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Abstract

Development and optimisation of three-dimensional freeze-dried collagen-based scaffolds

A thesis submitted for the Degree of Master of Science by Research

Bin Xue (Andy)

Three-dimensional collagen/chitosan scaffolds fabricated by freeze-drying technique in 96-
well polystyrene and PDMS plates were optimized during this study. Surface tension is, by and
large, one of the most limiting factors in fabricating freeze-dried scaffolds in small format well
plates. Traditionally, bowl-shaped top surfaces of collagen/chitosan scaffolds were common in
polystyrene 96-well plate; whereas for PDMS 96-well plate, dome-shaped surfaces were formed.
These surface tension phenomena are not desirable in cell studies especially during initial cell
seeding. A combination of surface treatment and change of freeze-drying regime were developed
to mitigate the surface tension problem in PS and PDMS 96-well plates respectively.
Collagen/chitosan scaffolds of varying concentration and composition were experimented in
both polystyrene and PDMS 96-well plates. Thin water film treatment with UV cross-linking
was successfully used to eliminate meniscus in PS well plates; pre-cooling, on the other hand,
was utilised to treat scaffold solutions in PDMS well plates. The resultant matrices all had flat
top surfaces and average thickness of 1 mm. As expected, scaffolds with lower overall polymer
concentration or, from a compositional perspective, scaffolds with high chitosan content
generally had larger pores. Microscopic observation by multi-photon microscope was performed
and chemical analyses were conducted to characterize the surface-treated scaffolds. In addition,
scaffolds were tested in vitro using DLD-1 cells, hMSCs and fibroblasts for their biological
performance. The purpose of this study was to address the problem of using small format culture
wells for the fabrication of freeze-dried collagen-based scaffolds for studies of cell growth in 3D

culture and in microfluidic perfusion bioreactors.
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1. Introduction

1.1 Background

The emergent field of tissue engineering provides viable solutions for
replacement of damaged tissue [1]. To restore the very functionalities of the
original tissue, three-dimensional (3D) scaffolds are employed to act as
templates for cell adhesion, proliferation and differentiation; with the ultimate
goal of promoting tissue re-growth in the body. The scaffolds should have a
porous yet adequately strong structure to promote cell in-growth and facilitate
mass transport of nutrients and waste. The nature of the scaffolding material
should be biocompatible and degrade into immunologically inert by-products
over a timeframe comparable to new tissue formation [2, 3]. In the meantime, 3D
scaffold has been shown to influence cellular activities to a great extent. A
controlled fabrication process has to be carefully designed in order to obtain a
construct with desirable microstructure [4, 5]. In addition, the substrate used in
scaffold fabrication is also an important factor prior to scale-up and potential
clinical applications. Small-format well plate has seen its popularity and usage
increased during recent years due to its convenience for basic research and the
potential to save materials and costs. Two widely adopted small-format
substrates in tissue engineering are polystyrene (PS) and polydimethylsoloxane

(PDMS).



This chapter will lay the foundations of 3D culture used in this study, namely,
materials, processes used to generate the 3D constructs, and substrates that host

the 3D constructs; followed by aims and objectives; and the scope of this thesis.

1.1.1 Materials

To promote favourable cell-scaffold interactions, scaffolding materials must
satisfy a number of constraints including biocompatibility, biodegradability as
well as non-toxicity.

Natural polymers such as agarose, alginate, fibronectin, hyaluronic acid,
Matrigel, gelatin, fibrin, collagen and chitosan have shown promising properties
as scaffolding materials. The biological nature of these materials has
demonstrated distinctive advantages of biocompatibility and favourable overall
interactions with native tissue [3].

Collagen plays a significant role in forming and functioning of the extra-
cellular matrix (ECM). A number of tissue engineering applications have
adopted collagen as the scaffolding material as it has been observed to promote
cell attachment and in-growth [3].

On the other hand, chitosan, a linear polysaccharide and a structural element in
the exo-skeleton of crustaceans, has been commonly adopted in tissue
engineering applications because of its capability to be modified chemically and
physically to tailor to the requirement of a specific application. It is also

biocompatible and non-toxic.



1.1.2 Fabrication

Porous 3D scaffolds have been widely adopted in tissue engineering
applications for in vitro study of cellular interaction, and in vivo study of tissue
regeneration. Methods commonly used to fabricate the 3D constructs include salt
leaching, gas forming, electro-spinning, 3D printing and lyophilisation [6-8].
Fabrication technique used in this study was lyophilisation, or freeze-drying.

Freeze-drying, or lyophilisation is essentially a process to separate the solute
and solvent into two phases, solute-rich and solvent-rich. During lyophilisation,
the solvent-rich phase is solidified and removed, and the solute-rich phase is left
with a porous structure stimulating that of the solvent-rich phase [8-13].

There are a number of parameters during lyophilisation that could affect the
final outcome. The freezing temperature, primary drying and secondary drying
setups, the chamber pressure, and the time it takes to complete each stage are

factors that to be considered.

1.1.3 Substrates

The most widely adopted substrate in tissue engineering is PS. It is non-toxic
and chemically inert in most cases and appropriate for general purposes. In
addition, multi-well plates made of PS used in biological laboratories offer
excellent optical and thermal properties.

Over the past few years, silicon-based elastomer PDMS has been widely used
as an alternative for casting 3D geometries in which tissue engineered scaffolds

were produced. Its simple and fast fabrication process and flexibility in design
3



have earned the material a reputation in casting complex geometries and surface
features. In addition, the material is gas permeasible, optically transparent, and
compatible with the prevailing cell culture infrastructure.

Small format well plate made of PS or PDMS has been widely adopted in
laboratories as it is important to understand cell interactions with scaffold
materials on a small scale prior to scale-up and potential clinical applications,
hence there is a strong need to develop 3D scaffolds for cell culture on a small
scale for basic research. However, substrate associated problems in small-format
well plate have hardly been acknowledged, and remain poorly understood. In
fact, over the past decade, little attempt has been made to rectify drawbacks
caused by the hydrophilic surface of the widely-adopted small-format PS system.
As with small-format PS well-plates, the surface phenomenon is only
significantly pronounced in small-format PDMS well plates. In this case, the

hydrophobic surface causes the polymer solution to be repelled.

1.2 Aims and objectives

The purpose of this study was to address the problem of using small-format
culture wells for the fabrication of freeze-dried collagen-based scaffolds for
studies of cell growth in 3D culture in static and microfluidic perfusion
bioreactors.

The aims of the study were, therefore, to develop methods for fabricating
freeze-dried collagen-based scaffolds in 96-well plates made of PS and PDMS.

The objectives are as follows:

4



1. To prepare collagen/chitosan 3D porous scaffolds by freeze-drying blended
collagen/chitosan solutions in PS and PDMS 96-well plates;

2. To enhance the durability of the scaffolds by ultra-violet (UV) cross-
linking;

3. To investigate methods of overcoming the problems of surface tension to
produce scaffolds with a flat surface in PS and PDMS 96-well plates;

4. To investigate the morphology of the scaffolds by multi-photon
fluorescence microscopy;

5. To investigate the chemical properties of the scaffolds by differential
scanning calorimeter (DSC) and Fourier transform infra-red (FTIR);

6. To investigate the growth of three cell types (DLD-1, hMSCs, and

fibroblasts) in collagen/chitosan scaffolds.

1.3 Scope of thesis

This research begins with a comprehensive literature review discussing the
current state of tissue engineering, requirements, materials used, fabrication
processes, substrates, and cell studies.

Chapter 3 introduces materials and methodologies applied during the course of
this study, which include scaffolding materials and scaffold preparation, PDMS
well plate fabrication, characterisation techniques employed, and lastly, in vitro
cell studies used to assess the freeze-dried scaffolds. In particular,
characterisation techniques include multi-photon microscope (MPM), FTIR, and

DSC. Cell types used during in vitro studies were cancer cells DLD-1, human

5



mesenchymal stem cells (hMSCs) and fibroblasts. The method used to assess in
vitro performance of cell proliferation is alamarBlue assay.

In chapter 4, development of scaffolds and implications of surface phenomena
are discussed in detail in both PS and PDMS well plates. Optimisation of the
scaffolds is then discussed. Results from MPM, FTIR, DSC and in vitro cell
studies are presented followed by discussions.

In conclusion and future works, all results and analyses are consolidated to
present a whole picture of this project, followed by future works where the

author outlines the roadmap for future studies.



2. Literature Review

2.1 Needs for tissue engineering scaffolds

In the past decade, tissue engineering has emerged as a potentially viable
solution to repair damaged tissue and restore its original functions. It has
attracted the knowledge of biochemistry, cell biology, molecular biology and
materials engineering to elucidate the right direction to address some current
issues [14-15].

Tissue engineered scaffolds play an important role by mimicking the ECM to
promote cell adhesion, proliferation and differentiation; and thus they serve as
the site for cell regeneration [4]. Engineered 3D scaffolds function to support
cell growth by providing a large surface area and porous structure within the 3D
construct. The structure aims to provide support to cell adhesion, facilitate
nutrients and waste transport, and possibly elicit cell-scaffold interactions [16].
Past research has demonstrated that a porosity of higher than 50 percent would
be favourable for cell growth [17]. Greater interconnectedness is imperative for
cell in-growth as it promotes transportation of nutrients and removal of waste; in

addition, cell morphology may be affected by the shape and size of pores [18].
2.2 Three-dimensional scaffolds

In vitro cell studies are commonly conducted in two-dimensional (2D)
monolayer culture. However, there has been an increasing emphasis on growing

cells in a 3D environment to better understand the cellular responses in



conditions that mimic those in vivo [19-28]. Cellular activities are known to be
related to communication, local chemical environment and geometry [29]. Cells
need to be embedded in a structure that mimics the ECM and other biological
cues in order to guide cell development [30]. In 3D culture, cells are able to
adopt their native morphology, facilitate cell-cell contact as well as make
interactions with the ECM [21]. The ECM is a support structure containing
biological cues such as collagen, elastin, laminin and glycosylated proteins.
Additionally, the receptors on the cell membrane, or cell-binding motifs, anchor
to the ECM and determine how cells interpret the biochemical cues from their
milieu [31-33]. An example in mind is RGD, or Arg-Gly-Asp tripeptide, which
was identified as the sequence within fibronectin that mediates binding to
integrin (e.g. B3 integrin) and cell attachment. This enables signalling between
cells as well as cell patterning and differentiating [34].

3D scaffolds are developed to mimic these characteristics of the native ECM
and promote cell proliferation until they produce their own ECM [16]. Living
cells are harvested from donors’ site and seeded into the constructs to proliferate
and differentiate either in vitro or in vivo. Either way, cell growth is guided by
the structure and properties of this man-made structure. However, culturing cells
in 3D has introduced a large number of additional considerations not normally
required in 2D monolayer culture. Scientific challenges remain both in the
choice of materials for specific tissue engineering application and the method to

fabricate those scaffolds in a controllable and reproducible manner.



To start with, there is a plethora of scaffolding materials for different tissue
engineering applications. While metal and ceramics possess high tolerance and
mechanical strength in load-bearing applications, they lack biocompatibility and
biodegradability. Biocompatible polymers are commonly used in tissue
engineering today, and most of them are adapted from other surgical applications
such as suture, fixture, and controlled drug delivery system. In general, the
polymeric materials can divided into synthetic polymers and natural polymers.
Synthetic polymers such as polyglycolide are commonly used to make scaffolds;
however, they are known to contravene biological interactions such as cell
signalling [35]. Natural, or biologically-derived polymers, include ECM
derivatives such as collagen, are superior in terms of biocompatibility and
overall interaction with cells [36]. It has been suggested that the favourable
interactions stem from the fact that natural polymers are found in animal body or
plant, and hence there is high probability to promote cell growth [37]. However,
variation of properties across different batches and contamination issues are
inevitable drawbacks [38].

