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Abstract

Tissue-engineering (TE) is one of the most innovative approaches for tackling many diseases and
body parts that need to be replaced, by developing artificial tissues and organs. For this, tissue
scaffolds play an important role in various TE applications. A tissue scaffold is a three-
dimensional (3D) structure with interconnected pore networks and used to facilitate cell growth
and transport of nutrients and wastes while degrading gradually itself. Many fabrication
techniques have been developed recently for incorporating living cells into the scaffold
fabrication process and among them; dispensing-based rapid prototyping techniques have been
drawn considerable attention due to its fast and efficient material processing. This research is
aimed at conducting a preliminary study on the dispensing-based biofabrication of 3D cell-

encapsulated alginate hydrogel scaffolds.

Dispensing-based polymer deposition system was used to fabricate 3D porous hydrogel scaffolds.
Sodium alginate was chosen and used as a scaffolding biomaterial. The influences of fabrication
process parameters were studied. With knowledge and information gained from this study, 3D
hydrogel scaffolds were successfully fabricated. Calcium chloride was employed as crosslinker
in order to form hydrogels from alginate solution. The mechanical properties of formed
hydrogels were characterized and examined by means of compressive tests. The influences of
reagent concentrations, gelation time, and gelation type were studied. A post-fabrication
treatment was used and characterized in terms of strengthening the hydrogels formed. In addition,
the influence of calcium ions used as crosslinker on cell viability and proliferation during and
after the dispensing fabrication process was examined and so was the influence of concentration
of calcium solutions and exposing time in both media and alginate hydrogel. The study also

showed that the density of encapsulated cells could affect the viscosity of alginate solution.

In summary, this thesis presents a preliminary study on the dispensing-based biofabrication of
3D cell-encapsulated alginate hydrogel scaffolds. The results obtained regarding the influence of
various factors on the cell viability and scaffold fabrication would form the basis and rational to

continue research on fabricating 3D cell-encapsulated scaffolds for specific applications.
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Chapter 1 INTRODUCTION

1.1 Tissue Engineering and Hydrogel Scaffolds

1.1.1 Tissue Engineering and Strategies

Nowadays, the tissues and/or organs for transplantation mainly come from donations, which,
however, cannot meet the clinical needs. Figure 1-1, as an example, shows the organ transplant
statistics in the states according to United Network for Organ Sharing (UNOS), i.e., the total
number of donated organs, transplants, and the total number of patients on the waiting list from
1995 to 2008. It can be seen that there is a huge gap between the supply and demand for organ
and tissue transplantation each year [1-3], which significantly increases year by year. By 2008,
there were 100,597 people on the transplant waiting list [4, 5]. In order to meet the tremendous
need for tissues and organs transplantation, tissue engineering was greatly motivated to develop

and fabricate artificial tissues and organs in the past decade.
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Figure 1-1 UNOS organ transplant statistics from 1995 to 2008, the total number of donated organs (m),
transplants (A ), and the total number on the waiting List (®)



The basic principles of tissue engineering are illustrated in Figure 1-2, in which the cells from
the patient are cultured and expanded, eventually growing into functional grafts or tissues with
the help of tissue scaffolds. Tissue scaffolds are three-dimensional (3D) porous, degradable and
tissue-like medical implants, which are used to provide synthetic extracellular matrix (ECM), to
guide and organize cells into the 3D architecture, and to provide the stimuli directing the growth
and formation of functional tissue and/or organs [6]. The principal function of a scaffold is to
direct cell behavior such as migration, proliferation, differentiation, maintenance of phenotype,
and apoptosis by facilitating sensing and responding to the environment via cell-matrix and cell-
cell communications. Typical tissue scaffold should balance its mechanical functions with
biofactor delivery. Often this balance presents as a denser scaffold providing stronger
mechanical strength and a more porous scaffold providing better biofactor delivery. Porous
scaffold also provides more surface areas for cell adhesion and growth. Thus, the architecture of
tissue scaffolds is crucial to all tissue engineering applications. Besides, the selection of
biomaterials for the scaffold is of importance and dependent on the applications. Bioactive
ceramics, for example, were used to develop bone tissue engineering scaffolds because of their
favorable biological properties and strong mechanical strength. Due to their inherently-brittle
mechanical properties [7, 8], however, they were not commonly used in soft tissue tissue-
engineering, such as nerve tissue engineering, where biopolymer-based hydrogel scaffolds would

be more suitable.

Q Monolayer
Cell Culture
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4 Patient

Basic Principles of Tissue x
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Figure 1-2 Basic principles of tissue engineering



1.1.2 Biopolymer and Hydrogel Scaffold

Biopolymers have been widely used as common scaffold materials because of their distinct
advantages such as controllable biodegradation rate and mechanical properties, good
biocompatibility, and ease of processing into desired shapes. Biopolymers are either synthetic or
naturally derived. Typical synthetic polymers include poly (lactic acid) (PLA) [9, 10], poly (L-
lactic acid) (PLLA) [11, 12], and their copolymers such as poly (DL-lactic-co-glycolic acid)
(PLGA) [13-15].

Synthetic polymers are attractive for tissue engineering because of their controllability and
reproducibility of chemical properties [15], which are important to the dynamics of gel
formation, the mechanical and degradation properties of the materials, and the crosslinking
density [16, 17]. However, the surfaces of synthetic polymers are hydrophobic, which limits cell
adhesion and growth in 3D architecture [18, 19]. Lacking of functional groups on the surface of
these polymers limits the possibility of modification. Once implanted in vivo, the degradation
products of synthetic polymers can easily invoke a chronic immune reaction. In addition, these
polymers are typically processed under relatively harsh conditions, which make incorporation
and entrapment of viable cells for clinical application difficult, and even impossible [20, 21].

These disadvantages limited their further application in tissue engineering.

Naturally derived polymers include agarose [22, 23], alginate [24, 25], chitosan [26, 27],
collagen [28, 29], fibrin [30, 31], gelatin [32], and hyaluronic acid (HA) [33, 34]. Generally
speaking, most biopolymers are a class of highly hydrated polymer materials (water content >
30% by weight) [1]. These polymers are composed of hydrophilic polymer chains, and can be
crosslinked and gelled by either photopolymerzation or using different crosslinking reagents. The
structural integrity of hydrogels depends on the crosslinking bonds formed between polymer
chains through various chemical and physical interactions [35, 36]. Most hydrogels used in
tissue-engineering applications are biodegradable and can be processed under relatively mild
conditions. The hydrogels have many similarities to native tissues or ECM in their mechanical,
structural and biological properties, and can be used to form conductive matrix, cellular or
biomolecular delivery vehicles [37, 38], or space filling agents [39]. The major concern for
hydrogel polymer scaffolds is their low mechanical strength and shape retention failure [36].

Collagen [40, 41], chitosan [42, 43], hyaluronic acid (HA) [44, 45], and alginate [32, 46, 47] are



frequently used naturally derived hydrogel forming polymers in various tissue engineering
applications, for they have very similar macromolecular properties to the natural ECM. The
aforementioned materials can be found in tissues of adult animals and have shown a favorable
interaction with surrounding tissues in vivo because of their hydrophilicity and biodegradability.
As such, these materials have been widely utilized as hydrogel scaffold materials in tissue
engineering. Alginate has been more widely used than other hydrogels in tissue engineering
applications especially to form 3D structures that organize cells and present stimuli that can
direct the formation of a desired tissue, because of its good biocompatibility with both host and
with enclosed cells, and ease of gelation. Currently, the alginate hydrogel has been extensively
used in culturing chondrocytes for cartilage repair [48, 49], as well as for hepatocytes [50, 51],

and Schwann cells for nerve regeneration [24, 52].

1.1.3 Nerve Tissue Engineering

The need for tissue-engineered alternative to nerve graft has been huge, especially in cases like
spinal cord injury (SCI) from which many patients suffer due to traffic accidents and trauma
each year. This is because that harvested nerve graft is often morbid and of the wrong diameter
to the injured nerve. [24, 53, 54] The recovery following nerve grafting has been disappointing,
and also because of donor shortage and immunological problems associated with infectious
disease that are often encountered in tissue transplantation and nerve grafting. And it is also
because that regeneration of adult mammals' axons, which was once thought impossible, is poor
and in a disorganized manner after central nervous system (CNS) injury. Researchers have tried
various methods to stimulate axonal regeneration and extension into target tissues. For example,
there have been experiments on transplantation of peripheral nerves, Schwann cells [55, 56],
olfactory ensheathing cells [57, 58], neural stem cells [59], and knock out of gene of encoding
Nogo-A/B. These studies have shown that CNS axons can regenerate in a suitable
microenvironment, and injured axons can recover part of their function. However, the methods in
these studies have limitation for clinical application, such as damage to the donors of peripheral
nerves, immunological rejection, difficulty in retaining of exogenous neurotrophic factors at the

lesioned site, and potential dangers in genetic manipulation of human tissues.

