanning electron microscopy (Hitachi TM3030 SEM,
Tokyo, Japan). The cell culture medium was removed and the scaffold specimens
were washed with phosphate buffered saline (PBS) (Fisher Scientific UK Ltd.,
Loughborough, UK) to discard any remaining DMEM. The scaffolds were then left
to dry inside a class Il biological safety cabinet (Microflow Class 11 BSC,
ABS1200CLS2-MKZ2, Bioquell, Andover, UK) before the SEM analysis. The dry
specimens were coated with carbon for 120s by a sputter coater (Edwards S150).

The images were taken at a voltage of 5 keV.

The minimum, mean and maximum pore sizes of the scaffolds (Table 5.1) were
determined using the ImageJ version 1.48 software (Wayne Rasband, National
Institute of Mental Health, USA) where the SEM images were uploaded. Briefly,
lines were drawn between the pores and measurements were tracked and recorded
by the software (Suhaimi et al., 2015b).

5.2.3 Scaffold preparation

Prior to cell seeding, both PCL and PLLA scaffolds were pre-wetted in 20% ethanol
(Fisher Scientific UK Ltd., Loughborough, UK) for 30 min followed by washing
with DMEM twice in another 30 min. Collagen scaffolds were highly purified and
could therefore be seeded in the dry state without previous washing with DMEM.
This procedure was carried out after sterilizing the class 1l biological safety cabinet

by exposure to ultraviolet (UV) light for 30 min.
5.2.4 Cell culture and seeding

The HOSTE85 human osteoblast cells were cultured in DMEM supplemented with
10% FBS and 2% NEAA at 37°C and 5% CO; — 95% air in a humidified incubator
(HERACcell 150, Fisher Scientific UK Ltd., Loughborough, UK). The medium was
changed every 2 days and the HOSTES85 cells were detached using 0.25% trypsin —
0.1% EDTA (Fisher Scientific UK Ltd., Loughborough, UK) followed by re-
suspending in the supplemented DMEM. After pre-wetting with 20% ethanol and
washing both the PCL and PLLA scaffolds twice with DMEM, 1 ml of the
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HOSTES5 cell suspension containing 1.2 x 10° cells and 1.5 x 10° cells was seeded
onto both the PCL and PLLA scaffolds in a 16-well plate, respectively. As for
collagen scaffolds, 1 ml of the HOSTESS cell suspension containing 6 x 10° cells
was seeded onto collagen in the dry state, also in a 16-well plate. The cell
suspension was also added into an empty well (no scaffold) of the 16-well plate as
control. After seeding, the collagen scaffolds were incubated at 37°C for 2 hr before
adding additional medium. All seeding plates were maintained at 37°C in the
humidified incubator and the medium was changed every 2 days. The doubling time
of HOSTESS cells is found to be 1.49 days (Figure 5.1).

After 1, 2 and 3 weeks post seeding, the culture medium was removed and both the
control and wells containing scaffold specimens were washed out with PBS solution
to discard any remaining medium. The scaffolds were then removed for SEM
analysis. Trypsin-EDTA solution was used to detach cells followed by re-
suspending in the supplemented DMEM. The mixture solution was centrifuged for 5

min followed by re-suspending in DMEM for cell count using a haemocytometer.
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Figure 5.1: The cell growth curve for HOSTES5 as a function of time where
the doubling time of HOSTESS cells is 1.49 days. The cells were cultured for 5
days and cell number was calculated on each day using a haemocytometer
where trypan blue was added into the cell suspension to differentiate between

live and dead cells
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5.2.5 Glucose diffusivity measurement

A diffusion cell was constructed to measure the glucose diffusivity within the seeded
scaffolds in CCM. The design and the operation principle of the diffusion cell were
described in detail in another paper (Suhaimi et al., 2015b). Briefly, the cell
consisted of two acrylic chambers, namely, donor and receptor chamber. Both
chambers held equal volumes of 41 ml per chamber with an internal geometry of
length 20 mm x height 45 mm x width 45 mm. The seeded scaffold was fixed in
between the chambers (Figure 5.2). The donor chamber was filled with 8 mg/ml of
glucose solution dissolved in CCM while the receptor chamber contained pure
CCM. The glucose powder was dissolved without further purification in a beaker
containing pure CCM before the start of the diffusion experiment. Both solutions of
pure CCM and glucose solution containing CCM were placed inside a heated water
bath at 37°C for 1 hr for the purpose of equilibrating to the experimental

temperature. The whole apparatus was placed in the water bath at 37°C.

The change in the glucose concentration was measured using the same method
described by Suhaimi et al. (2015b). Briefly, the diffusion of glucose was monitored
using an YSI glucose analyser (YSI 2300 STAT PLUS, YSI UK Ltd, Hampshire,
UK). The samples were taken simultaneously from both chambers using a plastic
syringe. The samples were then placed inside a glass cuvette where 25 pl were
aspirated by the sipper of the glucose analyser. After the measurements were
recorded, the samples were poured back into the diffusion cell to keep the volume
constant. The measurements were taken at an hourly interval until equilibrium was

achieved.

The diffusion study was conducted at the time points of 1, 2 and 3 weeks post
seeding for both PLLA and collagen scaffolds while 1 and 2 weeks post seeding for
PCL scaffold. After 1, 2 and 3 weeks post seeding, scaffold specimens were
removed from the well plate and placed in between the chambers of the diffusion

cell for diffusion experiments. All experiments were conducted in duplicate.

The corresponding diffusivities were calculated according to Fick’s first law which
was modified to include the effective diffusivity by Gutenwik et al. (2004) defined
by:

ac

J= - €5, (5-1)
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Assuming that there was no change in volume in the diffusion cell, Eq. (5.1) was

translated into Eq. (5.2) as given below:

ac Cq—C
Vd atd—_DAd r

(5.2)

where [ was the scaffold thickness, A was the area of the scaffold, D, was the
effective diffusivity of glucose in the seeded scaffold and V,; was the donor volume.
The effective diffusivity was determined by fitting the experimental data into Eq.
(5.2) as described in Suhaimi et al. (2015b).