Another challenge in tissue engineering is to fabricate the materials into
scaffolds with specific structural, morphological, chemical and physical
requirements. Generally, fabrication process would contribute to the overall
profile (i.e. thickness, shape, and surface) of the scaffolds on a macro-level;
microscopically, pore size and distribution matter a great deal to mass transfer of
nutrients and waste, and is often controllable by adjusting the fabrication

parameters.
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2.3 Requirements for 3D scaffolds

2.3.1 Porosity

Porosity is defined as the ratio of the volume of void space to the volume of
the whole in a solid [42]. Porous structure is essential in 3D scaffolds as it allows
proliferation and migration of cells to take place [43], and in the same time,
enhances mechanical interlocking between the implanted scaffolds and the
surrounding surfaces. Commonly used techniques employed to create pores in
solid biomaterials are: salt leaching, gas forming, electrospinning, 3D printing
and phase separation (e.g. freeze-drying). The optimal pore size is considered to
be about 75-150 um in diameter, depending on the specific application. Larger
pores (150-200 pm) would likely result in substantial deterioration of the
structure at early stage, while smaller pores (10-75 pm) would hinder cell

migration [44].

2.3.2 Biodegradability

Biopolymers usually can be decomposed but their degraded by-products will
remain inside the human body for a considerable amount of time. Two different
modes of degradation are defined as follows:

1) hydrolysis which is mediated by water;

2) enzymatic degradation mediated by enzymes.

The advantages of biodegradable materials over their non-degradable

counterparts include the reduction of stress shielding during the course of
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application, and, in some specific applications, the alleviation of pain, due to

lessened likelihood of adverse immunological responses [45].

2.3.3 Mechanical properties

For most native tissues, the metabolism of the cells, the organisation and
synthesis of ECM, as well as degradation of the cells are all subject to
mechanical loading and stresses from the surrounding environment. Tissue
engineered scaffolds should be able to withstand applied stress from both
internal sources and external sources before and during tissue re-growth to
mimic the physiological loading environment. Furthermore, the impact
experienced during implantation could have a significant effect on the scaffold.
During scaffold degradation, the remaining structure must be able to offer the
corresponding strength that is able to withstand stress loading in line with new
tissue re-growth. If the structure of the scaffold is too weak, it would fail before
neo-tissue re-growth is completed. If the structure of the scaffold is too strong, it

would inhibit proper tissue functioning by providing stress-shielding [45].

2.3.4 Biocompatibility

Biocompatible generally means that the material in question is safe to use
inside the human body and in the endogenous fluids without inducing
inflammatory or immunogenicity reactions. The term refers to the behaviour of a
biomaterial in a specific context, such as the ability to elicit appropriate certain

host response. The material itself should not be toxic to native cells. In addition,
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the by-products from the gradual degradation of the tissue engineering material

should not cause any adverse effect [45].

2.3.5 Scaffold surface and morphology

An important parameter in terms of surface morphology is the pore size and
distribution of the 3D scaffold in tissue engineering application. Optimisation of
pore size and distribution has a big impact on cellular activities [46]. In the
context of this study, this could be achieved by tailoring collagen and chitosan
content in the polymer and altering the key parameters in the freeze-drying
regime.

In addition, topological surface shape plays a vital role in cell/scaffold
attachment. Past research has shown that initial cell-scaffold interactions may be

categorized into four stages [47]:

1) Protein adsorption;
2) Initial contact made by rounded cells;
3) Cell attachments;

4) Flattening of cells.

Generally speaking, stage 1-3 reflects the first 90 or so minutes of interactions
after cell seeding. In stage 4, a full flattening could be observed with the
spreading of cells. After 24 h the cells are expected to be flat and to have started

proliferating [48-52].
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On a macro-level, flat surface is preferred in tissue engineering applications
especially in thin constructs. Several studies in the past compared cell
proliferation in bulk and cell-scaffold interaction during the initial cell seeding
and concluded that there was a strong correlation [53-55]. In other words, while
it was important to improve cell differentiation and proliferation in bulk, it was
equally important to ensure favourable initial cell attachment during seeding.
Therefore, top surface features of the scaffolds are bound to play a potentially
much more significant role than previously thought. The same studies confirmed
that cells generally favoured flat surface during cell seeding [53-55]. Scaffold
with sharp features would cause seeded cells to distribute unevenly on the
surface, which ultimately, leads to different speed in in-growth. In addition,
surface feature produced without any control would not be suitable for scale-up
applications. Difference in growth of cells and in transport of nutrients and waste
caused by either a bowl-shaped or dome-shaped surface would add another layer
of uncertainty into the experiments. In contrast, thick scaffolds would normally
have no such issue as surface features would be insignificant comparing to the

overall dimension.

2.4 Biomaterials for scaffolds

A number of biomaterials have been shown to produce 3D porous scaffolds for
tissue engineering applications through a compatible fabrication technology.
Biomaterials used in tissue engineering can be classified into two categories,

namely, natural and synthetic biomaterials.
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Natural material can be obtained from their natural sources. Natural material is
a superior candidate for scaffolding materials because of its better
biocompatibility and better overall interaction with cells. It has been suggested
that the favourable interactions stem from the fact that natural polymers are
found in human or animal body, and therefore an enhanced likelihood to
promote cell re-growth. However, one common drawback with natural materials
is their limited mechanical properties and thus some are unsuitable for load-
bearing applications [56-60].

Synthetic material can be categorised into inorganic biomaterial such as
ceramics, and organic biomaterial such as silicone rubber. Most synthetic
scaffolds are inexpensive and superior in mechanical properties. However,
biocompatibility could potentially become an issue for synthetic materials [61-
64].

An ideal system is one which can be synthetically produced with chemical and
physical properties that replicate all components of the natural system. Not all
factors required to mimic the natural ECM are known and thus natural sources
are more likely to provide the appropriate environment. For these reasons,
natural materials were selected for experimental studies in the present work.

Some commonly used naturally derived polymers include agarose, alginate,

fibronectin, hyaluronic acid, Matrigel, gelatin, fibrin, collagen and chitosan.

14



2.4.1 Agarose

Agarose is a polysaccharide usually extracted from seaweed. Many studies
have demonstrated that agarose promotes the maintenance of the chondrocyte
phenotype in vitro, therefore rendering it preferable for some tissue engineering
applications [65-74]. It is non-toxic and inexpensive; however the material itself
is mechanically weak. Another disadvantage of this material is that there is little
evidence showing the ability to support adult hMSC proliferation and
differentiation. Researchers suggested that agarose gels needed to be combined

with other biomaterials, i.e. collagen, to support cell growth [72].

2.4.2 Alginate

Alginate, derived from brown seaweed, is inexpensive and biodegradable [75-
83]. It has controllable porosity, and may be coupled to other biologically active
molecules [84, 85]. The processing conditions of alginate gels are mild which
also makes them attractive for tissue engineering applications. Alginate has been
used successfully for the growth of rat MSCs, however, it has been shown that
hMSCs do not proliferate in alginate gels [23, 86, 87]. Lawson et al. attempted to
improve the functionality by combining alginate with various other materials
including collagen, fibronectin, fibrin and chitosan [85]. The gel with the
addition of collagen type | was the only one which resulted in cell attachment.
However, there were observations that cells experienced unexpected

prolongation in alginate beads, leading to possible explanation of immune
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rejection. In addition, the purity of alginate cannot be confirmed, even in

commercially available products [88].

2.4.3 Fibronectin

Fibronectin is a major ECM protein [86-89]. Ogura et al. [89] demonstrated
the ability of hMSCs to adhere and proliferate in fibronectin on 2D surfaces, but
when grown in 3D the cells did not attach [86]. Martino et al. [90] however, was
able to alter cell interaction and stem cell differentiation on fibronectin by
controlling the protein length. The primary usage for this biomaterial is for cell

adhesion and signaling.

2.4.4 Hyaluronic acid

Hyaluronic acid is a chief component of the ECM of many connective tissues
except bones [90]. This material plays a crucial role in some biological processes
such as cell differentiation, proliferation and tissue hydration [91]. Hyaluronic
acid has been successfully used for the adherence and proliferation of hMSCs
[92, 93]. Using this material as a scaffold for hMSCs has been shown to promote
differentiation by detection of collagen type Il and other major molecules of the

ECM [94-96].

2.4.5 Matrigel

Matrigel is a commercially available protein mixture secreted by a type of

mouse tumour cells [97, 98]. Although successful in promoting cell adherence
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and proliferation [97], Matrigel is expensive and the composition is not entirely

known [99].

2.4.6 Gelatin

Gelatin is a protein produced by the denaturation of collagen, which can be
obtained from various tissues including skin, bones, cartilage, and ligaments. It
has many biological functional groups within its polypeptide backbone, thus
making it beneficial for tissue engineering applications [100]. Gelatin is
biodegradable, biocompatible, and has a high level of plasticity [100, 101].
Gelatin encourages hMSC adhesion, proliferation and differentiation [102],
however, it has weak mechanical properties and dissolves in culture medium at
37 °C. To use gelatin, it must be bind to another material, such as chitosan, to

improve the mechanical properties [103-104].

2.4.7 Fibrin

Fibrin is a protein involved in blood clotting mechanism. It is most often used
as a biological adhesive to close small wound. hMSCs have been successfully
cultured in fibrin gels [105-110], over time these cells are known to break down
the fibrin into its degraded products, fibrinopeptides [110]. To create fibrin gel,
fibrinogen monomers are cleaved with a catalyst, thrombin, and form fibrin
monomers [110]. These are then assembled into fibrils, which eventually form
fibres and a 3D network. In terms of application, fibrin is known to be effective

for the short-term culturing of hMSCs [106-110].
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2.4.8 Collagen

Collagen-based 3D porous scaffolds have been used in a number of tissue
engineering applications due to its many favourable properties [111-124] and
capability to promote cell attachment and proliferation [123]. Collagen is the
major constituent of ECM, tendons and ligaments; and it is found in cartilage,
skin, arteries [118-121].

There are circa 20 different types of collagen. Collagens commonly found in
mammals are of type I, Il and Ill [116]. Collagen type | discussed in the
following paragraph is the one of the most abundant and extensively used types
in tissue engineering applications due to its abundance [116].

Glycine, proline and hydroxyproline usually appear in the polypeptide chain of
type I collagen. These three amino acids make up the repeating unit of Glycine-
X-Y, where X and Y can be any amino acid [112].

The basic structural unit of collagen is a 300-nm-long, 1.5-nm-wide (in
diameter) rod-like structure that consists of three polypeptide chains (Figure 1).
Each chain consists of 1050 amino acids wound around one another in a right-
handed triple-helical manner [112-116]. Many rod-like macromolecules pack
side-by-side to form fibrils, stabilised by covalent bonding [112, 116-120]. The
fibrils then bundle together and form fibres which are normally a few
micrometre-long and 50 nm-wide (diameter).

In addition to its remarkable tensile strength, collagen type | has many other
attractive characteristics, including: thermal stability, and the ability to engage in

specific interactions with other biomolecules [118-123].
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Figure 1: Common repeating motifs in type | collagen polypeptide chain,
and three chains winding around one another to form the triple-helical
structure in a rod-like fashion [112]

However, collagen is known to degrade rapidly and for this reason the addition

of other biomaterials has been employed to produce collagen-based scaffolds

with desirable features [125-128].