Biomaterial scaffolds are often used to create substrate within which cells are instructed to form

a tissue or an organ in highly controlled way. Various biomaterials, both synthetic and natural



derived, have been employed in nerve tissue engineering for scaffolding. PLLA, chitosan, HA,
and alginate have showed potential for incorporation with different therapies to instruct axons to
reach to their peripheral targets [60]. Many therapies, such as guided therapies, cellular therapies,
and complex therapies that are a combination of methods will be needed have been applied in
order to enhance the regeneration and reformation of axons. Cellular based therapies for treating
nerve injury often use macrophages to clear debris and glial cells to secrete neurotrophic factors.
These methods mainly focus on cell transplantation. Cell transplantations after spinal cord injury
are thought to replace lost tissue components, provide re-myelination of denuded axons, provide

guidance structures, and express growth factors.

Schwann cell is one of the most thoroughly cell types for transplantation after experimental both
peripheral nerve and spinal cord injury. They have been shown to reduce the size of spinal cysts,
remyelinate axons and enhance functional recovery in spinal cord injury. Schwann cells produce
a number of growth factors that support the growth of axons, including nerve growth factor
(NGF), brainderived neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF),
neurotrophin-3 (NT-3), conserved dopamine neurotrophic factor (CDNF) and fibroblast growth
factor (FGF) [28, 61]. Additionally, they express axon guidance cell adhesion molecules on
their surfaces. Thus, Schwann cells have been employed in many researches including this one

to study and stimulate the regeneration of axons.

The Schwann cell and its basal lamina are crucial components in the environment through which
regenerating axons grow to reach their peripheral targets. Schwann cells of the injured nerve
proliferate; help inflammatory infiltrating cells to eliminate debris, and upregulate the synthesis
of trophic and non-tropic factors such as NGF, CNTF, and Laminin. Considering the importance
of the Schwann cells in creating an adequate environment for nerve regeneration, researches try
to construct of cellular prostheses consisting in a nerve guide seeded with isolated Schwann cells

[52, 55].

Schwann cells are the principle neuroglial cells in the peripheral nervous system (PNS). They
produce myelin, which has important effects on the speed of transmission of electrical signals
and are shown to enhance the regeneration of axons in both the peripheral and central nervous
systems. PNS regeneration occurs mainly through a series of reactions produced by activated

Schwann cells, providing regenerating axons with numerous neurotrophic factors, cell adhesion



molecules and extracellular matrix components that promote axonal growth. The growth
promoting effects of transplanted nerve grafts depend on the presence of viable Schwann cells.
In fact, nerve implants devoid of living Schwann cells fail to support central nervous system

(CNS) regeneration.

1.2 Alginate Hydrogel in Tissue Engineering

1.2.1 A Brief Introduction to Alginate Hydrogels

Alginate is a naturally derived polymer and primarily found as a structural component of marine
brown seaweed and also as capsular polysaccharides in some soil bacteria. In general, alginate is
a linear polysaccharide copolymer composed of (1-4)-linked f-D-mannuronic acid (M units) and
o-L-guluronic acid (G units) monomers. Within the alginate polymer, the M and G units are
sequentially assembled in either repeating (-M-M- or -G-G-) or alternating (-M-G-) blocks. The
amount and distribution of each unit depends on the sources from which alginate is isolated.
Many properties of alginate and its hydrogel such as transmittance, swelling, and viscoelasticity,
are significantly influenced by the ratio between M and G units [62]. The carboxylic groups in
alginate are capable of forming salt formations such as sodium alginate, where the sodium

monovalent ions are attached ionically to the carboxylic groups as shown in .

B-D-Mannuronic Acid (M) «-L-Guluronic Acid (G)

Figure 1-3 Schematic diagram of f-D-mannuronic acid (M units) and a-L-guluronic acid (G units)

monomers, and a -(G-M)- structure sodium alginate



An important feature of alginate and its derivatives is its gelation in the presence of divalent
cations [35] such as calcium (Ca2+), through the ionic interaction between these cations and the
carboxyl groups located on the polymer backbone. This solution-gel transition process, as
illustrated in Figure 1-4, is called crosslinking. The crosslinked hydrogel has an “egg-box”
structure. It has been reported that the mechanical strength of these ionically crosslinked alginate
hydrogels varied in vitro over time. The reason for this phenomenon is that the crosslinking
calcium ions in the hydrogel are readily exchanged with the monovalent ions in the surrounding
solutions [19]. This process in generally is uncontrollable and unpredictable. The hydrogel has
also been formed by covalently crosslinking the alginate chains with polyethylene glycol (PEG)
[63] or adipic hydrazide using standard carbodiimide chemistry, in order to precisely control the

mechanical and swelling properties of alginate hydrogel [32].

Add Ca*
L
L 0,
:> [e)
o
Guluronic acid Mannuronic acid “Egg box” structure

Figure 1-4 Mechanism of gelation of alginate with presence of calcium ions, forming the “egg-box”

Structure

Alginate hydrogels are nontoxic and immunologically inert hydrogel with a high level of
biocompatibility and biodegradability. They can easily undergo gelation with divalent cations
under the very mild condition suitable for incorporation of biomacromolecules and living cells,
thus alginate and its hydrogels have been popularized for pharmaceutical applications like wound
dressings [64-66], dental impression materials [67, 68], in vitro cell culture and tissue
engineering applications. Important applications of alginate hydrogel in tissue engineering
include drug delivery applications [32, 69], such as microencapsulation of pancreatic islet cells,
creation of a supporting matrix for cells through encapsulation techniques, and alginate-based
bioreactors for large-scale manufacture of biological products [46, 47]. Alginate-based

microencapsulation is currently a favored approach for cell encapsulation and embedding,



because their properties are tailorable, as has been shown in animal studies and small-scale
clinical trials. Besides their good biocompatibility with both host and with enclosed cells, their
quality can be constantly ensured by sterile filtering sterilization, or by heat sterilization under
special conditions [70]. Alginate hydrogels also have a wide application as rate-controlling
excipients in drug delivery systems, as a matrix for biomolecules, and as an excipient in
pharmaceutical preparations for local administration [32, 71, 72]. Alginate can be prepared in
either neutral or charged form, and so it is compatible with a broad variety of substances.
Depending on the pH of the media, alginate has the ability to form two types of gel, an acid or an
ionotropic gel, which provides a large variation of physicochemical properties and the swelling
process to activate the release of drugs [73]. The concentration of alginate and the proportion of
the G units can also influence the drug release rate besides the types of the gel form and its
physical thickness. Alginate-cell suspensions may also be gelled in situ, to accomplish cell

transplantation with minimally invasive surgical procedures [74].

However, due to some drawbacks in its properties, alginate has also shown its limitations in
tissue engineering applications. For example, the alginate hydrogels typically have
uncontrollable degradation kinetics due to the loss of divalent ions and subsequent dissolution of
the gel by releasing high and low molecular weight alginate struts [75]. Although reports showed
the degradability of low molecular weight (<80KDa) alginate, the molecular weights of many
alginates used in tissue engineering are typically above the renal clearance threshold of the
kidney [76]. There are a few attractive approaches to control the degradation manner of alginate
hydrogels, such as the isolation of polyguluronate blocks with molecular mass of 60KDa from
alginate chain, partially oxidation [77], and covalent crosslinking with adipic dihydrazide. By
controlling the crosslinking density, the gelation, mechanical and degradation properties of these
polymers could be well controlled. Also, use of a high calcium concentration to crosslink
alginate is reported to inhibit the growth of cells in culture. Other drawbacks of alginate
hydrogels are the lack of specific interaction between mammalian cells and protein adsorption
due to its hydrophilic character [7]. For improvement, alginate hydrogel was modified with lectin
or RGD peptides on carboxylic acid to enhance cell adhesion [78]. These modified alginate gels
have been proven useful for the adhesion, proliferation, and differentiation of cells in culture.

Alginate has also been mixed with other materials to enhance its biological performance as well



as mechanical strength. For example, an alginate/chitosan based scaffold has been investigated in

many tissue engineering areas, such as bone repair [18, 79, 80], and drug release [81, 82].

1.2.2 The Methodology of Hydrogel Formation

A number of methods have been developed and reported in the literature to form the alginate
hydrogels in tissue engineering applications. Most of these methods are based on the strategies of
internal gelling and diffusion gelling. In the first strategy, i.e., internal gelling, the calcium
chloride solution is introduced into the reservoir of alginate and the gelation starts at the interface
of two reagents, then gelation proceeds into the alginate solution as calcium ions diffuse into the
alginate body. The drawbacks for this strategy are the longer gelation time than the first one as
well as the difficulties in the control over scaffold structure. In the second strategy, an alginate
solution is typically added to a reservoir of divalent ions such as a calcium chloride solution and
then the gelation process starts from the outermost layer of alginate as the calcium ions diffuse
into the core of the material. This method is mostly used for fabrication process such as polymer
deposition because of the advantages of relatively spontaneously gelation, and uniform gel
internal structure. With the use of alginate in a variety of fabrication techniques, this method
shows the potential to fabricate tissue scaffolds with complex architecture. However, the main
drawback of this method is the influence of buoyancy, which has a negative effect on the
accuracy of the polymer deposition during fabrication. Besides, the presence of high
concentration calcium ions is a challenge for the incorporation of living cells and biomolecules
in the biofabrication process, which is also the issue being addressed by the present study. This
thesis focused on how this strategy would cooperate with dispensing fabrication and how this

would influence cell viability during and after the fabrication.