NLET PORT MPLING PORT SAMPLING PORT G
DOMOR RECEPTOR
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20 MM
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Figure 5.2: Schematic drawing of a diffusion cell to measure the glucose
diffusivity across the seeded scaffolds saturated in cell culture medium at 37°C

(dimensions of the cell are shown in the figure)

5.3 Results and discussions

5.3.1 Cell proliferation on scaffolds

To confirm the morphological changes of the cell-seeded scaffolds at various cell
culture time intervals the materials were viewed for surface morphology and cross-
sections using SEM. Figure 5.3 illustrates some typical micrographs of osteoblasts
seeded on the surface of collagen, PLLA and PCL scaffolds after 1, 2 and 3 weeks
of culture as well as the blank scaffolds (no cells). A clear comparison is depicted on
the morphological change between blank scaffolds and seeded scaffolds. The cells
have gradually covered the surface and have almost filled all of the pores by week 3.

Figure 5.4 illustrates the cross-sectional view of the fibres of the scaffold where cells
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have migrated. It is observed that more cells are attached on the surface rather than
in between the fibres of the scaffold. Figure 5.5 presents the number of seeded cells
on all scaffolds at 1, 2 and 3 weeks of culture time which shows similar pattern as
the cell growth kinetics curve (Figure 5.1). The method for counting the seeded cells
is described in section 5.2.4.

Blank Week 1 Week 2 Week 3

Collagen

PLLA

rcL B

Figure 5.3: SEM micrographs showing morphological changes on the surface
of collagen, PLLA and PCL scaffolds from no cells attached (blank scaffold)
to cells cultured on week 1, week 2 and week 3
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Collagen

PLLA

Figure 5.4: SEM images showing the cross-sectional cell distribution in

collagen, PLLA and PCL scaffolds where cells have migrated into on the time

points of week 1, week 2 and week 3 of culture period
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Figure 5.5: The approximate number of cells grown on collagen, PLLA and
PCL scaffolds at culture time periods of week 1, week 2 and week 3. The
difference between cell number contained inside the control well and cell
number contained inside the wells that initially were present with scaffold

specimens, represents the number of cells that have grown on the scaffolds

5.3.2 Glucose diffusion analysis

The method for measuring the glucose diffusivity is described in section 5.2.5.
Typical curves for the temporal change in glucose concentration for both donor and
receptor chambers are shown in Figure 5.6 which depict the changes in the two
chambers during the diffusion experiment for collagen scaffold. Both PLLA and
PCL scaffolds show similar patterns as collagen scaffold and are not shown in the
figure. The diffusion coefficients of the cultured scaffolds are calculated by fitting
the experimental data into Eq. (5.2) and the diffusivity values are listed in Table 5.2.
As shown, the effective diffusion coefficient decreases as cells fill up the pores of
the scaffold (Figure 5.7A, 5.7B and 5.7C). This is attributed to the change in the
pore volume available for diffusion. Table 5.2 also shows the percentage difference
between scaffolds with no cells and cultured scaffolds.

‘
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Figure 5.6: Diffusion cell experiment with 8 mg/ml glucose for cultured
collagen scaffold saturated in CCM at 37°C. Both PLLA and PCL scaffolds

show similar patterns as collagen scaffold and are not shown in the figure
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Figure 5.7: Effective diffusion coefficient of glucose in different TE scaffolds
at different culture time: (A) collagen scaffold, (B) PLLA scaffold and (C)
PCL scaffold

There is an obvious decrease in the values of effective diffusivity between scaffolds
with no cells attached (blank) and cultured scaffolds on week 1. However, we did
not observe significant difference in the effective diffusion coefficients of the
cultured scaffolds between weeks 1, 2 and 3 which are likely due to a slower
proliferation rate of osteoblast cells. To further quantify the relationship between the
effective diffusion coefficient and number of cells grown on and inside the scaffold,
a graph of the effective diffusivity against cell number was plotted as shown in
Figure 5.8 for PLLA scaffold. This figure shows a decrease in the effective diffusion
coefficient values as cell number increases. Both collagen and PCL scaffolds follow
similar trends and are not shown in the figure. Diffusion is generally defined by a
random motion of molecules from a higher concentration to a lower concentration.
In this case, glucose molecules have diffused from the donor chamber into the
receptor chamber through the connected pores of the scaffold. In our previous work
(Suhaimi et al., 2015b), we have identified that the effective diffusion coefficient is
higher for a material with a larger pore size. In the present work, the results show
that the effective diffusion coefficient is still higher in the collagen scaffold
(properties described in Table 5.1) compared to PCL and PLLA even though cells

have grown and changed the morphological structure of the collagen, followed by
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PCL and finally PLLA. The decreasing trend of the glucose diffusivity in the
cultured scaffolds follows the notion of *higher diffusivity for a larger pore size’. As
the cells gradually cover the surface and almost all of the pores of the scaffold
starting from week 1 to week 3, the effective diffusion coefficient of glucose seems
to decrease monotonically with the cell number. The SEM images have also shown
the morphological change of the cultured scaffold due to growth of cells (Figures 5.3
and 5.4) and consequently the significant decrease of the effective diffusivity which
is evident from Table 5.2 and Figure 5.7A-5.7C. An interesting point to note here is
that gravity may affect cell growth and behaviour, however, gravity was constant
during the course of this work. Hence, we define that gravity has the same effect on

cell growth and fluid flow and therefore no effect on the results of this work.

Hazwani Suhaimi 2015



CHAPTER 5

100

Table 5.2: Effective diffusion coefficients with standard deviations for glucose across blank and cultured scaffolds saturated in CCM

Scaffold Manufacturers’ Effective diffusion coefficient (m?/s) Difference between
pore size (um) values calculated
Blank (Suhaimi et Week 1 Week 2 Week 3 from blank and
al. (2015b)) cultured scaffolds
(week 1) (%)
Collagen 80 371+278x107 | 323+0.16x10° | 3.22+0.16x10° | 3.07+0.11x 107 12.9
PLLA 12-18 1.39+0.28x10™ | 9.09+0.67 x10™ | 8.44+0.17x10™ | 7.56+0.46 x 10™ 34.6
PCL 20-30 1.78+050x 100 | 1.32+0.10x 10" | 1.17+0.04 x 10™ NA 25.8
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Figure 5.8: The relationship between effective diffusivity and seeded cell
number for PLLA scaffold. The percentage difference for both cell number
and effective diffusivity at different culture time were calculated at the time
points of 1, 2 and 3 weeks of culture time with reference to initial time (at 0

week)