2.4.9 Chitosan

Chitosan is an amino polysaccharide (polu-1,4-D-glucosamine) made by
treating crustacean shells with alkali sodium hydroxide through a process called
deacetylation (figure 2). Since chitosan contains both hydroxyl and amino
groups that can be easily modified or associated with other polymers, it is widely
adopted as an addition to other natural polymers. Current applications involving

chitosan include wound dressings and some drug-delivery systems [125].
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Figure 2: Deacetylation of chitin to chitosan; chitin and water react to yield

chitosan and acetate [8]

2.4.10 Collagen and chitosan scaffolds

According to Domard and Taravel, two kinds of interactions can give rise to
the interactions between collagen and chitosan when they are dissolved in

solution [6]:

e Electrostatic force leading to the formation of polycation and polyanion
complex.
e Hydrogen bonding would be formed between the two polymer

molecules.

Tangsadthakun et al., investigated different compositions of collagen/chitosan
mixture for 3D scaffolds and they concluded that the addition of chitosan could
prolong the time to degrade the scaffolds [8]. During their FTIR analyses, they
found that the intensity of the characteristic peak of chitosan increased when the

concentration of chitosan was increased in the collagen/chitosan scaffold. They

20



further concluded that the compressive moduli of those 3D scaffolds gradually
decreased with increased chitosan concentration [9].

Past studies have revealed that collagen/chitosan scaffolds have a wide range
of applications in tissue engineering due to their interactions in polymer solution,

and favourable combined properties [5, 7, 127, 128].

2.5 Scaffolds fabrication

Fabrication methods are crucial for scaffolds to support cell growth. Common
methods to create 3D porous constructs have been developed in the past years
which include salt-leaching, gas-foaming, electrospinning, 3D-printing, and
freeze-drying [129-130]. The following section briefly introduces each technique

and discusses pros and cons.

2.5.1 Salt leaching

In salt leaching, macromolecules are dissolved in an organic solvent. Salt
particles of specific size are added to the mixture. The mixture is then either
casted onto a platform to form a membrane or into a mould to produce a
scaffold. Upon solvent evaporation, the mixture is left with macromolecules and
salt particles. The salt particles are then leached away, leaving a porous
membrane or a 3D porous construct [131]. The process is illustrated in figure 3.
The resulting membrane or scaffold has equiaxed pores, uniformly distributed

[132].
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Advantages of salt leaching include controlled porosity and control of pore
size as the size of the particulates could be tailored to meet the specification.
Disadvantages are:

1) Lack of required strength for load-bearing application;

2) Salt residue may be harmful to the cells.
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Figure 3: Hlustration of the salt leaching technique; a) polymer dissolved in
an organic solvent; b) salt, in this case NaCl, is added into the mixture; c) and
d) Solvent evaporation; and e) salt particles dissolved to form a porous
structure [132]
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2.5.2 Gas foaming

Some of the fabrication processes in tissue engineering require use of various
chemicals. The chemical residual after completion of the process could be
detrimental to cells. Gas foaming (Figure 4) does not require the use of solvent
and high temperature. In particular, the technique employs high pressure carbon
dioxide gas at high pressure to saturate the polymer with gas [133, 134]. Carbon
dioxide gas molecules cluster inside the scaffold until they reach equilibrium.
Nucleation is initiated upon reducing the high pressure and 3D porous structure

is formed upon completion of de-pressurisation [134, 135].
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Figure 4: Schematic illustration of the gas forming technique [135]

The main issue associated with gas forming is that pores do not form inter-

connected structures.
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2.5.3 Electrospinning

Electrospinning has been widely adopted to fabricate polymers into orderly
structures. Materials used include natural polymers, synthetic polymers, and co-
polymers made up of natural and synthetic polymers. [136-138].

Electrospinning uses an accelerating voltage to draw fibres from a liquid
(Figure 5). This process is particularly suited to the production of fibres with
strict geometry and structure requirement. Limitations of this technique include
limited application on material type and controlling difficulties during the
manufacturing process. Variables during the process such as fibre diameter,
degree of anisotropy can be controlled by regulating the composition and
viscosity of the solution, the air-gap distance, voltage and mandrel properties
[136, 139-143]. Polymers and their additives could be electrospun into fibres

similar but not quite the same to that of the native ECM [144].
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Figure 5: Illustration of electrospinning principles; high voltage is applied at
the spinning tip which stretches the polymer liquid droplet and ultimately a
stream erupts at Taylor cone; the jet is elongated by electrostatic repulsion

until it finally hits the target collector [136]

2.5.4 3D printing

3D printing was derived from ink-jet printing technology. It functions by
writing a binder solution onto composite materials with regard to precise CAD
data [145, 146]. The process is repeated layer by layer until the 3D structure is
completed and a final sintering step is usually followed [147-148].

This technology is still in its nascent development and applications are limited.
2.5.5 Freeze-drying

Freeze-drying, or lyophilisation, is a method of drying the scaffolds by
freezing the water components and then directly subliming the water to vapour

phase by exposure to low pressure [123]. The scaffold is frozen in a controlled

26



manner before undergoing drying to control the size of the ice crystals. While
fast freezing there is less damage to the scaffold during the sublimation process,
but consequently results in smaller pores. Slower freezing allows time for the ice
crystals to grow and results in larger pores. The polymer solution solidifies
during pre-defined cooling stage and forms solute-rich and solvent-rich phases.
After solidification, ice crystals are sublimed under high vacuum [149-156].
Temperature higher than the freezing temperature of the solution needs to be
maintained in the freeze-dryer chamber as to provide energy for ice sublimation.
A secondary drying step is usually needed to evaporate residual moisture in the
matrices. It is already known that. freezing temperature, cooling rate, chamber
pressure, primary and secondary drying rate, as well as the composition of the
polymer have influence on pore size and distribution of the porous scaffold, as
well as interconnectedness [156-158]. In addition, cross-linking mechanism
needs to be fine-tuned to produce a gel with suitable mechanical properties, and
in the meantime, without risking its biocompability [155]. Generally, the whole

cycle consisted of three stages that may partially overlap:

1) The collagen/chitosan solution, was frozen on refrigerated shelf inside
the lyophiliser (freezing);

2) The shelf temperature was maintained at a predetermined value and the
ice was sublimed upon lowered chamber pressure (primary drying);

3) Residual water remained in the scaffold was dried by an increase shelf

temperature (secondary drying).

27



Only shelf temperature, chamber pressure and time could be directly
controlled. Other variables, such as cooling time, annealing, and primary drying
were controlled indirectly by these three primary variables.

The setting of the three primary variables required knowledge of:

1) The freezing temperature;
2) The chamber pressure;

3) The time required for primary drying to complete.

The following paragraphs will discuss the process in more detail.

Cooling

During cooling, the temperature of the collagen/chitosan solution continues to
drop once the solution underwent a critical point, T,, the glass transition
temperature of collagen/chitosan polymer mixture in solution. The product now
constituted of interconnected ice crystals distributed in the frozen mixture.

Primary drying

During primary drying, heat is supplied from the shelf to the polymer. If the
shelf temperature is too high, ice would melt, causing structural collapse. If the
temperature is not high enough, the heat transfer rate would not be sufficient to
initiate ice sublimation.

During primary drying, chamber pressure mainly contributed to the removal of
sublimed water molecules in air.

Secondary drying
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During this last stage of the lyophilisation cycle, any dissolved or remaining
water in the mixture is removed. This process is not easily quantifiable and thus

it is customary to set the shelf temperature to room temperature.

2.6  Substrate

A micro-well plate, or just microplate, is used as a standardised testing tool in
laboratories [159, 160]. A microplate typically has 6, 24, 96, 384, or 1536 wells
arranged in a 2:3 rectangular matrix [159].

The most commonly used material in microplate is polystyrene. It can be
coloured by different additives during manufacturing process [159-161].
Polypropylene is best suited for experiments subject to wide changes in
temperature, such as thermal cycling [160]. Polycarbonate is cheap and easy to
mould and has been used for DNA amplification reactions [160].

Injection moulding is normally used for polystyrene and polypropylene.
Polycarbonate is manufactured by vacuum forming [160, 162-165]. PDMS
microplates are usually made on site involving a curing process in a master

mould, which will be discussed in detail in chapter 3.1.3.

2.6.1 Polystyrene

Polystyrene is a synthetic polymer made from the monomer styrene. It is
naturally transparent, hard, brittle and inexpensive. Polystyrene displays typical
thermoplastic polymeric behaviour, i.e. it is solid at room temperature, and liquid

when heated above 100 °C and becomes solid again when cooled. This
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temperature behaviour is exploited for injection moulding during manufacturing
[162, 163]. Polystyrene multi-well plates used in biological laboratories offer
excellent optical and thermal properties. They are non-toxic and chemically inert

in most cases and appropriate for general purposes [164, 165].

2.6.2 PDMS

PDMS is a member of the siloxane family that is transparent, chemically inert,
biocompatible, thermally stable, non-toxic, permeable to gases, simple to handle
[166-171]. In addition, it has been traditionally used in a number of biomedical
applications such as catheters, drainage tubing, and ear and nose implants [166,
172, 173, 174-180].

Its compatibility with current system of glass and polystyrene culture wares
renders it an ideal substitute for the current system and yet maintains its
flexibility while in use. Its optical property makes it able to be used with optical
and fluorescence microscopy without much hassle to adjust the system [174-177,
181-182]. PDMS is essentially a network of hydrophobic dimenthysiloxane
oligomers. SiO(CHs): is the key functional group in the synthesis of PDMS
(Figure 6). The polymer has recently been the focus of microfluidic perfusion

bioreactors.
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Figure 6: Illustration of PDMS polymer chain, showing methyl (grey and
blue block), silicon (purple), and oxygen (red) [182]

2.6.2.1 Application of PDMS --- bioreactors

In static culture, poor diffusion is probably the single most limiting factor for
transport of nutrients and wastes. This would in turn, limit the size of the
scaffold under static culture, as previous studies have shown, cells were only
able to reach a depth of 250 mm [178-181]. Therefore, different dynamic culture
techniques have been attempted: orbital shaker [179, 182]; rotating wall vessel
bioreactor [179, 183, 184]; spinner flask [179, 184, 185]; perfusion bioreactor
[179, 185, 186]. The most prominent advantage posed by dynamic culture is that
the shear stress resulting from flows acts as mechanical stimulus to the cells and
studies have shown that it has a positive effect on cellular activities [187-190].

The interest in perfusion bioreactors has been rapidly developing as it enables
the study of cell-cell and cell-matrix interaction on a small scale at relatively low

cost. The bioreactor is essentially a vessel in which biochemical process is
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carried out either aerobically or anaerobically with organisms and biochemical
[191-193]. Channels and culture wells can be designed for specific needs
depending on the particular area of research. Microfluidic pumping systems may

be incorporated into the design of the bioreactor [194-196].

2.7 Invitro 3D cell culture

2.7.1 3D culture of cancer cells

Traditionally, the culture of cancer cells in 2D environment was known to
mask several biological activity signals [197-199], which means that cancer cells
growing on a 2D substrate would exhibit altered behaviour. 3D culture, on the
other hand, more close replicates the intra-tumoral environment in vivo [198,
200]. Prior to the adoption of 3D culture, the study of tumourigenesis has been
impaired significantly by limitations inherent to existing 2D system. In addition,
3D system is able to maintain co-culture involving other cells such as endothelial
cells, fibroblasts and immune-competent cells [201-205].