Besides these two strategies, there are some other methods used to form hydrogel scaffolds. One
method is to mix the calcium ions and alginate by using mechanical forces. For example, it has
been reported that aqueous alginate was mixed with calcium gluconate solution using
homogenization to distribute the calcium ions throughout the solutions in order to form an
injectable alginate hydrogel [83, 84]. The other method is to pump the alginate and calcium
chloride solutions back and forth in two syringes connected by a three-way stopcock until the
elastic hydrogel is obtained [85]. The advantage of this method is that uniform gelation can be

obtained. However, due to the mechanical force, mainly shear stress, that the solution-gel



mixture was exposed to, its internal structure could be broken and damaged, which weakens the

mechanical strength of the formed hydrogel.

1.2.3 Mechanical Properties of Alginate Hydrogel

As employed scaffolding material, the mechanical properties of alginate hydrogel determine the
capability of scaffold formation and its porous structure and specific applications in tissue
engineering. Also, it has been reported that the mechanical properties of alginate influence cell
proliferation, differentiation, location, and morphology [86, 87]. Thus, to study the mechanical
properties of alginate hydrogel is important for scaffold fabrication in tissue engineering.
Common crosslink reagents include calcium chloride, barium chloride, calcium sulfate, and
tyrosinamide; and their gelation rates vary. For example, calcium sulfate crosslinking kinetics are
difficult to control, thus leading to nonuniform gel structures; while calcium chloride provides
alginate with a relatively fast gelation rate, resulting in a crosslink density [23] and a polymer
concentration gradient within gel beads. Researchers have studied the mechanical behavior of
alginate with different crosslinkers under various conditions. It has been reported for alginate
hydrogels ionically crosslinked with Ca*" and covalently crosslinked with adipic dihydrazide
(AAD) [88, 89], methyl ester, L-lysine (Lys), or poly-(ethylene glycol) (PEG) [90, 91] diamines
that the mechanical properties depends on the interchain crosslinks and the molecular weight of
the crosslinkers. The covalently crosslinked hydrogels all showed inflection points in
compression tests, and the value of the inflection point decreased with the increasing molecular
weight of crosslinking molecules [92]. Also, the shear moduli of Ca®" crosslinked hydrogels were

normally lower than those of covalently crosslinked hydrogels.

As mentioned above, the crosslinking happens on the a-L-guluronic residues (G residues), so the
mechanical properties highly depend on the ratio of G residues in its sequence and the molecular
weight of alginate. Generally speaking, alginate with high M content produces weak, elastic gels
with good freeze-thaw behavior, and high G content alginate produces strong brittle gels with
good heat stability. While high MGMG content alginate, whose M/G ratio is approximate to one,
zips with Ca®" ions to reduce shear [93]. Thus, it used to be believed that alginates with a high
content of guluronic acid (G) blocks provide higher strength compared to those rich in
mannuronate (M) because of the stronger affinity that G residues showed. However, it has been

reported in some studies that high M content alginate can produce stronger hydrogel at either low

10



or very high Ca®" concentrations ( [Ca®"] ). These results suggested that as long as the average
length of polysaccharides are not too short, the properties of the formed hydrogel are correlated
with the average length of G chains and not necessarily with the M/G ratio because of the -(M-
G)- structure along the chains [94].

The tensile and compression properties of alginate hydrogels also highly depend on the sources
of the alginate polymer, as well as the gelation rate in the crosslinking process. Notably, the
gelation rate of alginate also depends on the temperature and pH of the solution. Normally, a
higher gelation rate will result in shorter gelation time, and the alginate gel that is formed will be
less strong. The mechanical properties also increase with increasing concentration of either
crosslinking reagent[95]. Due to the loss of Ca®" in the aqueous environment, the mechanical
properties of alginate hydrogel are also time dependent. It is reported in some cases that the
elastic modulus of alginate hydrogel decreases significantly once incubated or immersed in a
physiological environment, for example, losing 60% of mechanical strength within the first 15
hours [96]. In most cases where cells were encapsulated in the gel, the elastic modulus decreased
slowly in the first few weeks of incubation due to the loss of calcium ions, and then started to
increase. The reason for phenomenon is due to the fact that cell matrix increases within the gel in
the first few weeks of incubation [97]. These studies showed that the mechanical properties

depend on the source of alginate, G/M ratio, gelation rate, and crosslink density.

The mechanical properties of the microenvironment can influence the behavior of a large variety
of cells. It used to be believed that the mechanical properties of alginate hydrogel were not
directly responsible for regulating encapsulated cell proliferation, but that the calcium ions
released from the crosslinked gels or the presence of alginate are responsible instead. However,
recent research reported that there were no observed differences in cell growth for non-
encapsulated cells cultured with and without alginate hydrogels, which indicated that the
presence of calcium-alginate and calcium released from the gel were not responsible for the lack
of proliferation that has been seen [87]. Studies of neural stem cells (NSCs) cultured in alginate
hydrogels also confirmed that the mechanical properties of 3D scaffold significantly impacted
both the proliferation and neuronal differentiation of encapsulated NSCs, where the elastic

modulus of the hydrogel is controlled by varying the concentrations of alginate and calcium. It
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has also been observed that the influence of the mechanical properties are also depend on the

encapsulated cell type and cell density [86, 87].

In most studies the hydrogel scaffolds were used for either space filling or injection, where the
structure of the scaffold was not required. Those hydrogels were mechanically soft and weak,
and their mechanical properties were measured and characterized by shear modulus. In order to
fabricate a 3D porous hydrogel scaffold, the hydrogel scaffold needs to be strong enough to hold
its shape and structure. The difference in mechanical properties would affect the proliferation
and other biological activities of encapsulated cells. For this reason, the mechanical properties of

alginate hydrogels were studied and measured using a compressive test in this thesis.
1.3 Biofabrication of Tissue Scaffolds

Tissue engineering is, by combining cells, scaffolds and bioactive agents, designed to develop
methods to restore, maintain, or improve tissue function of those damaged tissues. 3D scaffolds
are the most fundamental vehicles in tissue engineering to deliver the cells and bioactive agents
and to guide tissue formation both in vitro and in vivo. To this end, scaffolds should have
characteristics such as good biocompatibility, controllable biodegradability, interconnected pores

with proper pore size, adequate mechanical properties, etc [98].

Many techniques have been developed to fabricate 3D porous architectures to fill this role. The
main techniques for scaffold fabrication include solvent casting [99, 100], particulate leaching
techniques [101, 102], gas foaming [103-105], phase separation [106, 107], electrospinning [108,
109], rapid prototyping (RP) techniques [110, 111], melt molding [112, 113], porogen leaching,
fiber mesh, fiber bonding, self assembly, membrane lamination, freeze drying [114, 115], etc.
The freeze drying technique for example is based upon the principle of sublimation to fabricate
porous scaffolds. The typical process would be to dissolve the polymer into a solvent in order to
form a solution of desired concentration. Then the solution is frozen and solvent will be removed
by lyophilization under a high vacuum. In this method, the pore size and porous structure can be
controlled by the freezing rate, pH, and temperature. However, the small pore size formed in this
technique is a concern for some applications, and also, this technique is a time consuming

technique because of the utilization of lyophilization [116, 117].
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Rapid prototyping (RP), also known as solid free form (SFF), can rapidly produce 3D object by
using a layer-manufacturing method. RP techniques have no restrictions on microstructure
control and consistency in contrast with other fabrication techniques. The RP technique is a
computerized fabrication approach that can rapidly produce a highly complex 3D tissue
engineering scaffold by laying down multiple, precisely fabricated two dimensional layers. For
example, the image of a bone defect can be obtained and then developed into a 3D computer-
assisted design (CAD) model, which is then mathematically transformed to a series of layers.
Typical rapid prototyping techniques include selective laser sintering (SLS), three dimension
printing (3DP), and fused deposition modeling (FDM) [118, 119]. The RP technique has
advantages over other fabrication techniques, as shown in . The key one is its precise control
over the scaffold architecture, such as size, shape, inter-connectivity, porosity, and geometry,
thus providing a means to fabricate the scaffold with controlled mechanical and biological

properties.

Table 1-1 Comparison of different techniques for the tissue engineering scaffolds fabrication

Methods Advantages Drawbacks
SOlvent . . . . . . .
Controlled porosity, pore size, | Limited mechanical properties, residual
Casting/Particulate ) ) )
. inexpensive solvents or porogen materials
Leaching
Ease to combine with other| )
_ . . Difficulty to precisely control scaffold
Phase Separation techniques, ability to keep the
- . morphology
activity of biomolecules
. Simplicity of utilization, no high|Small pore size, and long processing
Freeze Drying ) ]
temperature or leaching time
Limited mechanical properties,

o Controllable porosity, pore size, and . o _
Eletrospinning fber di decreased pore size with increasing
1ber diameter

thickness

_ _ Excellent controlled geometry, | Expensive equipment, limited polymer
Rapid Prototyping ) .
porosity, good repeatability type
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Dispensing based rapid prototyping techniques have been already widely used in tissue
engineering to deliver the scaffold fabrication material because of its precisely control over
microstructure, good repeatability, capacity for adapting to different materials states, from liquid
to thick paste, and relatively mild fabrication condition such as low operating temperature, no
toxic solvent needed, and fast and efficient material processing. Dispensing based RP approaches
used in tissue engineering include precision extrusion manufacturing, 3D plotting, 3D printing,
cell assembling, direct writing, photo-patterning, robotic dispensing, and micro-syringe

deposition, etc.