5.4 Chapter summary

A diffusion cell has been constructed to carry out glucose diffusion experiments
through cell-seeded scaffolds saturated in CCM at 37°C. The results show that cell
growth changes the morphological structure of the scaffold which affects the
effective diffusion coefficient of glucose. The pore volume for glucose diffusion has
been reduced and it is concluded that increasing cell mass grown on and inside the
scaffold decreases the mobility of glucose. Further investigation on cell proliferation
rate by DNA quantification is necessary to further understand the relationship

between effective diffusion coefficient and culture time.
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CHAPTER 6

GLUCOSE TRANSPORT IN HOLLOW FIBRE MEMBRANE
BIOREACTOR FOR TISSUE ENGINEERING:
MATHEMATICAL MODELLING USING EXPERIMENTAL
MEASUREMENTS OF GLUCOSE DIFFUSIVITY

Chapter overview

Hollow fibre membrane bioreactors (HFMBs) have been shown to overcome the
diffusion limitation of nutrients (e.g., glucose) from the hollow fibres (lumens) to the
porous regions of a scaffold (extra capillary space). However, direct monitoring of
glucose diffusion inside the HFMBs is almost impossible due to their small size;
thus, various computational modelling frameworks have been developed in the past.
These models have defined that the glucose diffusivity in the cell culture medium
used in the HFMBs as similar to the diffusivity in water. Similarly, other
assumptions have been made which do not represent the nutrient transport
processes in the HFMB accurately. In addressing these issues, a mathematical
model is presented in this chapter, where we employ experimentally deduced
effective glucose diffusivities of tissue engineering membranes and scaffolds with
and without cells, along with glucose diffusivity in cell culture medium. The
governing equations are non-dimensionalised and solved analytically using
MATLAB. The results demonstrate the roles of various dimensionless numbers (e.g.,
Péclet and Damkdhler numbers) and non-dimensional groups of variables on
determining the glucose concentration especially in the scaffold region. The result of
this study is expected to help optimize designs of HFMB as well as carry out more

accurate scaling analyses.
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6.1 Introduction

Bone grafting is a surgical procedure to move bone tissues from one site to another
on a body which has been considered a standard criterion to treat bone defects as
early as 1912 (Donati et al., 2007). Despite its popularity and well-established
procedures, bone grafting is not always successful. The outcome of bone graft is
associated with donor site pain, size and blood type match as well as immune system
rejections (Norimoto et al., 2014; Khademi et al., 2014). Advances in bone tissue
engineering have created alternatives to bone grafting, however, it still presents
certain limitations. Creating a thick bone tissue mass in vitro is still restricted to
diffusion limitation due to the absence of a natural vascular network. For an in vitro
culture, diffusion governs the transport of solutes (e.g., nutrients and oxygen)
present in a cell culture medium into a scaffold. However, the diffusion of nutrients
is only typically limited to a few hundred microns (Mohebbi-Kalhori and

Hadjizadeh, 2010; Zhao and Harrison, 2015), thereby, producing thinner tissues.

To overcome this restriction, perfusion bioreactors have been developed over the
years (Zhao and Ma, 2005; Grayson et al., 2011; Liu et al., 2012; Viateau et al.,
2014). An example of a perfusion bioreactor is hollow fibre membrane bioreactors
(HFMBs) (Ye et al., 2006; Abdullah et al., 2009; Chapman et al., 2012). In a
perfusive culture environment, an artificial network that resembles a blood vessel in
vivo carries the medium containing nutrients and oxygen via convection and
diffusion processes over a large area of scaffold. This enables a thicker bone tissue

mass to be produced in vitro.

The presence of hollow fibres inside HFMBs allows a relatively high flow rate to be
maintained as it serves as a barrier between the culture medium and cells as well as
reducing the risk of cell damage. Furthermore, the HFMBs contain a scaffolding
material where cells are cultured, attached and supported into a matrix and finally
forming into a functional bone tissue (Mohebbi-Kalhori et al., 2012). They also
allow high cell expansion densities due to a large surface area to volume ratio
(Diban and Stamatialis, 2014). However, one major downturn of the HFMBs is
direct sampling of nutrient concentration (e.g., glucose) during tissue formation is
almost impossible (Chesnick et al., 2007) as cells are cultured in the porous scaffold,
making it difficult to obtain a representative sample of the total population of cells.

Therefore, various numerical modelling frameworks have been developed to
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generate the glucose concentration profiles inside the HFMBs. However, to our best
knowledge, none of these models employed experimentally deduced glucose
diffusivities in cell-free and cell-seeded tissue engineering (TE) membranes and
scaffolds imbibed with the culture medium. In other words, most of the existing
models found in the literature are based on the assumption that the glucose
diffusivities in the culture medium are similar to the ones in water. We have
reported in our previous work (Suhaimi et al.,, 2015b) a decrease in glucose
diffusivity for materials saturated with the culture medium.

The main objective of the present work is therefore to simulate the glucose transport
inside HFMBs using the measured glucose diffusivity in cell-free and cell-seeded
TE membranes and scaffolds obtained from experimental measurements. In contrast
to the previous models (Ye et al., 2006; Abdullah and Das, 2007; Mohebbi-Kalhori
et al., 2012; Khademi et al., 2014), the approach adopted in this work involves use
of non-dimensionless forms of equations as it allows one to carry out an analysis of
HFMB in terms of various dimensionless groups of variables (e.g., dimensionless
HFMB radius) and numbers (e.g., Reynolds and Damkdhler numbers). The materials
employed in the present model and the diffusivity measurements are described in
detail in our previous works (Suhaimi et al., 2015a, 2015b, 2015c¢). In addition, the
influences of changing dimensionless groups of parameters have on the glucose
concentration profiles to increase the scale of the HFMB are analysed. It is

anticipated that a more accurate analysis would be possible in future works.

6.2 Mathematical model development

To predict the glucose concentration profiles within the HFMB, a mathematical
model based on the Krogh cylinder model (Hewitt et al., 2008) is used in this work.
The Krogh cylinder model defines that the HFMB consists of numerous identical
hollow fibres. Figure 6.1 shows an example of a single hollow fibre which
comprises of three main sections mainly the extracapillary space (ECS) which can
be referred as scaffold, membrane and lumen. In the figure, R; refers to the fibre
lumen radius while R, illustrates R; and the thickness of the membrane wall. R3
represents R, and the ECS thickness while L refers to the fibre length. As for Az, A,

and Ags, they refer to the lumen, membrane wall and half of the ECS, respectively.
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The transport of a solute in the fibre lumen region is governed by advection and
diffusion, but the advective process dominates the diffusive process. In the
membrane region, solute transport is governed by diffusion only. In the scaffold
region, the solute transport is governed by reaction and diffusion processes;
however, reaction process dominates the diffusive transport (Ye et al., 2006; Das,
2007; Abdullah et al., 2009).