Collagen-based 3D scaffold could offer satisfactory environment for the study
of cancer cell proliferation in vitro. Due to the varied behaviour of cancer cells,
i.e. some can metastasize rather rapidly while others may take many years to
become invasive, 3D culture system should accommodate the dynamic nature of

cancer cells [206-209].
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2.7.2 3D culture of human mesenchymal stem cells

hMSCs are multi-potential cells that can differentiate into a number of tissue
types such as bone, cartilage, fat and muscle when induced by appropriate
biological cues [210-218]. hMSCs are regarded as excellent source of cells due
to their osteogenic potential [212, 219, 220].

However, culturing hMSCs in 3D scaffolds is not as straight-forward as it
seems. Collagen has proven to be a preferred candidate among many scaffolding
materials for this purpose. Type | collagen is the single most abundant ECM
protein [221-227]. On the other hand, excessive contraction of collagen scaffolds
observed during culture greatly limits the size of the construct after prolonged

period of culture [218, 226-230].

2.7.3 3D culture of fibroblasts

The major functions of fibroblast cells are to maintain, organise and synthesise
into connective tissue during development and response to injury and disease
[231]. The ability to carry out these functions depends on the capability of the
cellular response to external stress [213-233]. If cultured inside a 3D scaffold,
fibroblasts experience an environment closer to that of the native physiological
environment and exhibit completely different geometry than those on 2D culture.

In addition, the final presentation of fibroblasts in 3D culture depends not only
on the extent of cell migration but also on the capability of ECM re-modeling by

fibroblasts [231-234]. Tissue formation depends not only on the functioning of a
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collection of fibroblasts but also on the reciprocity of the interactions that happen

between cells and ECM [235].

2.7.4 alamarBlue assay

alamarBlue assay is a water-soluble, commercially available organic dye that
has been widely used to quantify viability of cells in vitro [236, 237]. It is non-
toxic and stable at culturing conditions (i.e. at 37 °C, 5% v/v CO: in air). Thus it
makes continuous monitoring of cell growth over time possible.

It is essentially a fluorometric/colorimetric indicator based on the state of
oxidation-reduction. In particular, it indicates metabolic activity based on
cellular growth [236-240]. As cells grow, it results in a reduction reaction of
alamarBlue, and hence causes the fluorescence to change from oxidised blue to

reduced red [237, 241, 242].

2.8 Summary

The emergence of 3D culture, presented both opportunities and challenges in
tissue engineering. The ultimate goal of scaffold design is to produce a
temporary support to act as ECM until native cells re-occupy the vacant sites and
replace the structure with newly-synthesized ECM [235]. But a major challenge
with growing cells in 3D culture in vitro is to ensure that all cells receive an
adequate supply of nutrients. For this reason, scaffolds are designed to be porous,
and thin to reduce the mass transport requirement. Various biomaterials and

fabrication techniques have been presented above, and their pros and cons
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discussed. In addition, substrate used in 3D culture in small-sized well plate,
namely, PS and PDMS, were discussed above. Furthermore, the usage of PDMS
as bioreactors was also presented above to shed light on the application of this
polymer in tissue engineering. The purpose of this study was therefore to make
and optimise 3D scaffolds in PS and PDMS 96-well plates for basic research. In
this study, the scaffolds were to be fabricated by freeze-drying technique.
Collagen was chosen as the major component to make scaffolds in this study as
it is the main constituent of ECM and has huge potential in terms of
biocompatibility and biodegradability. In addition, chitosan was used to add
strength to the structure of the constructs. Cross-linking by ultra-violet radiation
was employed to further strengthen the construct. Moreover, three cell lines, all
discussed above in this chapter, were to be used to assess the performance of the

scaffolds in vitro.
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3. Materials and Methods

3.1 Materials

3.1.1 Collagen

Type | collagen solution from rat-tail was purchased from Sigma-Aldrich with
a concentration of 5 mg/ml (equivalent to 0.5 wt.%). The product was supplied
as an aqueous solution in 20 mM acetic acid at 4 °C. The collagen solution was

stored in a refrigerator.
3.1.2 Chitosan

Chitosan from crab shells was purchased from Sigma-Aldrich in powder form

and was kept at room temperature.
3.1.3 PDMS 96-well plates

A master mould was built by the workshop in Department of Engineering as

shown in figure 7.
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Figure 7: PDMS 96-well master mold [163]

Silicone elastomer and silicon elastomer curing agent (both from Dow
Corning) was mixed at 10:1 weight ratio and mixed thoroughly. Degassing was
performed in a vacuum chamber and the content was poured into the master
mold. The content was heated at 60 °C inside an oven for 24 hours. Previous
studies carried out by Japanese researchers [243, 244] have suggested an
elevated oven temperature of over 80 °C and much shorter curing time.
However, during this research, the author noticed that the PDMS well-plate, due
to its intricate structures, was extremely fragile when separating from the master
mold. In fact, when cured for 12 hours and at 80 °C, the PDMS well plate
usually broke off upon separation from the master mould. It was therefore
decided that the oven temperature was best to be kept at 60 °C and cured for 24
hours. PDMS 96-well plates (dimensions shown in figure 8) were kept at room

temperature.
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Figure 8: Dimensions of 96-well plate [178]

3.2 Scaffold preparation

Chitosan solution was prepared by dissolving 5 mg chitosan powder into 1 ml
of 20 mM acetic acid and stirring for 4 hr until complete dissolution was
achieved. The solution was then mixed with collagen solution and/or acetic acid
to achieve the desired concentration and composition (chitosan content). 0.5
wt.% pure chitosan and 0.5 wt.% pure collagen solutions were prepared as
references in the experiments.

The mixing ratios of collagen/chitosan solution and their absolute

concentrations are listed in table 1.
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Table 1: Experimental matrix

0.25 wt%

0 0.05wt% | 0.15wt% | 0.25wt% | 0.35wt% | 0.5 wt%
0.4wt% | 0.36 wt% | 0.28 wt% 0.2wt% | 0.12 wt% 0

0 0.04 wt% | 0.12 wt% 0.2wt% | 0.28 wt% | 0.4 wt%
03wt% | 0.27wt¥% | 0.21wt% | 0.15wt% | 0.09 wt% 0

0 0.03 wt% | 0.09wt% | 0.15wt% | 0.21wt% | 0.3 wt%
0.2wit% | 0.18 wt% | 0.14 wt% 0.1 wt% | 0.06 wt% 0

0 0.02 wt% | 0.06 wt% 0.1wt% | 0.14wt% | 0.2 wt%
0.1wt% | 0.09wt% | 0.07 wt% | 0.05wt% | 0.03 wt% 0

0 0.01 wt% | 0.03 wt% | 0.05wt% | 0.07 wt% | 0.1 wt%

The polymer solutions were mixed thoroughly using a Vortex shaker to form
homogeneous disperse solutions and then degassed under vacuum for 30 min.

Each of the 96-well plates (see figure 8 for dimension) was to receive
collagen/chitosan solution with a particular mixing ratio, e.g. 30% chitosan.
Moreover, five different concentrations were present in the same well plate in

five blocks as shown in figure 9 below.

01 wt% (02 wt% |03 wt%|04 wt%|05 wt%

solution solution solution solution solution

HEEEEEEN

Figure 9: Schematic illustration of partition of the 96-well plate for five

groups of polymer solutions during the experiment
39



An average of 40 ul of collagen/chitosan solution was pipetted into each well,

which translated into scaffolds with the thickness of approximately 1 mm.

3.2.1 Cross-linking of scaffolds.

Polymer solutions were subject to 254 nm UV light for 30 minutes for cross-

linking to take place before freeze-drying.

3.2.2 Freeze-drying of scaffolds

The freeze-drying technique was selected as the only fabrication technique for
this study as it is simple, widely adopted and easy to control [123, 124]. The
protocol used for freeze-drying of collagen-based scaffolds in PS and PDMS are
the same in principle, with some tweaks in PDMS (which will be discussed later
in chapter 4.5.5). Freeze-drying protocols used in PS and PDMS 96-well plate

are presented in table 2 and table 3 respectively.
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Table 2: Freeze-drying protocol used in PS 96-well plate

Temperature Time Status
Stage Step (°C) (min) | (RorH)
Cooling 1 20 5 H
2 5 15 R
3 5 15 H
4 -5 10 R
5 -5 15 H
6 -40 70 R
7 -40 60 H
Primary drying 8 -40 5 H
9 -5 70 R
10 -5 1020 H
Secondary drying 11 20 100 R
12 20 360 H

*R: Ramp; H: Hold

Table 3: Freeze-drying protocol used in PDMS 96-well plate

Temperature | Time Status
Stage Step (°C) (min) (RorH)
Cooling 1 20 1 H
2 -5 5 R
3 -5 20 H
5 -40 70 R
6 -40 60 H
Primary drying 7 -40 5 H
8 -5 70 R
9 -5 1020 H
Secondary drying 10 20 100 R
11 20 360 H

*R: Ramp; H: Hold




In PS wells, the polymer solutions were on hold at 20°C during cooling to
stabilize the environment before the cycle kicked off. The chamber temperature
was then gradually lowered to -40°C with two holding intervals at 5°C and -5°C
to again stabilize the environment in the chamber. -40°C was chosen to ensure
that the water would sublime later from solid to vapour and would not melt. The
collagen/chitosan solutions were solidified at this stage and formed polymer-rich
phase and ice crystal phase.

When the scaffold was completely frozen at -40°C, the primary drying phase
began. At this stage the pressure was reduced to 0.1 mBar and the temperature
raised to -5°C. The increase in temperature supplied energy in the form of heat to
cause the frozen water to sublime under reduced chamber pressure.

In secondary drying stage, the temperature was raised further to break any
connection that the water molecules may have made with the scaffolds.

For scaffolds in PDMS wells, some tweaks were made (detailed explanation in
chapter 4.5.5) to take into account the nature of PDMS material with the aim to
optimise and streamline the freeze-drying process (Table 3).

The only difference between freeze-drying protocol in PS wells and PDMS
wells was the rapid cooling stage at the beginning in PDMS wells. During
cooling, the temperature was lowered from room temperature to -5 °C in 5 min,
and then stabilized for another 20 min. The rest of the protocol was the same for

both substrates.
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3.3 Morphology

Morphology, both on the surface and in the bulk, of collagen/chitosan
scaffolds was analysed using a Bio-Rad Radiance 2011MP multi-photon
fluorescence microscope (MPM) at 20X magnification. The main advantage of
MPM is its ability to image turbid tissues or constructs.

In Dbrief, the MPM used in this study was an upright Nikon E600FN
microscope coupled to a multi-photon dedicated Bio-Rad Radiance 2100MP
laser scanning imaging system. The schematic of the MPM system is shown in

figure 10 below.

Figure 10: Schematic illustration of MPM
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The upright configuration allowed the use of high numerical aperture and long
working distance lens to ensure a highly efficient transmission path from the
laser to the sample. Collagen/chitosan scaffolds were carefully removed from the
wells without incurring too much damage to the overall structure. To avoid
additional damage to the scaffolds during laser scanning, a low power laser beam
with fast scanning speed was preferred. The 3D images generated then went
through deconvolution using AutoQuant X3 imaging software. Components of
the MPM used in this study are shown in figure 11, which include Nikon
microscope and BioRad Radiance 2100 for scanning; MIRA laser, Verdi laser
power supply for laser generation; the beam conditioning unit, spectrum analyser
and oscilloscope for regulating the laser beam; and a chiller to cool down the

system.
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3.4 Poresize

MPM was used to study the pore distribution of the collagen/chitosan scaffolds.
The images generated by this technique were probably a better presentation of
the true structure of the constructs, as it could take 3D snapshots of structures
within the scaffolds without cutting through the constructs.