1.3.1 Dispensing Based Polymer Deposition

The dispensing based polymer deposition technique is promising not only for mimicking the
anatomical geometries but also for the possibility of placing cells, growth factors, and/or
peptides as desired within a 3D structure [120]. In order to place cells into the scaffolds, several
RP techniques such as jet-based printing, dispensing-based polymer deposition, and laser
forward transfer techniques have been developed in the literature. Dispensing-based polymer
deposition has shown more promising than other techniques because of its fast and efficient
material processing. In a dispensing system, a pneumatic or other volumetrically driven
dispenser is used to deposit the scaffold material solution with/without the cells in a controllable
manner [85, 121, 122]. One advantage of this fabrication technique rests on its controllability

over the structure, porosity, and connectivity of 3D scaffolds.

A variety of dispensing-based polymer deposition systems have been developed, including a low
temperature double-nozzle dispensing assembling system [123], multiple-nozzle dispensing
system [120], and a hydrodynamic spinning approach for synthesizing hydrogel fibers of
different diameters in a multiphase coaxial flow [124]. A typical computerized dispensing based
polymer deposition system contains a computer, a dispenser controller, a position controller
guiding the nozzle movement in X-Y-Z directions, and temperature controller, as shown in

Figure 1-5.
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Figure 1-5 Schematic of a dispensing-based polymer deposition system
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There are three kinds of dispensing strategies according to the dispenser type, which are
employed in dispensing based RP approaches. These are time pressure, rotary screw, and
positive displacement [125], shown in Figure 1-6. The time-pressure dispensing strategy utilizes
pressurized air to drive fluid out of the needle. The amount of fluid dispensed depends on the
magnitude and duration of pressurized air, the type and size of the needle, and the viscosity of
the material. This strategy is the most popular dispensing approach among these three for tissue
engineering because of its flexibility and capacity for adapting materials of different states
including liquid [126], pastes [127], and semi-molten polymers [128], easy maintenance, and
simple operation. However, the timed-pressure strategy has drawbacks including the significant
influence of fluid viscosity, and air compressibility in the syringe on the amount of the fluid

dispensed [129].

The rotary-screw dispensing strategy utilizes the rotation of a motor-driven screw to move fluid
down a syringe and then out of a needle. The merits of this strategy include precise manipulation
of small fluid volume and the improved control in the fluid amount dispensed through the use of
a rotary screw. Given the fact that a large pressure can be built in the fluid at the syringe bottom,
depending on the flow behavior of the fluid being dispensed, the fluid amount dispensed is also
affected by the fluid flow behavior. In positive-displacement dispensing, the fluid in the syringe
could be precisely manipulated by the linear movement of a piston. However, this advantage can

be lost for dispensing small amounts of fluid due to the fluid compressibility.
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Figure 1-6 Schematic of fluid dispensing approaches, (a) time pressure, (b) rotary screw, and (c) positive

displacement

1.3.2 Factors Influence the Fabrication

One advantage for the RP technique over other techniques is its ability to precisely control the
internal structure of the scaffold and its consistency. However, designing the control process to
persistently fabricate such a scaffold is a challenging task. It has been reported that in the
dispensing-based fabrication process, the flow rate of biopolymer dispensed and the pore size
and porosity of the scaffold can be affected by several factors such as temperature, the air
pressure applied to the process, and the flow behavior of the biopolymer. Models for both
Newtonian fluid and non-Newtonian fluid were developed in order to achieve precise control of
the fabrication process. In most models, the diameter of the fabricated struts depends on the
volumetric flow rate through the needle, which is a function of the diameter of nozzle, the
applied air pressure, the length of the needle, the height of the needle, the fluid behavior, and
even the shape of the needle used. So these are also the factors that influence the printing

resolution.

In the research that has been reported, for example, sodium alginate was deposited by the
pneumatic micro-valve, which is capable of depositing sodium alginate concentration up to 3%
(w/v) [130]. In this study, a range of nozzle diameters of 250 um, 330 um, and 410 pm and
pressures from 8 psi to 32 psi were used in order to fabricate 3D tissue scaffolds. The deposition
flow rate is directly proportional to the operating pressure and the nozzle diameter; however, it is

inversely indirectly proportional to the sodium alginate concentration according to the
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experiment. Thus, the controllability of depositing alginate is crucial to controlling the size and

structure of the scaffold, strut diameter, and the porosity of the scaffold.

Besides these factors, the speed of needle movement has been reported to be a crucial influence
on the diameters of the formed struts, and on the structure of the scaffolds. As shown in Figure
1-7, if the speed is slower than the appropriate speed range for the fabrication, it was hard to
form a straight line because of the action of fluid compression in the strut. On the other hand, if

the speed is too fast, the strut can be broken because of the tension [131].

45mm/s

T o 40mm/s

Figure 1-7 Struts formed by using different speeds [131]

It has also been reported that the diameter of the struts would differ from the diameter of the
nozzle used in fabrication, depending on the speed of the needle movement. Specifically, if the
speed is too fast, the diameter of the strut would be smaller than the one of the nozzle; and in
contrast, if the speed is too slow the strut diameter would become bigger than the one of the

nozzle [130].

1.3.3 Influence of Nano-Particles on the Flow Behavior

Biofabrication is a process to fabricate the complex tissue engineered products such as tissue
scaffolds by using biomaterials combined with the living cells and/or biomolecules. Typical

applications of these cells and biomolecules include drug delivery [132], modifying the chemical



and biological properties of the biomaterials used to fabricate the scaffolds [133, 134], and
providing the growth factors and stimuli to promote the regeneration and proliferation of the
target tissues and organs [135]. Nano-particles composed of hydroxyapatite have also been
mixed with scaffolding materials in order to enhance the mechanical properties of the scaffold
[136] or to enhance contrast in resonance imaging [137]. By controlling the placement of these
particles within the scaffold structure, it is possible to create a gradient of growth factors to direct
the growth of cells and formation of the desired tissues and organs. Cells can be also labeled by
loading the nano-particles inside of them or by attaching them to the cell membranes. These
labeled cells could be manipulated to be printed into specifically designed two dimensional or

3D patterns in vitro [138, 139] and then imaged as the tissue develops.

As mentioned before, the flow behavior, typically characterized by viscosity, can influence the
fabrication process and the structural parameters of the scaffold indirectly. It has been reported
that the viscosity of biopolymers such as collagen, alginate, and chitosan is a function of shear
rate and that viscosity increases with the polymer concentration and the pressure applied on the
solutions [130]. The presence of living cells, biomolecules, and nano particles could change the

concentration of the solution, which would affect the viscosity of the solution.

1.3.4 Céell Viability in the Biofabrication Process

Incorporation of cells during the biofabrication process has recently been drawing considerable
attention from researchers. Various biofabrication methods have been explored and developed,
including dispensing based cell deposition, solvent casting, and freeze-drying. Due to the harsh
conditions involved in each of the techniques, cell damage occurs during and even after the
fabrication process in most cases. Once cells are damaged, they will either recover through their
own recovery mechanism or stay dysfunctional till they die eventually. In order to achieve the
goal of incorporation of living cells, the mechanism and impacts of the cell damage that happens

during and after the fabrication process need to be explored.

Dispensing based cell deposition, in which a pneumatic or other volumetrically driven dispenser
is used to deposit the material, has been considered as a promising technique because of its fast
and efficient material processing and manipulating capacity. In this process, cells are
encapsulated in a biocompatible material and then extruded and delivered to designated targets in

a controlled manner. In a pneumatic dispensing based deposition setup, the cells suspension
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flows through a needle under pressurized air. During this process, cells are exposed to
mechanical forces such as pressure and shear stress. Once these forces exceed certain thresholds
and/or the forces are applied beyond certain time periods, cells will be harmed or damaged
irreversibly, resulting in the loss of cell functions. Studies have shown that both air pressure and
needle diameter significantly influenced cell damage in the dispensing based polymer deposition
process. Generally speaking, for a direct cell writing system, both decreasing nozzle diameter
and increasing applied dispensing air pressure lead to the increase of mechanical stresses, thus
decreasing cell viability [121, 140]. The results of some studies showed that the percent of cells
damaged during the fabrication process increases with the length of the needle, which determines
the time period cells are exposed to the applied air pressure. It is also observed that the cell
damage during the fabrication process is unevenly distributed along the direction of the needle
radial. Cells located near the needle wall are more vulnerable than those near the center because
the shear stress and exposure time cells experienced in the needle vary in the radial direction. All
the conclusions suggest that the process parameters can be optimized to minimize the cell

damage during the fabrication process [141].
1.4 Research Objectives

This research is aimed at conducting a preliminary study on the dispensing-based biofabrication
of 3D cell-encapsulating alginate hydrogel scaffolds, which are potentially to be used in nerve
tissue engineering. The objectives of this research are in particular (1) to study the properties of
materials used for this fabrication process, (2) to study the factors that influence the scaffold
fabrication process, and (3) to investigate the effects of calcium ions on cell survival and

functions occurring during and after the fabrication process.
Objective 1: Study on Alginate Hydrogel Mechanical Properties

The mechanical properties of the alginate hydrogel has been shown to influence both the
structure of the fabricated scaffold and the proliferation and metabolism of encapsulated cells.
The influence depends on the source of the alginate, the crosslinking density, the method of
crosslinking, and the type of encapsulated cells. Although the influence of alginate on
encapsulated neural stem cells and bone marrow cells has been reported, the effects on the
Schwann cells used in this project haven’t been explored. Also, in most reported studies, the

mechanical properties were measured and characterized by rheological measurements,
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particularly for injectable scaffolds. These studies are limited to the low crosslink density and
weak, soft mechanical properties of the alginate hydrogel. As a result, the alginate hydrogel was
fragile and cannot be fabricated into porous structures with integrity under the effect of gravity.
Besides, the mechanical properties of alginate hydrogel were usually characterized by means of
the shear modulus through rheological measurements in the previous studies, the compressive
properties of the hydrogel, which are important to various tissue engineering applications, have

not been documented in the literature.