Diffusion and Reaction // 3

2R

Diffusion

A

Convection -

R2

1

v

At Y

R3

R2

¥ Fibre length, L

B

r4 Direction of

1 nutrient flow
r

Figure 6.1: Schematic diagram of a single hollow fibre showing the lumen,
membrane and scaffold

Under perfusive culture conditions, the culture medium which is saturated with
glucose is delivered into the porous region of both the membrane and scaffold from
the lumen where cells are cultured and supported to form tissue-like structures. The
effective diffusivity values of glucose used in the present model as well as the
diffusivity of glucose in cell culture medium (CCM) are taken from the experimental
measurements previously reported by Suhaimi et al. (2015a, 2015b, 2015c). All
simulations are done based on the dimensions found in Tables 6.1 and 6.2. Table 6.2
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summarizes the dimensionless parameters and their respective values based on the

data presented in Table 6.1.

Table 6.1: Values of dimensional parameter used in the present model

Parameters Values Units References
Fibre inner radius (a) 1.0x 10" m Abdullah et al.
(2006)
Fibre membrane (PVDF) thickness (m) | 1.25x 10™ m Suhaimi et al.
(2015b)
Fibre length (1) 3.0x 107 m Abdullah et al.
(2006)
Krogh cylinder radius (A) 3.2x10* m Abdullah et al.
(2006)
Average axial flow velocity (U,) 0.745 x 102 m/s Abdullah et al.
(2006)
CCM kinematic viscosity (v) 7.48 x 107 m?/s Suhaimi et al.
(2015a)
Temperature 37 °C Suhaimi et al.
(2015b)
Diffusivity of glucose in lumen (D,) 6.16 x 10 m?/s Suhaimi et al.
(2015a)
Diffusivity of glucose in polyvinylidene | 7.68 x 10 m?/s Suhaimi et al.
fluoride membrane (D, pypr) (2015b)
Diffusivity of glucose in poly(L-lactide) | 1.39 x 10™%° m?/s Suhaimi et al.
scaffold (Ds py14) (2015b)
Diffusivity of glucose in cell-seeded 9.09 x 10™ m?/s Suhaimi et al.
poly(L-lactide) scaffold (D&%}, 4 (2015¢)
Glucose inlet concentration (C,) 5.55 mol/m? Abdullah et al.
(2006)
Cell seeding density (n) 2.0 x 10* cells/m® Abdullah et al.
(2006)
Glucose uptake rate per cell (k) 3.83x10% | mol cell*s™ Abdullah et al.
(2006)
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Glucose consumption rate coefficient 1.38 x 10" st NA
(nk, = nky/Co)

Glucose degradation rate in the ~10°-10" st Mosier et al
water/acidic environment

. (2002)

6.2.1 Glucose transport equations

The cell growth inside the HFMB is dependent upon several factors, such as growth
solutes (e.g., glucose and oxygen), pH level and shear stress (Hossain et al., 2015).
For the purpose of this work, we define glucose as our main specie employed in the
present model. It is also defined that there are interactions among different solutes in
the cell culture medium such as those discussed by Abdullah and Das (2007). These
authors have earlier demonstrated that the interactions among the solutes have little
effects on the mass transport in HFMB.

The flow of glucose in the lumen region (0 < r < a) is continuous and governed
by convection. The glucose diffusivity in this region is denoted by D; and for this
model, we define the Reynolds number (Re = %) (Acheson DJ, 1990) to be low

(Table 6.2). We define that the culture medium containing glucose is
incompressible, Newtonian and has Poiseuille laminar flow. The transport of
glucose in the membrane (a < r < a + m) and scaffold regions (a + m <r < A)

is governed by diffusion and denoted by D,,, and Dy, respectively.

In consistent with Hewitt et al. (2008), we define continuity of concentration, ¢, and
normal diffusive flux, —D% , at each interface between media. The cell seeding

density, n, is taken to be constant for the whole of the scaffold area and the glucose
uptake rate per cell is proportional to the glucose concentration (first-order kinetics)
or constant (zeroth-order kinetics). For the case of first-order cell kinetics, the

governing equations are given as follows.

Convection-diffusion equation (CDE):

2U0(1—r2)%=Dl (li(r£)+%), 0<r<a (6.1)

ror ar
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Diffusion equation (DE):

D, (li(r ac) + 6_20) =0, (a<r<a+m) (6.2)

ror\' ar 0z2

Reaction-diffusion equation (RDE):

Dy (li(r %) + %) = kqnc, (a+m<r<A) (6.3)

r or

for 0 < z < L. The glucose concentration at the lumen inlet is denoted by C, and by
taking into account the concentration continuity and diffusive fluxes at interfaces
between the media, the boundary and continuity conditions based on the glucose

concentration at the lumen outlet are defined by:

c=C, a z=0,0<r<a (6.4)

=0 at z=0,a<r<A (6.5)

£=0 at z=1L0<r<A (6.6)

dc

5 = 0 at r=0 (6.7)
2 d

D5y =Py, Cle=cleeatr=a 68)
dc dc

™ or (a+m)- ~ TSor (a+m)+ Cl(a+m)_ N Cl(a+m)+ atr=atm (6.9)
dc
— = at r=A (6.10)

where c|,_ represents the glucose concentration limit near the lumen-membrane
boundary (r = a) with respect to lumen (r < a) and c|,, represents the glucose
concentration limit near the lumen-membrane boundary with respect to membrane

(r > a).
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6.2.2 Non-dimensionalisation

We now proceed to non-dimensionalise the glucose transport equations (Eq. (6.1) —
Eq. (6.3)) as defined by:

_ )% _10 (0 2 9%

Pe(1 r)az—rar(rar)+e Pk 0<r<1 (6.11)
10 dac 262(;_

;;(r;)+6 552=0 1<r<1+96 (6.12)
10 adc zaZC_

;5(7‘;)+6 Q—Dac 1+6<r<R (6.13)

with their respective boundary and continuity conditions:

c=1 at z=0,0<r<1 (6.14)
%=0 at z=0,1<r<R (6.15)
%=0 at z=1,0<r<R (6.16)
adc

o= =0 (6.17)
dc . OC B ~

arly_ ~ Pmarly, cl-=cly at r=1 (6.18)

mn or (1+6)— - S or (1+6)+ c (1+6)— =cC (1+6)+ r = )

dc

5= at r=R (6.20)

where €, 8, R, D,,, D;, Pe and Da are the fibre lumen aspect ratio, dimensionless
membrane thickness, dimensionless Krogh cylinder radius, normalized membrane
diffusivity, normalized scaffold diffusivity, Péclet number and Damk®&hler number,
respectively, and given as follows:

a
€ = —
l

5=

Q|3
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Pe = ZUOla_Z
D; 12
2

Da = “2% (6.21)

Figure 6.2 shows the non-dimensionless glucose transport equations together with

the boundary and continuity conditions for lumen, membrane and scaffold regions.

1 — 5:{]
Scaffold 14 ( ﬂc)
——|r—]=npD
= ar ac
= 8 8
cD,r)=1 r=1+48 ;’*a_zng_: ;3_;14,54,
Membrane 18 ¢ 8y
rﬂr(rﬂr)_ﬂ
_ 5 2
Hi=d drli— Marlis
dc 148 dc
Lumen Pe(1 — 2 _:__( _)
e e
F =0 e e %:ﬂ
z=10 it |

Figure 6.2: A representation of the Krogh cylinder problem with the relevant
governing equations and boundary/interfacial conditions for first-order cell

kinetics

Table 6.2: Values of non-dimensional parameter used in the present model

Parameters Values Symbols
Fibre lumen aspect ratio 3.33x10° €
Dimensionless membrane 1.25 o
thickness
Dimensionless Krogh 3.2 R
cylinder radius
Normalized membrane 0.125 Dy,
(PVDF) diffusivity
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Normalized scaffold 0.226 D;
(PLLA) diffusivity
Péclet number 8.06 Pe
Damkohler number 9.93x10° Da
Reynolds number 0.996 Re

6.2.3 Numerical procedure

The governing non-dimensional transport equations (Eqg. (6.11) — Eq. (6.13)) are
solved using the commercial MATrix LABoratory (MATLAB) software. These
transport equations are subjected to the various boundary and continuity conditions
presented in section 6.2.2. The derivatives of the boundary conditions are replaced

with r before solving the resulting transport differential equations using MATLAB.

The differential equations of the lumen region are solved first before the differential
equations of the membrane and scaffold regions are solved. The boundary

conditions in the lumen region after the derivatives have been replaced by r, are

shown below:

c=1 at z=0 (6.22)
%_o t r=0 6.23
or al = ( ) )
oc _ _ _

> = Ac at r=1 (6.24)

where 1 (Eq. (6.27)) is an effective mass transfer coefficient solved using a Bessel
function in Mathematical Problem-solving and programming Environment
(MAPLE). Ac defines the transport of glucose at the lumen-membrane boundary
(r = 1) where the components of A present the effect of membrane and scaffold
properties have on the glucose transport and consequently the downstream
concentration of the lumen region. Once the concentration has been solved for
lumen, the concentrations in the membrane and scaffold are given by Eq. (6.25) and

Eq. (6.26), respectively.

1 dc
c=cl|l{_ +—=| logr 6.25
Il D,*nar 1— g ( )
log(1+6) ac
¢ = (el +5725] ) x
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Ko(rDa'/?)1§(RDa/?)~Kk{(RDa/?)1y(rDal/?)

(6.26)
KO((1+5)Da1/2)15(RDal/Z)—Kg(RDal/Z)IO((1+6)Da1/2)

where Ko(rDa'/?) and I,(rDa'/?) are modified Bessel functions. The numerical

solutions generate glucose concentration profiles based on the data presented in

Table 6.2 by changing the dimensionless groups specific to the values presented in

Table 6.1.

_ DiD},(1+8)Da'/?k
" log(1+8)Di(1+6)Dal/2k-D;,

Kg((1+6)Da1/2)13(RDal/Z)—K(;(RDal/Z)Ig((1+6)Da1/2)
h Ko((1+8)Dat/2)1(RDa1/2)-k}(RDa/2)1o((1+6)Dal/?)

(6.27)

6.3 Results and discussions

Experimental results from our previous works (Suhaimi et al., 2015a, 2015b, 2015c)
are employed in the present model to validate the numerical procedure. The model is
then used to observe the influences of changing the dimensionless groups of
parameters have on the glucose concentration profiles in general. In particular, we
are keen to observe the difference in the minimal concentration of the glucose inside
the HFMB when varying the dimensionless variables. The minimal concentration
inside the HFMB is defined near the outlet of the bioreactor (z = 1,r = R). We also
define the dimensionless concentration at the inlet to be 1. In the present model, we
fix the dimensionless membrane thickness (&), normalized membrane (D,;) and
scaffold diffusivities (D;) and vary the dimensionless Krogh cylinder radius (R),
Péclet (Pe) and Damkohler (Da) numbers to enable us to observe the effect of

changing one dimensionless group of variables while holding the other pairs fixed.
6.3.1 Effect of fibre spacing on glucose concentration

As mentioned earlier, the present model is based on the Krogh cylinder model and it
is defined that HFMB consists of numerous identical hollow fibres. Varying the
dimensionless Krogh cylinder radius (R) physically means varying the spacing of
fibres. This effect is studied due to its potential in limiting the glucose concentration
which is essential for cell growth in the scaffold region. Figure 6.3 represents the
glucose concentration profile of a PVDF-PLLA (without cell) membrane-scaffold

system imbibed in the culture medium at 37°C. Figure 6.4 indicates how the
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minimum glucose concentration (c) varies when R changes from 2.5 to 3.2 and 5
for fixed Pe and Da. It is expected that the lowest minimum concentration will occur
at the largest value of R and it is shown clearly in the simulated results. The
minimum glucose concentration decreases from 0.99 to 0.95 and finally to 0.82
(with reference to 1) with increasing dimensionless Krogh radius (R) values of 2.5,
3.2 and 5, respectively (Figure 6.4). This is due to an increase of diffusion distance
from the inlet (c =1) towards the outlet of the bioreactor. The glucose
concentration profiles for PVDF-cell-seeded PLLA system with varying R values
follow similar trends as the system without cell; however, there is a noticeable
decrease of the minimal concentration as shown in Figures 6.5 and 6.6. This can be
attributed to a lower diffusivity value of cell-seeded scaffold in comparison to a
blank (without cell) scaffold (Table 6.1).
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Figure 6.3: Glucose concentration profile for PVDF-PLLA (without cell)
system at 37°C
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Figure 6.4: Glucose concentration profile for PVDF-PLLA (without cell)
systemat 37°C forR =2.5,3.2and5atz =1

Figure 6.5: Glucose concentration profile for PVDF-cell-seeded PLLA system
at 37°C

The simulated results for all other combinations of membrane-scaffold systems (e.g.,
PVDF-PCL, CN-Collagen and CN-PLLA) with and without cell indicate similar

trends as shown in Figure 6.3 — Figure 6.6 and are not included here.