To determine the average pore size and distribution of the scaffolds, MPM 3D
images were taken for three scaffolds from each sample group (same
composition and concentration). For each of the 3D images, 200 random
locations (pores) were selected. Each pore diameter were measured using a

diameter measurement tool in NIS-Elements Suite.

3.5 Fourier transform infra-red spectroscopy

A Bruker Tensor 37 FTIR was used in this study to obtain the transmission and
absorption wave spectra by emitting infra-red beam onto the sample and
calculating its respective interactions with the beam.

The FTIR machine was pre-cooled using liquid nitrogen prior to use. A
scaffold was taken out from the well and grinded in a mortar until it reached its
powdery form. The powder was then transferred into the sample pan and pressed
gently and evenly. A reference scan was performed prior to the sample pan being
loaded into the FTIR machine. The samples were then loaded onto the sample
platform for characterization. Information on the absorption band of

collagen/chitosan scaffolds was collected and analysed by OPUS software.
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3.6 Differential scanning calorimeter analysis

A TA Instruments® Q2000 differential scanning calorimeter (DSC) was used
to determine the amount of heat required to increase the temperature of the
sample. Heat flow from both the reference and the sample were measured against
temperature rise, and a plot of heat versus temperature was produced using TA
Universal Analysis software.

Scaffolds were taken out of the wells and placed into T-Zero aluminum pans.
Empty pans and pans with sample scaffolds were weighted prior to differential
scanning calorimeter (DSC) experiments. An empty sealed aluminum pan served

as reference sample during the analysis.

3.7  Cell culturing

All cell lines were obtained from the cell bank in the laboratory. Culture PS
96-well plates, flasks, pipettes and other consumables were purchased from
Falcon Fahrenheit (Milton Keynes, UK) unless otherwise stated. Cells were
maintained under standard culture conditions of 5% v/v CO, in air and at 37 °C
with medium renewed every second day. Culturing medium used was Dulbecco's
modified Eagle medium (DMEM) high glucose (4500 mg/I glucose and 580 mg/I
L-Glutamine), with 10% v/v foetal bovine serum (FBS) (<250 mg/I hemoglobin)
from Sigma-Aldrich (Dorset, UK), and 1% v/v penicillin streptomycin
(PenStrep) (5000 units/ml of penicillin and 5000 pg/ml of streptomycin) (the

combination will be referred to as “culture medium”).
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To wrap up, initial concentration of chemicals and their final concentration

after mixing are listed in table 4.

Table 4: Initial and final concentration of chemicals used in cell studies

Initial concentration

Final concentration

Glucose (in DMEM) 4.5 mg/ml 4.5 mg/ml

L-Glutamine (in DMEM) 0.58 mg/ml 0.58 mg/ml
FBS <0.25 mg/ml <0.025 mg/ml

Penicillin (in PenStrep) 5000 units/ml 50 units/ml

Streptomycin (in PenStrep) 5 mg/ml 0.05 mg/ml

3.8 Disintegration

Samples were immersed in culture medium in PS or PDMS 96-well plates in

standard culture environment (37° C, 5% v/v CO: in air). No enzyme was

presence as the aim of this study was to establish the hydrolytic degradation

characteristics. Each scaffold was dried and weighted every four days, and put

back into a fresh culture medium. The weight was compared with initial weight

to determine the hydrolytic degradation profile.

3.9 3D culture of cancer cells DLD-1

External surfaces were decontaminated using 70% v/v ethanol. 25 ml of

culture medium were added to a 75 cm? flask and the flask was allowed to

equilibrate at 37 °C, in 5% v/v COz2 in air, incubator for at least 30 minutes. Cryo-
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preserved vials containing DLD-1 cells with passage number 20 from the cell
bank were removed from the nitrogen tank and wiped with 70% v/v ethanol
before opening. In the sterilised, laminar flow hood, the caps of the vials were
briefly twisted a quarter turn to relieve pressure, then retightened again. The
vials were then thawed in 37 °C water bath for 2 min. The vials were then wiped
with 70% v/v ethanol again and transferred into the laminar hood. The thawed
cell suspension were pipetted into 5 ml of temperature-equilibrated culture
medium in a test tube and centrifuged at 800 rpm for 5 min at room temperature.
Cell pellet was obtained after centrifuge and gently re-suspended in a minimum
volume of temperature equilibrated culture medium by pipetting up and down
gently several times. Total number of viable cells was counted using a
hemocytometer. According to the recommended cell seeding density of 5,000 -
6,000 cells/cm?, 400,000 cells were added to each temperature-equilibrated 75
cm?flask and gently rocked to disperse the cell suspension over the surface. The
flasks were incubated at 37 °C, in 5% v/v COz2 in air. At day-1, aseptically all
non-adherent cells and spent medium were removed from the flasks and fresh
culture medium was added. The medium was then changed every second day.

Maintenance

Spent medium was removed gently and completely from the flask and replaced
with an equal volume of temperature-equilibrated fresh culture medium and the

flask was returned to the incubator after spraying with 70% v/v ethanol.

Sub-culturing
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When the culturing flask reached 80% confluency, spent medium from the
flask was removed. The attached cell layer in the flask was washed with
Dulbecco’s phosphate buffered solution (PBS). In particular, PBS was added to
the side of the flask opposite the attached cell layer, and rinsed by rocking the
flask back and forth several times. Washed solution was aseptically discarded. 5
ml of Gibco trypsin/ ethylenediaminetetraacetic acid (EDTA) (0.025% v/v
trypsin and 0.01% v/v EDTA in PBS) solution was added to cover the cell layer
followed by gently rocking to ensure that the cells were completely covered by
the trypsin solution. The flask was then incubated at 37 °C, in 5% v/v COz2 in air
for 5 minutes, and observed under a light microscope. If the cells were less than
90% detached, continue incubating and observing every 3 min; and gently
tapping the flasks to expedite cell detachment.

Once > 90% of the cells were round and detached, 5 ml of temperature-
equilibrated fresh culture medium was added to each flask and pipetted over the
cell layer surface several times to neutralise the trypsin solution.

Cells were centrifuged at approximately 800 rpm for 5 min at room
temperature and re-suspended in a minimal volume of temperature-equilibrated
culture medium. Cells were counted using a hemacytometer and if necessary, the
suspension was diluted with culture medium and added to temperature-

equilibrated 175 cm? flask to accommodate for the expansion of cells.
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3.10 3D culture of hMSCs

50 ml SingleQuots of mesenchymal cell growth supplements (MCGS) were
added into 500 mL culture medium prepared prior to the experiment. The
mixture would be referred to as hMSC growth medium. hMSCs from the cell
bank with passage number 8 were used in this experiment. The rest of the
procedure was exactly the same as that used for DLD-1 cells in Chapter 3.8, with
two exceptions. The first one being the use of hMSC growth medium for
culturing of cells; and the second one being the use of 75 cm? culturing flasks
throughout, even after subculturing. As hMSCs grew relatively slow and a larger

flask would make the cell density too low to sustain.

3.11 3D culture of fibroblasts

Fibroblasts obtained from the cell bank in liquid nitrogen tank with passage
number 9 were used in this study. Cell culture procedure for fibroblasts was the

same as that for DLD-1 cells in Chapter 3.8.

3.12 Sterilisation

Scaffolds and well-plates used in cell studies must be either manufactured
aseptically or sterilised prior to use. For practical reasons, the freeze-dried
scaffolds were fabricated in a non-sterilised environment, thus a non-destructive
and efficient sterilisation method was needed.

PS or PDMS 96-well plates as well as their encased scaffolds were subject to

sterilization under 254 nm UV light for 30 minutes prior to in vitro cell studies.
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All other tools, consumables, solutions and chemicals entering the laminar hood

were separately sterilised either by autoclave or by spraying 70% v/v ethanol.

3.13 Seeding into 3D culture

Before seeding, the scaffolds were pre-wetted overnight with 50 pl culture
medium (or in the case of hMSCs, hMSC growth medium) in each well.

Spent medium from the confluent flask was removed. The attached cell layer
in the flask was rinsed with PBS. Washed solution was aseptically discarded. 5
ml of Gibco trypsin/EDTA (0.025% v/v trypsin and 0.01% v/v EDTA in PBS)
solution was added to cover the cell layer followed by gently rocking. Cells were
observed under a microscope until cell layer was dispersed. Occasionally, the
flask may be put inside the incubator for a brief period of time to facilitate
dispersal.

The trypsin reaction was stopped by adding 5 ml of culture medium/hMSC
growth medium and aspirated by gentle pipetting. The cell suspension was then
centrifuged at 800 rpm for 5 min at room temperature. The cell pellet was
suspended in minimal culture medium/hMSC growth medium and thoroughly
mixed by repeated pipetting. Seeding volume for each 96-well was 100 pl of cell
suspension and then another 100 pl of fresh culture medium/hMSC growth
medium was added into each seeded well after 5 hrs.

Cells with the concentration of 1 x 10* cells/ml, or 2500 cells in one 96-well,
were seeding into collagen-based scaffolds in PS and PDMS well plates and

were were incubated at 37°C humidified incubator in 5% v/v COzin air. Cells of
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different concentration were seeded into 96-wells for calibration in alamarBlue

assay and will be discussed in the next chapter.

3.14 alamarBlue assay

The protocol for alamarBlue assay was modified from O’Brien el al. [240].
alamarBlue, purchased from Life Technologies, was aliquoted and stored at -
80°C. Prior to experiment, the solution was placed in 37°C water bath to thaw.

During calibration, cells with different cell concentration were seeded into the

wells (Table 5).
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Table 5: Number of cells used to calibration alamarBlue (AB) reduction

Cell Concentration (cells/ml) Cell Number
1x103 250
5x 103 1250
1x10* 2500

2.5x10* 6250
5x 10* 12500
7.5 x10* 18750
1x10° 25000
2.5 % 105 62500
5x 105 125000
7.5x10° 187500
1x10° 250000

25 pl alamarBlue solution was added into a PS or PDMS 96-well containing
the collagen/chitosan scaffold in 250 ul culture medium in a dark environment.
The well plate was then left in a 37°C humidified incubator in 5% v/v CO: in air
for 5 hours. 100 pl mixed solution was pipetted from the well and placed into the
well of a new PS 96-well plate. The absorbance of the solution was measured at
570 nm and 600 nm wavelength inside a Wallac Victor 2 multilabel counter and

the data was analysed using the Wallac 1420 Workstation.
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Fluorometric readings were recorded and calculated using Equation 1.
Logarithmic cell densities were then plotted against percentage of alamarBlue

reduction in figure 12.

Equation 1: Percentage of alamarBlue reduction

€oxz " Ar1 — Eoxa1 Az

%AB reduction = X 100%

Ereda1 - A'a2 — Erednz - A1

where,

Eox,22 1S the molar extinction coefficient of alamarBlue® oxidised form (blue)
€rea 21 1S the molar extinction coefficient of alamarBlue® reduced form (red)
A is the absorbance of test wells

A’ is the absorbance of negative control wells
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The linear relationships between cell density in log scale and their respective

alamarBlue reduction for each cell type were generated from figure 12:

Equation 2: %AB Reduction versus DLD-1 cell density in logarithmic scale
%AB Reduction = 13.694 x Log (DLD-1 cell density) + 6.6232

Equation 3: %AB Reduction versus hMSC cell density in logarithmic scale
%AB Reduction = 11.945 x Log (hMSC cell density) + 5.0583

Equation 4: %AB Reduction versus fibroblast density in logarithmic scale
%AB Reduction = 10.979 x Log (fibroblast density) + 7.0478

As alamarBlue is non-cytotoxic, the same well could be used for theoretically
unlimited amount of times when measuring the percentage of alamarBlue
reduction during the course of experiment. The culture medium was replenished
each time after alamarBlue assay was performed and the well plate was returned
to the incubator as fast as possible to ensure healthy growth of the cells.