Thus, the mechanical properties of alginate hydrogel with maximum crosslink density were
characterized by compression elastic modulus in this study. Also, the effects of the key factors
influencing the mechanical properties of alginate hydrogel was studied, including concentration
of both alginate and calcium, the proportion of these two reagents, the gelation time and gelation
methods. The mechanical properties of alginate hydrogel bulk at various concentrations were

tested and measured to investigate the elastic modulus and yield strength.
Objective 2:  Study on the Scaffold Fabrication Process

This objective is to advance the knowledge required to fabricate 3D hydrogel scaffolds. In this
study, a dispensing-based printing system was used to fabricate the designed 3D scaffolds.
Alginate solution was used as the biopolymer for the fabrication process, which is capable of
being printed at ambient temperatures in aqueous solution. Calcium chloride was selected as the

crosslinking reagent to gel the alginate.

There are various factors can influence the scaffold fabrication process and thus the scaffold
fabricated. The effects of parameters such as nozzle diameter, applied air pressure, solution
viscosity, and types of nozzle on scaffold fabrication were studied and investigated. This thesis
focused on the effects of air pressure and the moving speed of the nozzle on the printing
resolution. Then, a porous 3D hydrogel scaffold was fabricated based on the knowledge obtained

from this study.
Objective 3: Study of the Effects of Calcium Ions on Cell Viability

There can be many sources such as process-induced force and calcium ions causing cell damage
in the scaffold fabrication process, in which cells are incorporated. Since the cell damage caused

by calcium ions was never systemically studied before, the concentrations of calcium chloride
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solution and cell density used in the previous studies were chosen based on the researchers’
experience. The effect of alginate and calcium chloride concentrations on the viability and
proliferation of encapsulated cells is a void in the literature. Also, the influence of cell density on
viability and proliferation during and after the fabrication process needs to be studied. In the
present study, Schwann cell lines were employed for its wide applications in the nerve tissue

engineering.
1.5 ThesisOutline

The second chapter of this thesis presents the studies and discusses the mechanical properties of
alginate hydrogel bulk. In this chapter, the effects of concentration of alginate and calcium, the
gelation time, and gelation method are investigated. The third chapter introduces the fabrication
process of a 3D alginate hydrogel scaffold. Also, the crucial factors such as fluid viscosity,
applied air pressure, nozzle type, and nozzle diameter are investigated for controlling the strut
diameters, scaffold pore size, and porosity. In the fourth chapter, the effects of calcium ions in
the aqueous solution and alginate hydrogel on the encapsulated cells during and after the
fabrication is investigated and studied. The influence on the proliferation of encapsulated cells is
discussed. The influence of encapsulated cells on the viscosity of alginate solution is also
presented in this chapter. The last chapter summarizes the research work of this thesis and

presents the conclusions with recommended future work.
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Chapter 2 MECHANICAL PROPERTIES OF ALGINATE HYDROGEL

2.1 Sodium Alginate

Sodium alginate, as the most common alginate salt derivative, is soluble in water and once
dissolved, forms viscous solutions. The properties of the solution depend on the concentration
and molecular weight of the biopolymer. Sodium alginate, as a form of flavorless gum, is often
used in the food industry to increase viscosity. Sodium alginate can be crosslinked in aqueous
solution with the presence of calcium ions. The solution-gel transition is caused by calcium ions
exchanging with sodium ions, and binding the guluronic residues together to form crosslinks in
the material. These crosslinks have an “egg-box™ structure [142], as previously shown in Figure
1-4, and show viscoelastic solid behavior. Because of its biocompatibility and low toxicity, and
spontaneous gelation, alginate gel crosslinked with calcium ions (Ca®") has been widely applied
for variety of tissue engineering studies. Previous studies show that the mechanical properties of
alginate hydrogel have an influence on both the structure of the fabricated scaffold and the
proliferation and metabolism of encapsulated cells [86]. Unfortunately, these studies were all
focusing on shear modulus, which is a quantity for describing the stiffness of the material and its
response to a shear strain, and little was reported regarding the compressive properties of
alginate hydrogel, which is of importance in order to form 3D structure in the fabrication of
hydrogel scaffolds, as concerned in the present study. This chapter presents a study on
compressive properties of alginate hydrogel, with emphasis on identifying the influence of the

fabrication process parameters.

2.2 Materialsand Methods

Low viscosity sodium alginate (Sigma, St. Louis, MO), molecular weight range 12,000~80,000
mannuronic acid 61% and guluronic acid 39%, aqueous solutions with concentration of 2% and
4% (w/v) were prepared using deionized water. Calcium chloride (Sigma, St. Louis, MO),
dissolved in deionized water, were used as the crosslinker to gel sodium alginate aqueous

solution. Dulbecco's Modified Eagle Medium (DMEM) solution (Invitrogen, Carlsbad, USA)

22



were used as the physiological environment to study the swelling and degradation properties of

alginate specimens (as prepared below) in vitro.

2.2.1 Preparation of the Specimen

The specimens used in this study were prepared in two different methods. In both methods, the
solutions of the two reagents, alginate and calcium chloride, were filled into a custom-made
cylindrical Teflon mold (10 mm diameter x 20 mm length) at a volume ratio of 2:1 (alginate:
calcium chloride), to crosslink at room temperature. In the first method, the hydrogels (n = 4)
were removed from the mold after 6 hours and the specimens were then placed into a calcium
chloride solution for further crosslinking, which is referred as to the post-fabrication treatment.
Specifically, a solution with concentration of calcium ions ( [Ca*]) 100 mM at 25°C was used
and specimens were treated for 24 hours. According to the concentration of each reagent used in
this study, the specimens were divided into four groups, i.e.,

Group 1-1 was the hydrogel specimens made from 2% alginate and 100 mM [Ca™']

solution,

Group 1-2 was the hydrogel specimens made from 2% alginate and 200 mM [Ca®']

solution,

Group 1-3 was the hydrogel specimens made from 4% alginate and 100 mM [Ca®']

solution,

Group 1-4 was the hydrogel specimens made from 4% alginate and 200 mM [Ca®']

solution.

In the second method, the specimens were made by mixing both reagents solution in the custom
designed Teflon mold at the volume ratio of 2:1 (alginate: calcium chloride) crosslinking for 24
hours, and then rinsed in deionized water for three times. No post-fabrication treatment was
applied to these specimens; and these specimens were used as a control group as compared to
those with the post-fabrication treatment. According to the concentration of each reagent used

in this project, the specimens can also be divided into four groups,

Group 2-1 was the hydrogel specimens made from 2% alginate and 100 mM [Ca®']

solution,
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Group 2-2 was the hydrogel specimens made from 2% alginate and 200 mM [Ca®']

solution,

Group 2-3 was the hydrogel specimens made from 4% alginate and 100 mM [Ca®']

solution,

Group 2-4 was the hydrogel specimens made from 4% alginate and 200 mM [Ca®']

solution.

The hydrogels formed by means of both methods were cut into cylindrical shape of 10 mm

diameter X 10 mm length for subsequent mechanical tests.

2.2.2 Apparatusfor Measuring Mechanical Properties

The mechanical tests were all performed on a desktop measurement system, ElectroForce® 3100
test instrument (Bose Corporation, ElectroForce® Systems Group, USA), which provides =22 N
(5 Ib) linear force with a frequency response of 100 Hz, and a displacement stroke of 5 mm (0.2
in). The transducer of this instrument also has the capacity of providing high resolution of a
minimum 6 mN (0.001 Lb) controllable peak-to-peak force and minimum 0.0015 mm (0.00006
in) controllable peak-to-peak displacement. Because of the aforementioned features, this
instrument is particularly suitable for tissue mechanics research, micro indentation of cartilage
and other soft tissues, dynamic mechanical analysis (DMA) of tissues, elastomers and other soft

materials [143].

The measurement system is controlled by the WinTest® digital control system on a customized
computer through two digital controllers. The hardware of this instrument includes a load sensor
with a maximal force range + 22 N (5 1b), a mover with a displacement range + 2.5 mm (0.1 in),
a chamber that provides a sterilized and isolated environment as a bioreactor, and a frame to hold

all these parts together, as shown in Figure 2-1.
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Figure 2-1 ElectroForce® 3100 test instrument, a) the hardware of the instrument, b) the chamber

Structure

The height, diameter, and weight of each specimen were measured in triplicate before
mechanical tests. Then the specimen was placed between the two flat platens in the chamber
installed on the frame, and the platens were released. The instrument was calibrated and adjusted
through the WinTest® digital control system on a host computer. After calibration and
adjustment, a ramp displacement generated by the WinTest® digital control system at a constant
rate of 0.083 mm/s (5 cm/min) was applied on the specimen to provide a compressive force till a
20% strain (2.0 mm) was achieved. The data of load and displacement were collected and
recorded by the WinTest® digital control system, and then the stress and strain were evaluated

based on the following equations.