It is evident from the simulated results that the spacing of fibres affects the glucose

concentration especially towards the outlet of the bioreactor. Therefore, fibre
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spacing should be considered as one of the major design parameters in developing a

larger bioreactor scale for producing 3D bone tissues.
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Figure 6.6: Glucose concentration profile for PVDF-cell-seeded PLLA system
at37°CforR=2532and5atz=1

6.3.2 Effect of bioreactor length on glucose concentration

As the glucose transport in lumen region of HFMB is governed by Péclet number,
varying this dimensionless number corresponds to varying the length of the
bioreactor, or vice versa, provided all other factors remain the same. It is seen in
Figure 6.7 that the minimal glucose concentration decreases by increasing the length
of the bioreactor from ¢ = 0.96 to ¢ = 0.95 and ¢ = 0.94 (with reference to 1) for Pe
= 20, Pe = 8.06 and Pe = 1, respectively. Similar to the fibre spacing, this can be
attributed to the increase in diffusion distance of glucose due to the increase of the
bioreactor length. Furthermore, increasing Pe number implies that convective mass
transfer in the lumen is increased. Therefore, at steady state, we observe the trend as
shown in Figure 6.7. Figure 6.8 indicates a noticeable decrease for PVDF-cell-
seeded PLLA system which is due to a lower effective diffusivity value of the cell-
seeded PLLA scaffold (Table 6.1). The simulated results for all other combinations
of membrane-scaffold systems (e.g., PVDF-PCL, CN-Collagen and CN-PLLA) with
and without cell indicate similar trends as shown in Figures 6.7 and 6.8 and are not

included here. From the results shown, it is evident that the bioreactor length should
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also be considered when one wants to develop a larger bioreactor scale, especially
for a long-term culture process within the scaffold region.
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Figure 6.7: Glucose concentration profile for PVDF-PLLA (without cell)
system at 37°C forPe=1,8.06and 20at z = 1
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Figure 6.8: Glucose concentration profile for PVDF-cell-seeded PLLA system
at 37°CforPe=1,8.06and 20atz = 1
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6.3.3 Effect of cell density on glucose concentration

Damkdohler number describes the nutrient transport in the scaffold region where cells
are grown and supported. The change in Da may correspond to change in the density
of cells located within the scaffold. By increasing the cell density, the glucose
uptake rate is also increased; hence the minimal glucose concentration near the
bioreactor outlet (z = 1)is the lowest at the highest cell density, as shown in Figure
6.9. As the cell density increases which corresponds to an increase in Da, the
minimal glucose concentration near the outlet decreases from ¢ = 0.93 to 0.39
(Figure 6.9). The first-order cell kinetics depicts a similar trend and is not included
here. In consistent with fibre spacing and bioreactor length, the glucose
concentration profiles of PVDF-cell-seeded PLLA system also show a decrease in
the glucose concentration near the outlet. All other combinations of membrane-
scaffold system with and without cell also indicate a similar trend as in Figure 6.9

and are not included here.
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Figure 6.9: Glucose concentration profile for PVDF-cell-seeded PLLA system
at 37°C for change in cell density within the scaffold at z = 1 for zeroth-order

cell kinetics

In addition, the effect of varying the average flow velocity at the inlet of the
bioreactor is also analysed. As the velocity increases, both Pe and Re also increase
and Pe indicates a lower value at a higher fibre length of 4 x 102 m (Figure 6.10).
Figure 6.11 shows the glucose concentration profile at different radial positions
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within the scaffold region, where the concentration is believed to be the lowest, with
respect to both Pe and Re. As expected, the glucose concentration is found to be the
lowest at » = 3.2 which is the Krogh cylinder radius (R) near the bioreactor outlet,
followed by at » = 2.88 and finally at » = 2.24. This confirms that the glucose
diffusion within the scaffold area is the main limitation of glucose transport from the
lumen into the cell inside the HFMB.
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Figure 6.10: Reynolds and Péclet numbers effects on changing the average

flow velocity at different fibre length
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Figure 6.11: The glucose concentration within the scaffold region at different

radial position in terms of two dimensionless numbers, Re and Pe

6.4 Chapter summary

We report a modelling framework based on the Krogh cylinder model for the
purpose of modelling glucose transport in HFMB. The non-dimensional transport
equations together with the boundary and continuity conditions are solved using
MATLAB. We vary in this work a number of dimensionless groups of variables.
The results show that increasing the fibre spacing, bioreactor length and the cell
density varies the minimal glucose concentration near the bioreactor outlet (z = 1).
It is concluded that these parameters should be considered when developing a large
scale bioreactor for producing 3D bone tissues. While TE scaffolds did not degrade
during the course of our experiments which indicates they have a long degradation
time, it is worth noting for future work as the biodegradation could affect the

effective diffusivity of these materials.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

This PhD research proposes the use of experimental measurements of glucose
diffusivity to model the glucose transport in hollow fibre membrane bioreactor
(HFMB) for tissue engineering purposes. Experimental work that consists majorly
of diffusion experiment has been carried out to investigate the relationship between
diffusion and membrane and scaffold morphology. The experimental measurements
are fed into a mathematical model to observe the glucose concentration profile
inside the HFMB in an effort to further improve the design and operation of such
bioreactors. The key conclusions from this research are as follows:

1) While many studies in the literature assumed a similar value for the glucose
diffusivity in both water and cell culture media (CCM), we hypothesize the
difference in the composition and hydrodynamic properties of both media should
give different respective diffusivities. The results shown have proven the

hypothesis to be correct.