During the actual experiments after calibration was done, 25 ul alamarBlue

solution was directly added to the well containing the scaffold seeded with cells.
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4. Results and Discussions

4.1 Scaffold fabrication

Scaffolds were fabricated in PS and PDMS 96-well plates following protocols
as set out in table 2 and table 3. PS 96-well plates were purchased from
commercial source and PDMS 96-well plates were made prior to the
experiments in the laboratory.

Each well was filled with 40 pl of the polymer solution. Composition and
concentration of the polymer solution were major factors in determining the
resulting freeze-dried product, and the fill volume determined the thickness of
the final scaffold. Effects of concentration and composition of the polymer
solution during freeze-drying were investigated using the matrix set out in table
1 in chapter 3.2.

During the fabrication process, scaffolds made of 0.1 wt.% and 0.2 wt.%
overall polymer concentration lost their structural integrity after freeze-drying. It
was therefore not feasible to carry on experiments on these two groups of
scaffolds.

Severe shrinkage occurred in most scaffolds made of 0.3 wt.% overall polymer
concentration and some lost their structural integrity after freeze-drying. There
was a great possibility that the ice crystal growth could have interacted with the
more diluted solution (0.3 wt.%) and thus making it prone to collapse after ice
sublimation. More concentrated solutions, such as 0.4 wt.% and 0.5 wt.%,

retained their structural stability. The experiment proceeded and data analyses
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were carried out on scaffolds with 0.4 wt.% and 0.5 wt.% overall polymer

concentration.

4.2  Freeze drying process

The following section discusses the different stages in the freeze-drying
process. Protocols (Table 2 and 3) were made after considering all the factors
and variables presented below.

Freezing temperature

First of all, with regard to freezing temperature, previous work has
investigated the effect of freezing temperature during lyophilisation [157] and it
was found to influence the pore size. In particular, pore size decreased with
freezing temperature down to -40 °C. Below this temperature, pore size was no
longer correlated to further decrease in temperature.

-40 °C was used as the end point of freezing cycle for this experiment to
generate smaller pores.

Cooling rate

Cooling rate determines the homogeneity of the pore structure during
lyophilisation. For example, a lower cooling rate usually generates larger ice
crystals, which correspond to larger pores upon sublimation.

Upon reaching the freezing temperature of -5 °C, the chamber was maintained
at that temperature for 15 min to stabilise and promote ice growth. Constant
cooling rate with a freezing time of 70 minutes (i.e. 0.5 °C/min) was

experimented and the final pore structure compared with quenching (freezing
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time of 10 min, or cooling rate of 3.5 °C/min). Structure appeared more
homogeneous in scaffolds produced with constant cooling technique as
comparing to those of quenching. When comparing to constant cooling with
more freezing time (i.e. slower freezing rate of 0.4 and 0.3 °C /min), scaffolds
fabricated with slower cooling rate showed no observable increase in pore
homogeneity. MPM image (not shown) confirmed that scaffolds fabricated from
constant cooling yield pores that are more equiaxed and distributed evenly
throughout; while scaffolds made from quenching technique were more
longitudinal in nature.

Chamber pressure

Chamber pressure was lowered to 0.1 mBar to facilitate the mass transfer
during ice sublimation at solid-vapour interface.

Primary drying

Of the three main stages in lyophilisation, primary drying takes the longest
time. Hence it is important to optimise this process to improve efficiency.

The end point of primary drying can be determined by placing thermocouples
in the sample wells. Empirical evidence suggests that when the temperature of
the wells containing the thermocouples approaches the pre-set shelf temperature,
it indicates the end of primary drying. In addition, wells containing the
thermocouples reach their end of primary drying faster [123]. Hence a 10-20 %
more soak period was added onto the time frame of primary drying based on the

time determined by the wells containing the thermocouples.
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Temperatures in all the samples in the experiments reached the shelf
temperature of -5 °C after 15 hours, or 900 minutes. Taking into consideration of
the soak period and hence a total of 1020 minutes were set for primary drying.

Secondary drying

Secondary drying was designed to remove any residual water from the final
constructs. Plateau-effect kinetics suggests that it is necessary to dry the product
at a higher temperature in order to achieve lower water content [124]. Therefore
shelf temperature was set at room temperature of 20 °C to dry the scaffolds for
six hours. An extended drying time beyond six hours did not lead to any

observable difference in the final product.

4.3 Pore size and distribution

For a biomaterial scaffold to promote favourable cell-scaffold interactions, the
average pore size needs to be appropriate in a way that it can promote cell
attachment and proliferation while still able to retain a critical surface area for
structural stability. Moreover, the pores need to be interconnected to facilitate
mass transport of nutrients and wastes, and to facilitate cell in-growth.

Pore size distribution charts were produced (Figure 13), after measuring the
diameter of 200 pores on each sample scaffold. In addition, average pore size in
different concentration and substrate groups were also charted (Figure 14) from
the same data. Average pore size was approximately 150 um overall, and pores
range from 20-175 pum in diameter. Pore size is defined as the diameter of a

pore, assuming a circular profile.
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4.3.1 Effect of composition

Four pore size distribution charts were produced in figure 13. Pore size was
measured under an inverted light microscope and 200 entries were recorded.
Three different batches of the same concentration and composition were
experimented. The distribution charts were produced to show the relative
relationship between scaffolds with different composition.

Pore size was not normally-distributed, as this was likely due to randomness in
ice crystal formation and sublimation during the freeze-drying process. The peak
of the distribution curve shifts toward larger pore size with the increase of
chitosan content. This trend could be observed in both 0.4 wt.% and 0.5 wt.%
(overall polymer concentration) collagen/chitosan scaffolds in both PS and

PDMS substrate.
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Figure 13: Distribution frequency of pore size in freeze-dried
collagen/chitosan scaffolds with overall polymer concentration of a) 0.4 wt.%
in polystyrene well; b) 0.4 wt.% in PDMS well; c) 0.5 wt.% in polystyrene
well; and d) 0.5 wt.% in PDMS well. The data is plotted as the mean [n= 3] +
standard deviation (SD)
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4.3.2 Effect of overall polymer concentration

A more concise figure was extracted to reveal the relationship between pore

size and polymer concentration on pore size in figure 14.

350

300
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Figure 14: Average pore size of collagen/chitosan scaffolds made from 0.4
wt.% and 0.5 wt.% solutions in PS and PDMS wells. The data is plotted as the
mean [n=200] £ SD
No conclusive trend could be observed SD were generally very large for all the
sample groups. Average pore size was observably larger in scaffolds with overall
polymer concentration of 0.4 wt.% and this was pronounced in all compositional
and substrate groups. This was most likely due to less polymer volume which

translated into more void space in the construct. Scaffold composition and
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concentration could be manipulated in future to tailor to the requirement of a

specific tissue engineering application.

4.3.3 Effect of substrate

According to figure 13 and figure 14, there is no apparent difference in pore

size and distribution between scaffolds in PS wells and those in PDMS wells.

4.4  Thickness and surface profile

The thickness of freeze-dried collagen/chitosan scaffolds in PS or PDMS 96-
well was 1mm on average, as shown in figure 15. For cells, thicker matrices are
hard to penetrate and nutrient transport is also an issue for cell to proliferate in
bulk. Sponges less than 1 mm in thickness are technically feasible. However,
thinner scaffolds have less room to accommodate cell proliferation and in-
growth. Thus, 1 mm thickness is a compromise between the fabrication process
and application. Previous researches had difficulties in fabricating 1 mm-thick
scaffolds with flat surface as the problem of surface tension problem became

significant in small wells with thinner scaffolds.
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Figure 15: Thickness of freeze-dried collagen/chitosan scaffolds in PDMS

wells

However, due to surface tension in the small format well plates, meniscus
remained (not shown in figure 15). Therefore, the following optimisation aimed

to fabricate and optimise scaffolds of 1 mm in thickness and without meniscus.

4.5 Scaffold optimization

The requirements for freeze-dried scaffolds are listed below:

e No defects;
e Flat surface profile

e Thickness preferably 1 mm or even less

4.5.1 Scaffold in polystyrene 96-well plate

Concentrations of 0.4 wt.% and 0.5 wt.% (overall polymer concentration)
collagen/chitosan scaffold solutions prepared in PS 96-well were prone to form a
curved or bowl-shaped surface instead of a flat surface as illustrated in the

schematic drawing in figure 16. The schematic on the right illustrates the current
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collagen/chitosan profile in a 96-well and the schematic on the left illustrates the

surface profile this study wished to achieve after certain treatment.

Figure 16: Schematic illustration of the surface feature of collagen/chitosan
scaffold in PS 96-well. (Left) An ideal scaffold with flat top surface after

treatment and (right) scaffold without any surface treatment. The two
schematics are for illustration purpose only
Any attempt to mitigate the surface tension problem needed to address either

one of the two correlated issues:

e The hydrophilicity of the surface of the well needed to be decreased just
enough for the solution to be hydrophobically repelled such that it would
form a flat top surface due to two counter-acting forces cancelling each
other. The repelling force must not be strong; otherwise it would instead
form a dome-shaped surface. The bottom of the well must also not be
treated.

e Hydrophilicity property of the solution needed to be altered just enough

such that it matched the hydrophilicity profile of the well surface.
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The following section describes various attempts made by the author to

address the surface tension problem.

45.2 Surface treatment in PS wells

45.2.1 Silicone oil

Silicone oil was purchased from Sigma-Aldrich and was applied onto the
vertical well surface prior to pipetting in the polymer solution.

Pre-treatment of the well surface was concluded with no success. The oil
introduced by a small swab easily contaminated the bottom surface and thus
produced dome-shaped scaffolds after freeze-drying. Moreover, treatment of the
surfaces was too time-consuming, thus was clearly not an ideal solution for

engineering applications.

45.2.2 Pre-washed well

The well was pre-washed with 0.05 wt.% collagen solution prior to pipetting in
the collagen/chitosan solution. This process aimed to match the hydrophilicity of
the well surfaces with that of the collagen/chitosan solution. However, this
treatment did not result in observable change in the shape of the top surface in

the final freeze-dried product.

45.2.3 Water-film

In this treatment process, the author attempted to match the hydrophilicity

properties of the solution with that of the well surface. After UV cross-linking
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was completed, 10 ul de-ionised water was pipetted onto each cross-linked
scaffold in the well as illustrated in figure 17. The 96-well plate was then placed

into the lyophiliser for freeze-drying.

~ 96-well

Water ﬂlm—ﬁ‘f‘_‘ —
P—

Figure 17: Schematic illustration of thin water film surface treatment

The freeze-dried scaffolds subject to this treatment displayed a flat top surface
in all scaffolds made of 0.4 wt.%, 0.5 wt.% collagen/chitosan solutions.

The results showed that this water film treatment could be the solution to
mitigate the surface tension in 96-well. The following section is a detailed
explanation of the water film treatment and its effect on 0.4 wt.% and 0.5 wt.%
collagen/chitosan solutions.

The water film itself was in its liquid form for a rather brief period before cool
down into ice during the cooling stage in the freeze-drying cycle as the
temperature dropped below the melting point of water. The water film therefore,
could not react with more concentrated and cross-linked polymer solution due to

the short time of contact before it turned into ice. Moreover, the cross-linked
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construct was locked in a network of polymer meshes and thus had little room to
accommodate additional water in such short time-frame. The ice was then
sublimed during the primary drying cycle.