F 4xF
=2=5 (Eq. (2.1))
!
£= ?— (Eq. (2.2))

where, o is the shear stress, ' is the load force applied on the specimen, D is the diameter of the
specimen (which was measured before the test), ¢ is the shear strain, 4/ is the change in the
length, and /) is the original length of the specimen before the test. All the measurements were

done in triplicate, each time with a new specimen.
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Then stress-strain curve was then plotted for the analysis on the mechanical properties (i.e.

elastic modulus). From the stress-strain curve, the compressive elastic modulus (E) of this

specimen was calculated from the following equation.

do
=— (Eq. (2.3))

E=
de

where, 40 is the change in the shear stress and d€ is the change in the shear strain. The
compressive yield strength (oy) was calculated by using 0.2% offset method on the stress-strain
curve. Yield strength is the shear stress at which the permanent plastic deformation starts. As
seen in Figure 2-2, the value of 0.2% offset yield strength is the intersection of the stress-strain

curve and the line (called the offset) parallel to the elastic portion of the curve but with a strain

offset of 0.002.
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Figure 2-2 0.2% Offset method todetermine the value of yield strength

2.3 Experimental Results
The strain-stress curves were plotted based on the average values of three measurements at each

testing point, shown in Figure 2-3. The figure shows the results obtained from both groups for all
the four different concentration combinations. It is seen that the strain-stress curves of specimens

of Group 1-1, 1-2, and 1-3 have similar character as typical ductile materials, i.e., the strain-
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stress curve shows an approximate linear relationship before the shear stress reaches its yield

point. The slope of this linear relationship gives the value of the elastic modulus or the Young’s

modulus. Generally speaking, the bigger the value is, the stiffer a material is. After the yield

point, the curve decreased slightly because of the dislocation movements within the hydrogel

structure. As the deformation continued, the stress increased until it reached the ultimate strength.

Beyond this point, there would be an inflection in the curve, soon the fracture happened. The

value of stress when the fracture happens gives the value of the breaking strength.
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Figure 2-3 Stain-Stress curve of alginate hydrogel, a ) 2% alginate and [Ca2+] 100mM solution, b ) 2%

alginate and [Ca2+] 200mM solution, ¢ ) 4% alginate and [Ca2+] 100mM solution, and d ) 4%

alginate and [Ca2+] 200mM solution, post-treated group (m), control group (®), n=4

For the specimens in Group 1-4, the strain-stress curve was linear and had no apparent yield

point, which indicated that the specimens failed within the elastic deformation. The specimens in
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Group 1-4 were more brittle, yet stronger, compared to those from the other groups. Because
there is no yield point, there is no strain hardening either and the ultimate strength and breaking

strength have the same value.

The results from control groups are shown in Figure 2-3. It is seen that all the strain and stress
curves for all the specimens are linear and all specimens failed before reaching the yield point,
indicating that all the specimens formed through this treatment were more brittle compared to
those with post-fabrication treatment. Also it is suggested that the specimens formed by this
method can bear more load, however, the strain value at which the specimens are broken was

smaller than those obtained from the specimens with post-fabrication treatment.

2.4 Discussions

Alginate has been used in various tissue engineering applications, and its primary function is to
provide mechanical integrity for scaffolding application, transmitting initial mechanical signals
to the cells and developing tissue at the same time. Crosslinking is an widely used and effective
way to stabilize 3D polymer networks in tissue engineering applications. Although covalent
crosslinking has been widely used for the control of structural stability, mechanical properties,
and hydrogel formation of many materials, the toxic crosslinkers and harsh gelation conditions
make this approach not suitable for cell incorporation and encapsulation. Ionically crosslinking
in this study employed nothing but calcium ion, which is a component of cytoplasm, with
controlled gelation rate and properties for tissue engineering applications. The toxicity of

calcium ions is studied and discussed in chapter 4.

Mechanical properties such as elastic modulus, yield strength, ultimate strength, and breaking
strength were evaluated based on the strain-stress curve shown in Figure 2-3 in order to describe,
compare and study the gels formed in different methods. The results obtained are listed in Table
2-1 and Error! Reference source not found.. For those made with post-fabrication treatment,
student t-test showed that there is no significant difference on elastic modulus of the specimens
from Group 1-1, Group 1-2 and Group 1-3, but the elastic modulus of Group 1-4 were
significantly different from the ones in other groups (p<0.05). All these values are shown in

Table 2-1. The yield strength of Group 1-1 was smaller than those of Group 1-2 and Group 1-3,
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which suggested that the yield strength of alginate hydrogel increased with the increase of
concentration of either alginate or calcium. The values of ultimate strength and breaking strength
showed similar tendency. Furthermore, the specimens from Group 1-2 and Group 1-3 showed
very similar mechanical properties, including elastic modulus, yield strength, ultimate strength,
and breaking strength, even though the concentration of both reagents were different. The
similarity between Group 1-2 and 1-3 might be because that the same influence of both reagents
on the properties of hydrogel. Although the mechanical properties were very similar to each
other, the chemical, biological properties and their toxicities might be different. And these
properties will be discussed in later chapter of this thesis and is used as the criteria for choosing

hydrogel forming factors for specific tissue engineering applications.

Table 2-1Mechanical properties of hydrogel specimens made with post-fabrication treatment

Group 1-1 Group 1-2 | Group 1-3 | Group 1-4
Gelling Temperature 25C
Gelling Time 6 hoursin mold + 24 hours in 100mM [Ca%]
Test Temperature 20°C
Strain Rate 0.083mm/s
Strain 0.3

Elastic Modulus (MPa) [192.7+16.7 176.9+7.6 [178.6+7.6 [146.5+3.9

Yield Strength (kPa) 5.12+0.3 129+1.5 | 10.0£0.7 -

Ultimate Strength (kPa) 6.2+0.8 13.6 1.1 12.1£0.5 42+34

Breaking Strength (kPa) 5.09+1.3 122+0.7 | 11.1£0.9 42+34

For those in the control groups, one-way analysis of variance (ANOVA) and student t-test
showed significant difference on both elastic modulus and breaking strength among all groups
(p<0.05). It is observed from Table 2-2 that the value of either elastic modulus or breaking
strength nearly doubled as the concentration of alginate increased from 2% to 4%, and the values
doubled when the concentration of calcium increased from 100mM to 200mM. These results
showed that both elastic modulus and breaking strength increased with the increasing

concentration of either alginate or calcium, however, the effect of the concentration of calcium
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seems to be more profound than the effect of alginate. The result also showed that the higher the
concentration of both reagents is the stronger the hydrogel specimen is. Like the specimens in the
first treatment group, the mechanical properties of those from Group 2-2 and 2-3 are not much

different from each other.

Table 2-2 Mechanical properties of hydrogel specimens made without post-fabrication treatment

Group 2-1 Group 2-2  |Group 2-3  |Group 2-4
Gelling Temperature 25C
Gelling Time 24 hours
Test Temperature 20°C
Strain Rate 0.083mm/s
Strain 0.3
Elastic Modulus (MPa) 35404 70.7+0.8 | 66.3+0.3 139+3.4
Yield Strength (kPa) None
Ultimate Strength (kPa) 72+1.2 153+14 | 112+1.0 | 283+1.5
Breaking Stress (kPa) 72+1.2 153+14 | 11.2+£1.0 | 283+1.5

Also, student t-test showed that the mechanical properties of same reagent concentration
combination in different treatment groups, comparing Group 1-1 with 2-1, Group 1-2 with 2-2,
Group 1-3 with 2-3, were very different (P<0.01). The difference in the mechanical properties
between the specimens formed from the aforementioned two different treatments is likely due to
the difference of the degree of crosslinking of the specimens. The degree of the crosslinking is
influenced by the concentration of both reagents, gelation time, and type of alginate. The
concentration of the reagents influences the mechanical properties of the formed hydrogel in a
very direct way. With increasing concentration of either reagent, the gelation rate increases. This,
as a result, leads to formation of a non-uniform gel structure, thus weakening the mechanical

properties of the formed hydrogel.

On the other hand, gelation time has a significantly impact on the mechanical properties of
alginate hydrogel, as it has been shown through the post-fabrication treatment in this study. The

mechanical properties of hydrogels from both post-fabrication treated group and control group
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vary in a large range. However, the hydrogels formed with a post-fabrication treatment generally
had greater values of elastic modulus than those formed without the treatment. This finding
suggests that the hydrogels can be strengthened through a post-fabrication-treatment, i.e.,
immersing formed hydrogel in a calcium chloride solution with relatively low concentration for
longer time in order to strengthen the hydrogel. Also, because the experiment was aiming to gain
knowledge for fabrication of scaffold using in spinal cord regeneration, the results obtained from
mechanical test were compared with mechanical properties of spinal cord. And it’s noticed that
the mechanical properties of the samples in post-fabrication treated groups (Table 2-1) were
close to real spinal cord (elastic modulus 1.4 MPa, Yield Strength 0.089 MPa, ultimate strength
0.66 MPa) [144, 145]. This also showed that post-fabrication treatment had a great potential of

charactering the mechanical properties for desired tissue engineering application.