2) The glucose diffusivity in CCM has been found to be significantly reduced than
the one in water due to CCM having a larger dynamic viscosity than water.
Another reason may be due to the presence of extra components and therefore

the difference in fluid properties of CCM.

3) Although the result from this research does not exclusively apply to all other
biological media/cultures since the variation in composition of media may imply
a different diffusivity value, it does highlight the danger of assuming glucose

diffusivity in CCM as equal to that in water.

4) Similar to the self-diffusivity of glucose in CCM, the effective diffusivity for
tissue engineering (TE) materials imbibed in CCM has also been found to be
significantly smaller than those in water which is contrary to what have been

generally assumed in the previous studies. This further proves that the presence
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5)

6)

7)

8)

of extra components is a contributing factor to a difference in the effective

diffusivity value.

Five TE membranes and scaffolds of varying pore size and shapes were engaged
in this research for the purpose of quantifying the relationship between diffusion
and morphological porous structures and the results shown that the effective
diffusivity increases correspondingly with the pore size. Furthermore, the
relationship between porosity and tortuosity is found to be non-linear as it
depends on a number of factors such as the basic building blocks of the

materials.

Osteoblasts grown on and inside the scaffolds change the morphology of the
materials such as reducing the effective pore space of the scaffolds which in turn
reduces the glucose mobility. In other words, the effective glucose diffusivity
between cell-free and cell-seeded scaffolds presents a significant difference. In
addition, the effective glucose diffusivity decreases monotonically with the cell

number.

A mathematical model based on the Krogh cylinder assumption has been
employed to facilitate the glucose concentration profiles inside HFMB,
especially at the region where the concentration is believed to be the lowest.
Results show that the concentration at the point of interest (scaffold region)
varies depending on the change of dimensionless groups of variables and

numbers.

The simulated results will help to effectively design and optimise the operation
of HFMB especially with the use of real values of glucose diffusivities for
producing 3D bone tissues.

7.2 Future work

There are several suggestions that can be done in the future as outlined below:

1)

Lactic acid is an example of a metabolic waste product produced by cells. As
similar to the vascular system in vivo, we should mimic the system in such a way
that the diffusion of lactate acid within the scaffold is also monitored. In this
way, it may complete the biochemical communication and especially useful in

developing a mathematical model that can simulate real situations.
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2)

3)

4)

5)

6)

7)

8)

The development of an online glucose monitoring system that can measure the
glucose concentration inside CCM without having the risk of contaminating the
sample. As CCM is quite sensitive to the surrounding environment, it would be
beneficial for the online monitoring system to be developed and it is particularly
useful for monitoring glucose concentration in cell-seeded scaffolds since cells

are highly sensitive in nature.

The effect of membrane fouling should be considered in future especially in
experiments saturated with CCM as it can affect the diffusivity value.

Cell proliferation rate by DNA quantification should also be investigated to
further understand the quantitative relationship between effective diffusivity and
cell proliferation. The insignificant difference in the effective diffusivity
between culture periods of 3 weeks may be due to a slower rate of proliferation

after a certain period.

Samples of different sections of cell-seeded scaffolds should be taken and frozen
in liquid nitrogen to observe in between the cell layer to further investigate the
possibility of cell death, damaged layers and healthy layers by cell staining using
calcium. This is one way to characterize pockets of cell death which may affect

the diffusivity value.

Although TE scaffolds did not degrade during the course of our experiments,
biodegradation studies should be carried out in the future, particularly if the cells
have the potential to produce extracellular matrix proteins and in turn would

affect the diffusivity value of the scaffold.

The pH of culture medium should be regularly checked so as to maintain pH
stability for successful cell cultivation. A slight disturbance such as opening of
an incubator door even for only 30 sec may have negative consequences for cell
growth. The use of 1% penicillin/streptomycin as an antibiotic in cell culture is
also suggested to safe guard against bacterial contamination and especially
useful in shared labs.

The mathematical model assumed a uniform distribution of cells inside HFMB
where in reality, the cell number will vary due to cell multiplication and death.
Therefore, more data on cell kinetics studies should be investigated to further
understand the concentration variation on cell distribution inside HFMB.
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Future research will contribute in further understanding the nutrient and possibly
waste product transport processes in tissue engineering materials and hopefully will

help in the advancement of regenerative medical therapy.
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APPENDIX

Matlab code for the mathematical model of the glucose diffusion in hollow fibre
membrane bioreactor

function HF1

global C_in Pe lambda Da Dm Ds delta R

tic
%%9%%%%%%%%%%%%%%%%%%%%% %% %% %% %% %% %% %% %% % %% %% %% %% % %% %%
m=1;

Pe = 8.06;
C_in = 1;

Da = 9.93e-03;
Dm = 0.125;

Ds = 0.226;
delta = 1.25;
R =3.2;

Z0 = 0;

Z1 = 1;

lambda = get_lambda()

RLM
RMS

1;
1+delta;

%%%%%6%%%0%%%%%6%%%%%6%% %6%%%%%6%% %% % %% %% % %% %% % %% % %% %% % %% %%

% Matlab does not render the surface plot well for a uniform mesh in
Z.

% "umz"™ @s a flag variable such that umz = 1 => uniform mesh in z
and

% umz <> 1 creates a uniformly expanding mesh such that

% z(i+1)-z(i) = ef.(z(i)-z(i-1)) starting with a given z(1)-z(0) =
dzO0.

% Thus z(i) is a sum of a geometric progression.

% Given dzO, Nz, z(Nz)-z(1) the commands below are aimed at finding
% the expansion factor "ef".