Without the water film, the scaffold was prone to form a bowl-shaped surface
due to greater affinity to the surface of the well. The water film before freeze-
drying and its solid ice form during the early stage of freeze-drying exerted
pressure against the collagen/chitosan construct and flattened the bowl-shaped
top surface in the process.

Pressure exerted by the water film also ensured that the scaffold stuck firmly
onto the well surface. Immobilised scaffolds are generally preferable during in
vitro cell studies.

In addition, the ice layer on top of the scaffold formed large ice crystals
protruding into the collagen/chitosan construct and created larger pores. At the
end of the freeze-drying cycle, the collagen/chitosan scaffold was formed with
larger pores near the top surface and regular pores in the bulk. This heterogeneity
in pore size is beneficial to cell in-growth as larger pores could accommodate
cell penetration to a greater extent, while regular pores in the bulk ensured
structural integrity and sufficient surface area for cell proliferation.

To conclude this section, the water film treatment was beneficial for the

freeze-dried collagen/chitosan scaffold in three ways:

e The resulting top surface was flattened

e The scaffold attached firmly onto the well surface
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e Heterogeneity in pore size provided greater cell penetration capability

while retaining structural integrity
4.5.3 Scaffold in PDMS 96-well plate

On the other hand, scaffolds in PDMS well plate had dome-shaped top surface
(Figure 18, right) as the hydrophobic surface of PDMS repel collagen/chitosan

solution during fabrication.

Figure 18: Schematic illustration of the surface feature of the
collagen/chitosan scaffold in PDMS 96-well. (Left) An ideal scaffold with flat

top surface after treatment and (right) scaffold without any surface treatment.

The two schematics are for illustration purpose only

Due to hydrophobicity of PDMS itself, water-based solution, such as collagen
solution would form a dome-shaped construct almost immediately. The resulting
shape of the construct would resemble a dome rather than a thin, cylindrical
shape with flattened top and bottom surfaces. This undesirable phenomenon
occurred much due to the same principal as its bowl-shaped counterpart in
previous section; i.e. the surface of the well plate and the polymer solution had

different affinity towards water.
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In the previous case in PS well, the surface of the well had greater affinity to
water, and thus, rendered it hydrophilic. In this case, PDMS had less affinity to
water, or in scientific terms, the material is hydrophobic; hence it repelled water-
based solution to reduce contact as thermodynamically stable as possible. Thus
collagen solution, once pipetted into PDMS wells, would spontaneously form a
dome shape, which after freeze-drying cycle, would translate into a dome.

As explained in the previous section, any uneven surface would make cell
culture highly unpredictable.

To reiterate: firstly, follow-up assays to be taken in different time-points would
require uniformly distributed cells in order to have generalised outcomes. Cell
growth would be roughly the same from a flat top surface. However, a dome-
shaped top surface would complicate matters, as cells would grow slower into
the centre as in the case of a dome and faster in the case of a bowl. This matters
because during subsequent assay, a point could be taken with a huge cluster of
cells or with no cells at all due to different ingrowth speed.

Secondly, in tissue engineering terms, different rates of cell ingrowth would
translate into side effects such as randomised degradation and cell segregation,
which at the end of the day would make it highly unpredictable and impossible
to perform scientifically-sound replicates.

To make matters worse, freeze-dried collagen/chitosan scaffolds in PDMS
wells were found to have larger-than-normal pores, or rather, defects, throughout

the scaffold (Figure 19).
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Figure 19: Defects in collagen/chitosan scaffold in PDMS 96-well plate after
freeze-drying without prior treatment
These could be detrimental to cell culture as defects would contribute to faster
degradation rate and cells would form clusters rather than attaching and
interacting with the scaffold.
To understand the reasons behind the forming of those defects, intrinsic
properties of PDMS material need to be discussed. PDMS has two notable

characteristics:

e PDMS has unusually high gas permeability;

e Low surface energy.

One explanation of the defects could be that due to its unusually high gas
permeability, air flows created during lyophilisation produced bubbles inside the
polymer solution in the wells and some were inevitably trapped when frozen.
The trapped air bubbles created voids that were later dried and became defects in
the scaffolds.

Another explanation is that air molecules trapped in the voids of PDMS

networks was unravelled during lyophilisation and thus the defects were
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generated. But it overlooked the fact that PDMS had low excess volume upon
mixing, which prevented molecules other than gas molecules from passing
through. This selectivity makes the material rather popular among medical
applications as it excluded bacteria and in the meantime allowed gas exchange to
take place.
Therefore, the defects in the final freeze-dried collagen/chitosan scaffolds
inside PDMS well plate were due to high gas permeability of PDMS itself.
Two things happened during the initial stage of freeze-drying cycle.
1) The door sealed, a small negative atmosphere is created inside the chamber to
check if the seal was tight;
2) Cooling coils kicked in to cool down the chamber, which created convective
air flow in the chamber.
Both mechanisms created airflow, which possibly contributed to gas molecules
passing through PDMS well plates. During the experiment, as gas passed
through the well plates, some was inevitably trapped inside the collagen/chitosan

solutions. In order to prevent this to happen, a few treatments were attempted.

454 Pre-treatment in PDMS wells

Several treatments were attempted to tackle the hydrophobicity and high gas

permeability of PDMS well.
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45.4.1 Pre-washed wells

Wells pre-washed with 0.01 N sodium chloride in water before freeze-drying
achieved limited success. The top surface was flattened to a satisfactory extent.
However, this technique did not effectively resolve the high gas permeability
issue and defects were still found both inside and on the surface of the scaffolds

after freeze-drying.

45.4.2 Pre-cooling

The PDMS well plate was stored in a -80°C freezer before the experiment.
Collagen/chitosan solutions were filled into the wells on ice. These setups
allowed the well plates and contents to stay at sub-zero temperature.

During the experiments, however, it became obvious that if no step was taken
to address the freeze-drying regime, it would fail to keep the whole setup below
zero.

The freeze-drying protocol therefore, was optimised for this purpose by
shortening the time it took to cool down (Table 3).

Collagen/chitosan scaffolds were filled into the wells of pre-cooled PDMS 96-
well plates on ice, and they instantly froze. Upon entering the freeze-drying
chamber, the temperature was again lowered from room temperature to -5 °C in
only 5 min. And it took another 20 min to stabilize at -5 °C, followed by normal

freeze-drying cycle.
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Following this change in freeze-drying regime, the defects were removed.
Average thickness of the scaffold was 1 mm, and the scaffold had a flat top

profile.

4.6 Characterisation

46.1 FTIR

FTIR spectra obtained from scaffolds made of different composition are shown
in figure 20. Specifically, the figure represents spectra obtained from absorption
in scaffolds made of 0.4 wt.% overall polymer concentration with 10%, 30%,

50% and 70% chitosan respectively.
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Figure 20: FTIR spectra of scaffolds made from 0.4 wt.% polymer solution
in PS wells. The specific composition is stated in the figure above each
spectrum as 1:9 (10% chitosan), 3:7(30% chitosan), 5:5(50% chitosan) and
7:3(70% chitosan); for absolute concentration of the polymer refer to table 1 in

chapter 3.2

The spectrum of chitosan consists of six distinctive absorption bands.

Vibration of hydroxyl groups appeared at 3439; vibration of free amine groups
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appeared at 3300 cm™. The peaks at 1655, 1560 and 1381 cm™ corresponded to
C=0 stretching, -NH, bending and C-O stretching. The absorption band at 1052
cm™ indicated —C-O-C- glycosidic linkage [9, 19, 84, 85]. On the other hand,
pure collagen had five characteristic peaks in the FTIR spectrum. A combination
of N-H deformation and C-N stretching corresponded to peak at 1274 cm™. C=0
stretching could be observed at 1659 cm™, and N-H bending at 1550 cm™.
Vibration of hydroxyl groups happened at 3440 cm™ and free N-H stretching
occurred at 3324 cm™ [84].

Spectra in figure 21 indicated that absorption of functional groups vary
significantly, depending on the underlying characteristic peaks of the polymer.
Specifically, the intensity of the characteristic chitosan peak of glycosidic
linkage at 1052 cm™ became clearer when chitosan content was increased. On
the other hand, the trend reversed itself at 1274 cm™, at which the peak indicated
the characteristic collagen absorption band. For instance, the highest peak at
1052 cm™ corresponded to spectrum for scaffold with 10% chitosan. This
particular spectrum registered the lowest value at the characteristic collagen
absorption peak of 1274 cm™,

According to Taravel and Domard two kinds of interactions can give rise
between collagen and chitosan when they are dissolved in solution [6].

1) Electrostatic force leading to the formation of polycation and polyanion
complex; this usually occurs at low pH environment;

2) Hydrogen bonding would be formed between two polymers when they are

mixed in their respective salt form.
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From a solution preparation point of view, collagen/chitosan blends were
mixed in the presence of 20mM acetic acid. This led to electrostatic interactions

between collagen polyanions and chitosan polycations.

4.6.2 Differential scanning calorimetry analysis

The thermodynamics properties of collagen/chitosan scaffolds from various
proportions of mixtures were studied using DSC. The polymer matrices were
slowly heated in a nitrogen environment from room temperature until 150 °C.
DSC plots of 0.4 wt.% collagen/chitosan scaffolds with 10%, 30%, 50% and 70%
chitosan are shown in figure 21. Overall speaking, plots reveal a transition band
of 70 - 120 °C across all samples. The transition occurred mainly due to loss of
bound water molecules at boiling temperature (100°C). The curves indicated
general shifts

1) towards a lower temperature range with lower chitosan content. This may
happen due to the fact that water molecules in chitosan were more strongly
bounded than those in collagen.

2) towards lower heat capacity with lower chitosan content, which could be
explained by the underlying difference in chemical nature between the two
polymers.

Therefore, by increasing chitosan content in the scaffolds, the heat capacity of

the polymer blends would be enhanced.
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Figure 21: DSC plots of scaffolds with 10%, 30%, 50% and 70% chitosan

content. All made of 0.4 wt.% overall polymer concentration in PS wells.

4.6.3 Microscopic observation

It is understood that the microstructure such as pore size and distribution,
porosity as well as pore shape has profound influence over cellular activity. The
morphology of the freeze-dried collagen-chitosan scaffolds made from 0.4 wt.%
and 0.5 wt.% solutions were subjected to observation under MPM. Due to much
smaller working distance and limitation of the sample platform of the MPM, the
constructs had to be carefully taken out and placed onto glass slides, before
loading onto the sample platform for observation under MPM. The following
section is dedicated to discuss the results from MPM observations.

Treatment to mitigate the surface tension problem in PS 96-well plate did not
have significant influence over pore distribution and size. But pore size was
significantly large near the top surface in treated collagen/chitosan scaffolds in
PS wells comparing to their untreated counterparts. During freeze-drying, the
water film was cooled down to form an ice layer on top of the scaffold. This
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process inevitably led to large ice crystals protruding into the collagen/chitosan
construct and created larger pores near the top surface. During the drying stage,
all the ice crystals were sublimed, leaving behind a porous 3D collagen/chitosan
matrix with pores near the top surface significantly larger than those in the bulk.
Heterogeneity of pore sizes was indeed beneficial to cell in-growth as larger
pores could accommodate cell penetration to a greater extent, while regular pores
in the bulk ensured structural integrity and sufficient surface area for cell
proliferation. Pores were uniform, however, for scaffolds in PDMS wells.