2.4 Conclusions

The work presented in this chapter is a study on the influence of process parameters of hydrogel
formation on the mechanical properties of the hydrogel formed. The results demonstrate that the
mechanical properties of the hydrogel can be controlled by the concentrations of alginate and
calcium chloride. It is also demonstrated that the gelation time has a significantly impact on the
mechanical properties of alginate hydrogel, and that the hydrogel formed by mixing solutions of
both reagents with higher concentration together first and then being strengthened by immersion
in calcium solution with lower concentration can increase the elastic modulus of hydrogel. This
result suggested that the hydrogels could be strengthened through a post-fabrication-treatment,
i.e., immersing the hydrogel in a calcium chloride solution with relatively low concentration. The
mechanical properties of the hydrogel scaffold can be controlled and modified by the

concentrations of both crosslink reagents and the gelation time in the post-fabrication-treatment.
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Chapter 3 SCAFFOLD FABRICATION

3.1Introduction

Dispensing-based scaffold fabrication is one of the most promising scaffold fabrication
techniques due to its fast and efficient material processing. Previous studies have shown the
structure of fabricated scaffold can be affected by various fabrication process parameters. This
chapter presents an experimental study on the influence of some of critical parameters in the
fabrication process, including the applied pneumatic pressure, the diameter of nozzle used, the
concentration of alginate solution, and the movement speed of the dispenser. The optimal
combination of these parameters that produced the desired hydrogel struts was obtained through
experimental study. Eventually, 3D hydrogel scaffolds were fabricated using the dispensing

method based on the selected parameters.

3.2 Materialsand Methods

3.2.1Preparation of Alginate and Calcium Solutions

The aqueous solutions for scaffold fabrication were prepared from low viscosity sodium alginate
(Sigma, St. Louis, MO) with molecular weight range 12,000~80,000 Da (mannuronic acid 61%

and guluronic acid 39%) in deionized water, at concentrations of 2% to 4% (w/v).

Calcium chloride (Sigma, St. Louis, MO) was dissolved in deionized water at a concentration of

100 mM/L, which was used as the crosslinker to gel the sodium alginate aqueous solution.

3.2.2 Scaffold Fabrication System and Process

The dispensing-based system for scaffold fabrication employed in this study was constructed and
adapted from a typical commercial fluid dispensing system (C-720M, Asymtek, USA). As
shown in Figure 3-1 (a), the system consists of two dispensers, a pneumatic dispenser and an
motor-driven one, mounted on a three-axis positioning system, a platform to support the scaffold

being fabricated, a host personal computer, and three controllers interfaced with the host
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computer for controlling of dispensers, positions, and temperature of different components. This
system has unique features compared to existing scaffold fabrication systems such as the use of
two different types of dispensers, and the integration of the temperature control of both
dispensers and the platform. These features allow for delivering various scaffold materials,
viable cells, growth factors and/or other bioactive compounds at the same time. A close-up view
of the pneumatic dispenser applied in this study is shown in Figure 3-1 (b). The flow rate of this

dispenser can be controlled through adjusting the pressure of compressed air.

The fabrication process of 3D scaffold proceeded as follows. First, alginate solution was loaded
into a syringe and then the syringe was installed on the dispensing system. The air pressures
were set at the values as determined in the experiments presented later. Under the action of
compressed air, the alginate solution loaded in the syringe was extruded, through a needle, into
the reservoir containing calcium chloride solution for crosslinking, while the dispenser was
brought to move at a defined speed in the X- direction. Straight lines of alginate hydrogel, with a
space of 500um between two lines, were formed for the first layer. Once the first layer was
formed, the needle was lifted up and then brought to move along the Y- direction at the same
speed to form the second layer. In this manner, a two-layer scaffold was fabricated at room

temperature.

D

Figure 3-1 Scaffold fabrication system, a) whole system, and b) close-up view of working space.
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3.2.3 Scaffold Geometry Char acterization

The cross-section profile of the scaffold struts is an important parameter to characterize in
fabrication of scaffolds. In this study, the strut profile was measured using a non-contact 3D laser
scanning profilometer (Vantage 50, Cyber Tech., USA). This system mainly consists of a laser
sensor, a base, and a host computer for data acquisition and analysis, as shown in Figure 3-2 (a).
This system has a wide range of measurement and a resolution up to 0.01 pum. The confocal laser
sensor can also produce a 3D line-scan capability with 1.1mm width and 2 pm lateral resolution.
To illustrate the application of this system in profile measurement, the cross-section profiles of
dispensed hydrogel struts were measured as shown in Figure 3-2 (b). The diameters of these

struts were calculated as approximately the average of the values in both vertical and horizontal

directions.
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Figure 3-2 a) Cyber scan vantage 50 profiling system, and b) typical cross-sectional profile measured.

3.3 Results

3.3.1 Experimental Investigation into Fabrication Process

In the scaffold fabrication process, the process parameters such as such as nozzle diameter,
applied air pressure, and the moving speed of the dispenser can significantly affect strut
diameters of fabricated scaffolds. This section presents an experimental investigation into this
influence, which forms the basis to rigorously select and determine the process parameters for
subsequent scaffold fabrication. Both 2% and 4% (w/v) alginate solutions were used. In the

experiment, struts were printed by the dispensing system with nozzles of internal diameter of 100
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um, 250 pm, and 410 pm nozzles under the pressure of 2 psi, 5 psi, 10 psi, and 20 psi. The

moving speed of dispenser was varied from 30 mm/s to 55 mm/s in 5 mm/s increments.
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Figure 3-3 Influence of process parameters on the strut diameter: a) air pressure (for 4% (w/v) alginate

solutions and b) moving speed of dispenser (with an air pressure of 5 psi).

Specifically, the influence of applied air pressure was investigated by printing struts with 4%
(w/v) alginate solution using 100 um, 250 pm, and 410 um nozzles at 2 psi, 5 psi, 10 psi, and 20
psi. The results obtained are shown in Figure 3-3 (a). It is seen that the diameter of the hydrogel
line increased with the value of air pressure and the nozzle diameters. Compared to the use of
250 um and 410 pm nozzles, the influence of air pressure on the diameter of the hydrogel lines is

much less significant if a 100 um nozzle was used [146].

Both 2% and 4% (w/v) alginate solution were extruded out with 250 pm at 5 psi printing
pressure in order to study the influence of moving speed of dispenser. The results are shown in
Figure 3-3 (b). It is seen that the diameter of printed hydrogel strut is not constant, but decrease
more than 50% for both concentrations if the speed increase from 30 mm/s to 55 mm/s. This
suggests that the moving speed of dispenser is an important parameter for controlling the
diameter of hydrogel strut besides the air pressure and the nozzle diameters, as shown in Figure
3-3 (a). Also, the results suggest that the diameter of hydrogel strut can be affected by the

concentration of alginate in the solution.
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The alginate solution was also extruded into 100 mM calcium chloride. In the experiments,
nozzle with diameters of 100 um, 250 um, and 410 um, were used for dispensing, and the
applied air pressure varied from 2 psi to 20 psi in 2 psi increments; and the dispenser was
brought to move horizontally at a speed varying from 5 mm/s to 65 mm/s in 5 mm/s increments.
A trial and error method was used to find the dispensing conditions such that the diameter of
struts has the same value as the nozzle diameter. In such struts, neither compression nor tension
stress exist. Table 3-1 lists the dispensing conditions for the strut diameters that are near to the

nozzle diameters. All the measurements were done in triplicate.

Table 3-1 Dispensing conditions and strut diameters

Concentration (w/v) | Air Pressure (psi) | Nozzle Diameter (um) | Speed of dispenser (mm/s) | Diameter of Hydrogel (um)
25 156
10 100
35 98
35 279
2% 2 250
45 248
50 573
2 410
55 456
25 198
20 100
30 130
35 261
4% 6 250
‘ 45 212
‘ 45 494
2 410
‘ 50 470

3.3.2 Fabrication of Hydrogel Scaffold

Using the process parameters obtained above, a 3D porous structure hydrogel scaffold was
fabricated. Specifically, 10 mL of 2% (w/v) alginate solution was loaded into a syringe with a
needle of 250 um diameter connected to it. The air pressure value was set as 2 psi based on the
results presented in Table 3-1. With the needle moving at a speed of 35 mm/s, the alginate
solutions were extruded into the reservoir of calcium chloride solution to crosslink while the
dispenser was moving at a constant speed in the X- direction to form a straight line of alginate

hydrogel. The first layer was fabricated with a space of 500 um between struts, and then the
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needle was lifted up 0.6 mm and brought to move along the Y- direction for the second layer.

The scaffold was fabricated layer by layer. The scaffold formed is shown in Figure 3-4.

Figure 3-4 Three-dimensional pore structural hydrogel scaffold (a) top view, and (b) close-up view

The fabricated hydrogel scaffold had a multilayer structure, and was able to be manipulated by

means of tweezers, which provides the possibility for future employment in a clinical setting.
3.4 Discussions

The results showed that the diameter of fabricated hydrogel strut were influenced by the value of
air pressure, nozzle size, and the moving speed of the nozzle. The relationship between all these

factors can be explained by this equation developed in literatures [147]:

bo [%
v (Eq. (3.1))
o= dP
81 dz (Eq.(3.2))

where, D is the diameter of fabricated hydrogel strut, 0 is the flow rate, V is the moving
dar

speed of nozzle, @z is pressure gradient, and 77 is the viscosity of employed solution. And the

results from the experiments affirmed the relationship described by these equations. However,

another crucial factor for this fabrication process which has been noticed in the experiments was
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not included in the equations, that is, the gap distance between the nozzle and the surface of

calcium solution.