Nz = 51;
umz = 1;

it (umz == 1)

dz = 1/(Nz-1);

z = (Z0:dz:Z1-dz);
else
% Starts with a small step dz0O at z=0 and then subsequent steps are
a
% factor "ef" > 0 times the previous step. We need to find "ef" so
that
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% z(Nz) = Z1 (or z(Nz)=1 in the standard scaling). This problem is a
% geometric progression, and to find "ef" we use Newton-Raphson
iteration.
%
% First space-step in z - should be quite small
dz0 = 0.1;
% Newton-Raphson method to find expansion factor ef:
% initial estmate of expansion factor (must not = 1)
ef = 2;
% Tolerance is a measure of the error, smaller=> more accuracy.
tol = le-12;
res = fmesh(ef,dz0,Nz,Z1-70);
k = 0;
while (k < 100 && abs(res) > tol)
ef = ef - res/dfmesh(ef,dz0,Nz,Z1-Z0);
res = fmesh(ef,dz0,Nz,Z1-20);
k = k+1;
end;
% Having found the expansion factor
z = zeros(1,Nz);
z(1) = Z0;
for k = 2:Nz-1
z(k) = 20 + dzO0*(efr(k-1)-1)/(ef-1);
end;
end;
z(Nz) = Z1;

%
% Uniform mesh for the lumen,membrane and scaffold in r direction

NrL = 20;
drL 1/(NrL-1);
rL = (O:drL:RLM);

NrMm 10;
drM (RMS-RLM)/NrM;
rM = (RLM+drM:drM:RMS);

NrS 20;
drsS (R-RMS)/NrS;
rS = (RMS+drS:drS:R);

%%%%%6%%%0%%%%%6%%%%%6%% %6%%%%%6%% %% %% % %% % %% %% % %% % %% %% % %% %%
%%%%%6%%%0%%%%%6%%%%%%% %% % %% Y6%% %% % %% %% % %% %% % %% % %% %% % %% %%

% Solving for the lumen, using pde solver pdepe

sol = pdepe(m,@pdex4pde,@pdex4ic,@pdexdbc,rL,z);
cL = sol(:,:,1);

% use second order accurate approximation for dc/dr at r = 1
cLl = cL(:,NrL,1);
cLrl = (3*cL(:,NrL)-4*cL(:,NrL-1)+cL(:,NrL-2))/(2*drL);

=4

% Solving for the membrance and scaffold

% For z=0, cL = 1 does not satisfy the equations.
% At z=0, we impose cM(1)=1 and continuity of cM=cS
% and Dm dcM/dr = Ds dcS/dr at r = 1+delta.

=4
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= zeros(Nz,NrM);

cS = zeros(Nz,NrS);

for k = 1:Nz

cM(k,:) = cL1(k) + cLri(k)*log(rmM)/Dm;

cS(k,:) = (cL1(k) + log((1l+delta))*cLrli(k)/Dm)*cS0O;
end;

% Setting up variables for display
[rL, rM, rS];

[cL, cM, cS];
rmx = r(end);

Nr = NrL+NrM+NrS;
r
c

%%%%%6%%%0%%%%%6%%%%%6%% %6%%%%%6%% %% % %% %% % %% %% % %% % %% %% % %% %%
%%%%%6%%%6%%%%%6%%%%%6%% %6%%%%%6%% %% %% % %% % %% %% % %% % %% %% % %% %%

1;
3;

npx
npy

figure(1)

% Chosen orientation of r and z => transpose of c iIs being plotted
subplot(npx,npy,1)

surf(z,r,c")

view(110,10)

%shading flat

shading interp

axis([0.9 Z1 0.94 R 0.94 1]

title(CCc(r,2)")

xlabel ("z/Z2%)

ylabel("r/R%)

subplot(npx,npy,2)

cla

hold on

axis([0.94 rmx 0.94 1])

plot(r,c(1,:),"b")

for k = 1:10:Nz
plot(r,c(k,:),"r")
xlabel ("r/R%)
ylabel("c/c0")

end

hold off;

subplot(npx,npy,3)

cla

hold on

for k = 1:5:Nr
plot(z,c(:,k),"r")
xlabel ("z/Z2%)
ylabel("c/c0")

end

hold off;

toc;
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% Determine lambda

function val = get_lambda()
global Da Dm Ds delta R

KOd = besselk(0,sqrt(Da)*(1l+delta));

10d = besseli(0,sqgrt(Da)*(1+delta));

K1R = besselk(1,sqrt(Da)*R);

11R = besseli(1,sqrt(Da)*R);

Kid = besselk(1l,sqrt(Da)*(1l+delta));

11d = besseli(1,sqrt(Da)*(1+delta));

11 = (1+delta)*(K1d*I11R - K1R*I11ld)*sqrt(Da)*Ds;
12 = Dm*(K1R*10d+KOd*I11R);

val = Dm*11/(12+log(1+delta)*11);
% Calculate c in scaffold

function val = get_cS(r)
global Da delta R

KOd = besselk(0,sqrt(Da)*(1l+delta));

10d = besseli(0,sqrt(Da)*(1+delta));

K1R = besselk(1,sqrt(Da)*R);

11R = besseli(l,sqrt(Da)*R);

11 = K1R*besseli(0,sqrt(Da)*r)+11R*besselk(0,sqrt(Da)*r);
12 = K1R*10d+11R*KOd;

val = 11/12;

% Calculate dc/dr in scaffold (not used)

function val = get _cSr(r)
global Da delta R

KOd = besselk(0,sqrt(Da)*(1l+delta));
10d = besseli(0,sqgrt(Da)*(1+delta));
K1R = besselk(1,sqrt(Da)*R);
11R = besseli(1,sqrt(Da)*R);

11 = sqrt(Da)*(K1R*besseli(1,sqrt(Da)*r)-
11R*besselk(1,sqrt(Da)*r));

12 = K1R*10d+11R*K0d;

val = 11/12;

% Routines to calculate the expansion factor for the mesh in

% the z direction. The idea is to solve for x in the geometric
% progression formula d.(x™*(N-1D)-1)/(x-1) = z.

% fmesh evaluates the function d.(XxX**(N-1)-1) - z.(x-1)

% upon which we wish to find x so that fmesh ~ O.

% dfmesh is d(fmesh)/dx for the Newton-Raphson iteration.

function val = fmesh(x,d,N,Zz)
val = d*(xX*"(N-1)-1)-z*(x-1);

function val = dfmesh(x,d,N,z)
val = d*(N-1)*x"(N-2)-z;

% pdepe routines for PDE in the lumen
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function [c,f,s] = pdex4pde(r,z,u,DuDr)

global Pe

c = Pe*(1-r"2);
f = DuDr(1);

s = 0;

% pdepe routine that prescribes lumen concentration at z=0
function u0 = pdex4ic(r)

global C_in
uo = C_in;

% pdepe routine that prescribes boundary conditions at z=0 and 1

function [p0,q0,pl,ql] = pdex4bc(rO,u0,rl,ul,z)
global lambda

pO = 0;
qo = 1;
pl = lambda*ul(l);
ql = 1;
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