The morphologies of collagen/chitosan scaffolds were revealed by MPM
images in 5D-viewer mode (Figure 22a, b). A trend of increased pore size with
increased chitosan content was conspicuous in the figure by comparing the left
image (30% chitosan) with the right one (70% chitosan). The average pore sizes
of the scaffolds in both images fall in the range of 100-200 pum. Smaller pores in
larger pores as well as some indistinguishable pores were both present in the two
images and were indicative of high interconnectedness. In Figure 22(b) the
interconnection of pores can still be observed despite increased chitosan content,

although the scaffold was predominantly made of larger pores.
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Figure 22: Collagen/chitosan scaffolds made from 0.4 wt.% overall polymer
concentration in PS wells under MPM using 20X magnification with
collagen/chitosan mixing ratio of (a) 30% chitosan (abs. conc. of
collegen=0.28 wt.%; chitosan=0.12 wt.%) (b) 70% chitosan (abs. conc. of
collegen=0.12 wt.%; chitosan=0.28 wt.%)

4.6.4 Disintegration

Disintegration of scaffold depends on many parameters, such as intrinsic
chemical structure of the material, scaffold morphology as well as external
factors such as pH and temperature [1-3]. A four-week study of hydrolytic
degradability of freeze-dried scaffolds aimed to establish the disintegration
profile of collagen/chitosan scaffolds in the absence of enzymes. The profiles

were plotted in figure 23.
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Figure 23: 4-week hydrolytic degradability profile of collagen/chitosan
freeze-dried scaffolds in 0.5 wt.% overall polymer concentration in a) PS wells;
and b) PDMS wells. The data is plotted as the mean [n=3] + SD

In most cases, scaffolds disintegrated to a greater extent in scaffolds with less
chitosan content, though a generalised trend could not be established from the
data presented.

The graph suggested that the scaffolds with 0%, 10% and 30% chitosan
experienced bulk disintegration in both PS and PDMS wells, which means the

diffusion process was faster than the disintegration process. Although longer-
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term disintegration profile was unknown, the linear and slow loss of mass were
evidences that water uptake rate was much higher than the rate of hydrolysis.

On the other hand, collagen/chitosan scaffolds with 50%, 70% and 100%
chitosan in PS and PDMS wells showed profiles very similar to that of the so-
called surface erosion, where the structure remained throughout the study and
scaffolds disintegrated by erosion of the surface layer by layer.

Therefore, scaffolds with less than 50% chitosan content would experience
bulk disintegration whereas scaffolds with more than, or equal to 50% chitosan
content would undergo surface erosion, which correpsonded to a much slower
rate of disintegration.

In terms of the effect of concentration on scaffold degradation, the compositon

was fixed at 50% chitosan and figure 24 was charted.
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Figure 24: 4-week hydrolytic degradability profile of collagen/chitosan
freeze-dried scaffolds in varying concentration and substrate. The data is plotted

as the mean [n=3] £ SD
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The profile showed firstly, that scaffolds with lower overall polymer
concentration disintegraded faster than those of higher overall polymer
concentration; and secondly, scaffolds in PDMS wells disintegraded faster than
those in PS wells.

The first observation was most likely due to that more void volume in the
constructs contributed to faster disintegration. And the second observation was
probably because of the gas-permeable nature of PDMS material that facilitated

nutrient and waste transport, which in turn, contributed to disintegration.

4.7  Cell proliferation

Studies of cell proliferation in the scaffolds in figure 25, 26 and 27 all revealed
that cells proliferated in collagen/chitosan scaffolds across different cell types.
DLD-1 cells started proliferating from day-1 whilst hAMSCs and fibroblasts took
a few days to settle and their numbers only started to increase from day-3
onward. Final DLD-1 cell yields were generally higher than those of hMSCs and
fibroblasts both in PS and PDMS 96-well plates, this was however, only

indicative of the characteristics of DLD-1 cells.
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4.7.1 Effect of composition

In figure 25, DLD-1 cells generally favoured pure collagen scaffolds. Take, for
instance, the bar chart as presented in figure 25(a2). The yields for DLD-1 cells
inside pure collagen scaffolds (0% chitosan) were markedly higher throughout
the entire 15-day culture period. This phenomenon was obvious in all
concentration and substrate groups.

Although pure collagen scaffolds generated higher yields of DLD-1 cells than
pure chitosan scaffolds, this relationship did not seem to follow a linear path in
between the two extremes. Therefore the correlation of higher DLD-1 cell
number with lower chitosan content could not be established from this
experiment.

In general, hMSCs displayed greater affinity towards scaffolds with higher
chitosan content, though exceptions do exist such as the bars for cell yields in
scaffolds with 30% and 50% chitosan in figure 26(c2). Likewise, a clear trend
could not be established from this experiment alone.

For fibroblasts in figure 27, as the cell yields showed a clear trend with
increased chitosan content across both substrate and concentration groups, a
correlation could be established that the yield of fibroblasts increase with
increased chitosan content. Further statistically-sound investigation needs to be
conducted to ascertain the relationship between cell yield and chitosan content in

fibroblasts.
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4.7.2 Effect of overall polymer concentration

An observation can be made, by comparing figure 25(a2) with (c2), and (b2)
with (d2), that DLD-1 cell yields were higher in scaffolds made from solution
with higher overall polymer concentration, as all the bars in figure25(c2) and
(d2) were higher than those in (a2) and (b2) respectively. However, to establish
the correlation between cell yield and overall polymer concentration, a thorough
study is needed in future.

The trend was less than clear, and to some extent reversed, in hMSCs and

fibroblasts.

4.7.3 Effect of substrate

In figure 25, DLD-1 cell yields were higher in (b2) and (d2) than those in (a2)
and (c2) respectively. In addition, by comparing (al) with (b1), (c1) with (d1),
DLD-1 cells cultured in PDMS wells reached their saturation faster than those in
PS wells and at higher yields. Therefore, DLD-1 cells favoured PDMS 96-well
plates.

However, in figure 26 and 27, hMSCs and fibroblasts showed no such clear

trend.

4.7.4 Summary

To wrap up, three observations could be made from the figures as follows:

92



e DLD-1 cells favoured scaffolds with higher overall polymer
concentration.
e DLD-1 cells favoured PDMS 96-well plate

e Fibroblasts favoured scaffolds with higher chitosan content.

As discussed in chapter 4.3, higher chitosan content and/or lower overall
polymer concentration correspond to larger pores, and vice versa.

For DLD-1 cells, although there was a markedly increase of cell yield in
scaffolds with higher overall polymer concentration, it is inconclusive to state
that DLD-1 cells favoured smaller pores. Because, on the other hand, DLD-1 cell
yields did not show a clear trend that they increased with decreasing chitosan
content, which correspond to smaller pores.

For hMSCs, no conclusive correlation was observed from the data collected.
This may be because of the difficulty in culturing hMSCs.

For fibroblasts, it can be established that the cells favoured scaffolds with
higher chitosan content. However, another observation that fibroblasts cell yields
did not increase in scaffolds with lower overall polymer concentration, led to
another inconclusive relationship between fibroblast yield and pore size.

Overall speaking, all three cell types proliferated in all of the collagen/chitosan
scaffolds and in both PS and PDMS wells. Unfortunately, during the course of
this study, the relationship of cells with regard to pore size could not be

established.
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5. Conclusion and Future Works

In this study, the author aimed to develop and optimise freeze-dried
collagen/chitosan scaffolds for 3D culture. The purpose of this study was to
address the problem of using small-format culture wells for the fabrication of
freeze-dried collagen-based scaffolds for studies of cell growth in 3D culture in
static and microfluidic perfusion bioreactors. The research consists of three

stages:

e Stage 1: Development of freeze-dried collagen/chitosan scaffolds based
on concentration and compositional factors of the polymer;

e Stage 2: Optimisation of the developed scaffolds (substrate-specific) in
terms of surface properties and thickness;

e Stage 3: Characterisations and in vitro cell studies using DLD-1 cells,
hMSCs and fibroblasts to assess the suitability of the developed
scaffolds for 3D culture

5.1 Conclusion

In stage 1, experiments were carried out according to the experimental matrix
(Table 1) and freeze drying protocols (Table 2 and 3), and it was concluded that
collagen/chitosan solution concentration of 0.4 wt.% and 0.5 wt.% (overall
polymer concentration) were suitable candidates for freeze-drying fabrication
process. Average pore size was 150 pm, and pore size increased with increasing

chitosan content. In addition, scaffolds with lower overall polymer concentration
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registered larger pore size generally. There was no difference between scaffolds
made in PS wells and those in PDMS wells.

However, scaffolds developed in 96-wells had either bowl-shaped top surface
in PS wells or dome-shaped top surface in PDMS wells. These were
unfavourable as unevenness causes unreliable cell in-growth data and surface
morphology without any control was itself not scientifically-sound.

Therefore, in stage 2, novel surface treatment methods were developed to
fabricate collagen/chitosan scaffolds with flat top surfaces in both PS and PDMS
96-well plates. To summarise the processes, scaffolds in PS wells were topped
up with a thin layer of water film before freeze-drying; while scaffolds in PDMS
wells went through pre-cooling and the freeze-drying protocol was tailored to
ensure the contents stayed sub-zero during the whole process.

Finally, in stage 3, scaffolds were observed under MPM and their pore size in
relation to chitosan content was again confirmed. In DSC, it was established that
heat capacity increases with increased chitosan content in the polymer. In FTIR,
characteristic peaks of the polymer were confirmed. Moreover, scaffolds with
lower overall polymer concentration, and scaffolds in PDMS 96-well plate
disintegrated faster in water.

Three cell types were tested on those novel scaffolds and revealed that DLD-1
cells favoured scaffolds with higher overall polymer concentration and/or in
PDMS wells; whilst fibroblasts favoured scaffolds with higher chitosan content.

No conclusive observation could be made from hMSC culture. All three cell
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types proliferated in collagen/chitosan scaffolds in both PS and PDMS 96-well

plates.

Based on the experimental procedure and data analysed, the following

conclusions can be devised:
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Collagen and chitosan can be fabricated by freeze-drying technique in
both PS and PDMS 96-well plate;

The most suitable overall concentrations of collagen/chitosan were 0.4
wt.% and 0.5wt.%, and the preferred composition depends on specific
requirement and application;

The average pore size in collagen/chitosan 3D scaffolds increases with
increased chitosan content and/or lower overall polymer concentration.
There was no difference between scaffolds made in PS wells and those
in PDMS wells;

For scaffolds in PS 96-well, water film surface treatment was found to
yield reproducible and desirable features in collagen/chitosan scaffolds;
whereas for scaffolds in PDMS 96-well, a change in the freeze-drying
regime can produce defect-free scaffolds without meniscus shape on
the surface;

The profile of freeze-dried collagen/chitosan 3D scaffolds in both
polystyrene and PDMS 96-wells after optimisation was thin (1 mm in

thickness) and flat;



Cells (DLD-1 cells, hMSCs and fibroblasts) can proliferate in

collagen/chitosan 3D scaffolds in both polystyrene and PDMS wells.

5.2 Future works

The following areas merit further research.
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Sterialisation technique: while in this study the author only used UV
radiation, it could be worthwhile to investigate further as UV has been
reported to cause polymer chain scission;

Imaging capturing and analysis using MPM is indeed an intriguing task
yet full of potential. With better visualisation of the inner cross-
sectional structure of the scaffolds in future research, alterations could
be made to tailor to specific needs of the particular tissue engineering
application;

The use of PDMS well plate in the current study is to shed light on the
surface property and its effect on natural polymer scaffolds, with the
ultimate aim to perform 3D culture in microfluidic perfusion
bioreactors. Therefore, further studies are needed before full rollout of
perfusion culture in PDMS bioreactors;

Other fabrication technique, namely, electrospinning, may be useful to
fabricate scaffolds in a controlled manner and merit further research;

A thorough cell study to be performed to evaluate and compare across

different scaffold/substrate combinations and concentrations.
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