In according to the value of flow rate, there are two modes of polymer deposition; the extrusion
mode and the droplet mode, as shown in Figure 3.5. In both modes, the material is extruded out
of the nozzle tip under an applied pressure. In the extrusion mode, the material was laid down in
the form of line structures in order to create the desired model by moving the nozzle tip over a
substrate in desired path. And, a 3D structure can be developed by repeating this process layer by
layer. While in droplet mode, the material is deposited in the form of droplets. A structured layer
can be formed by depositing multiple droplets in desired locations on a substrate. Similarly, this

process can be repeated to fabricate a 3D structure.

Nozzle Nozzle

ot |

Figure 3.5 Schematic of polymer deposition: a) extrusion mode, b) droplet mode

Because of the involvement of calcium aqueous solution, surface tension between water and
employed material has been introduced into this dispensing process. Because that employed
material tends to assemble into the shape of spherical cap under the influence of surface tension,
the hydrogel line will be curved or break into pieces in the fabrication process. Also, the pattern
fabricated in this process tended to float on the surface of calcium solution because of the effect
of surface tension. Although the influence of surface tension cannot be neglected in this micro-
sized tissue engineering context, it can be minimized by adjusting the distance between nozzle
and the surface of aqueous solution. When the gap is adjusted to the value at which allows
extruded material form a bridge between the nozzle and the surface of calcium reservoir, the
material will form a straight line at the proper moving speed under the effect of viscosity in both
aforementioned dispensing modes. The expanding effect of hydrogel will also be minimized

when the gap is suitable because of the instant solution-gel formation.
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3.4 Conclusions

In this chapter, experiments were conducted to investigate the influence of process parameters on
scaffold fabrication. The results obtained show that the air pressure, the dispensing nozzle size,
and the concentration of alginate solution can affect the diameter of scaffold struts. The results
also show that the horizontal movement speed of dispenser is critical to the control of the
diameter of hydrogel struts. With given pneumatic pressure, nozzle size, and alginate
concentration, the movement speeds of the dispenser were determined experimentally such that
the diameters of the hydrogel struts obtained were close to the diameters of the nozzles used.
Eventually, such parameters as the air pressure, nozzle size, alginate solution concentration, and
the horizontal speed were rigorously selected for the scaffold fabrication and 3D hydrogel

scaffolds were successfully fabricated.
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Chapter 4 CELL SURVIVAL AND PROLIFERATION IN CROSSLINKING
PROCESS

4.1 Introduction

Incorporating living cells into tissue-engineered scaffolds is an attractive and promising research
topic in biofabrication. Although there are many studies on a variety of biofabrication techniques,
the maintenance of cell function and structure and protection from damage is still a challenging
topic. Cell damage can be caused by toxic solvent and its residual in the solvent casting process
and/or by the sublimation of water by, for example, lyophilization. For the milder dispensing
based RP technique concerned in this present work, it is mainly believed that cell damage can be
caused by mechanical forces, such as shear stress and hydrostatic pressure, to which cells are
exposed during the fabrication process [125, 148]. This chapter presents an investigation into
another potential influence on cell survival by the concentration of calcium chloride solution
used for crosslinking alginate during the biofabrication process. After fabrication, with the
degradation of alginate hydrogel, calcium ions may be released from the crosslinking bond, thus
potentially further affecting such cell functions such as survival and proliferation. An
investigation into this influence is also included in this chapter. Finally, this chapter also looks at

the influence of cells density on cell survival and solution viscosity.

4.2 Materialsand Methods

4.2.1 Culturefor Schwann Cdlls

Schwann cell line (RSCs 96, CRL- 2765) were purchased from ATCC (American Type Culture
Collection ATCC, Manassas, VA), at passage 9. Schwann cells were harvested between passage
number 9 and 13 for all the experiments in this study. The cells were maintained in standard
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
(Invitrogen Co, Carlsbad, Calif, CA, USA). The cells were grown in 10 cm tissue culture dish at
37°C in a 5% CO; relatively humidified environment, and the media were changed every other

day. At 100 percent confluency, cells were washed with 1 mL 0.25% Trypsin/EDTA (Invitrogen)
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for 1 min to detach the cells from the dish. Then cell suspensions were delivered into a sterile 15
mL falcon tube and centrifuged at 800 rpm in a centrifuge for 5 min. Eventually, the cells were

counted and resuspended with fresh media to the desired cell density.

4.2.2 Alginate Preparation and Encapsulation of Schwann Cells

The alginate solution was prepared from low viscosity sodium alginate (Sigma, St. Louis, MO,
USA), with molecular weight range 12,000~80,000 Da (mannuronic acid 61% and guluronic
acid 39%), and DMEM solution with 10% FBS, at a concentration of 2% or 4%,. Schwann cell
suspension, as prepared above, was added to alginate solution at various volume ratios. The cell-
alginate mixture was placed in the wells of a 96-well tissue culture plate with a volume of 100

uL per well.

Calcium chloride (Sigma, St. Louis, MO) was dissolved in deionized water at concentrations of
100 mM, 500 mM, or 1 M, and then added into the wells to crosslink the alginate and, form
hydrogel. Thirty min later, the hydrogels were rinsed three times, submerged in DMEM, and
incubated at 37 °C in a 5% CO2 humidified environment. The cell media were refreshed every
other day. As the control group, Schwann cells were also cultured in DMEM solution with 10%

FBS in the 96-well plates with no additional calcium chloride..

42.3MTT Assay for Cell Damage

The MTT assay was used to measure cell survival and proliferation rate in this study. MTT (3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a yellow tetrazole) is reduced to
purple formazan in living cells. A solubilization solution (usually either dimethyl sulfoxide, an
acidified ethanol solution, or a solution of the detergent sodium dodecyl sulfate in diluted
hydrochloric acid) was added to dissolve the insoluble purple formazan product into a colored
solution. The absorbance of this colored solution can be measured at a certain wavelength
(usually between 500 and 600 nm) using a spectrophotometer [149]. In this study, MTT was
dissolved in PBS to obtain a stock solution with a concentration of 5 mg/mL. The stock solution
must be filter sterilized after mixing. A solution of 4 mM HCI, 0.1% Nondet P-40 (NP40) in

isopropanol was used as the MTT solvent.

Schwann cells suspended in alginate gel were cultured in a 3D condition. Hydrogels made from

100uL alginate solution with a concentration of 2% (w/v) or 4% (w/v), were placed in the wells
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of a 96-well plate. Two dimensional (2D) monolayer cultures were 100 uL cell suspension with
a density of 2x10° cells/mL in each well of 96-well plates of non-encapsulated Schwann cells
with treatments of calcium chloride solution, with a concentration of 100 mM, 500 mM, and 1 M,
for 5 min, 10 min, and 30 min. After treatments, the cells were washed three times with DMEM
and then 20 pL of MTT stock solution was added into each well of both gel-suspended and non-
encapsulated cells. After three and half hours incubation in an incubator at a condition of 37°C
0.5% COa, all the media were carefully removed and then 150 uLL MTT solvent was added into
each well. The 96-well plate was then covered with aluminum foil and agitated on an orbital
shaker for 15 min, and the absorbance at 590 nm was measured with a reference filter of 620 nm.
A SpectrMax 250 Monochromatic spectrophotometer (GMI Inc, Minnesota, USA) was used to
measure the absorbance reading. The monochromatic based system provides a precise
wavelength, 250-850 nm in 1 nm wavelengths increments. Optical density (OD) can be
determined by means of an endpoint reading or a kinetic analysis can be used to measure the rate

of optical density change per minute (OD/min) [150].

42A4MTT Assay for Proliferation

Both gel-suspended and non-encapsulated cells were immersed in DMEM (10% fetal bovine
serum) with or without the treatments of calcium chloride solution. MTT stock solution was
added in the cell cultures and the amount of formazan produced was assessed by
spectrophotometer as described above. Measurements were made at 6, 12, 24, 48, 72, and 96
hours for the comparison of proliferation of Schwann cells. In this study, the densities of cells
were 2x10° cells/mL, 6x10° cells/mL, or 8.5x10° cells/mL, for investigating the influence of cell

density on cell proliferation.

4.2.5 Rheological Study

Alginate solutions with a concentration of 2% (w/v) or 4% (w/v), were prepared with DMEM
solution. Schwann cells were suspended in alginate solution at a density of 4x10° cells/mL,
8x10° cells/mL, or 4x10° cells/mL. The rheological properties of the cell-alginate mixture were
measured by using a rheometer (Brookfield DV-III+ Programmable rheometer, Brookfield,
Middleboro, MA). This rheometer has a cone and plate structure with the shear rate being

controlled via programming. The rheometer also provides the ability to collect and record the
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data during the rheological tests In the present study, a CP 41 spindle was selected for use, which
requires samples of 2 mL alginate solution or its mixture with Schwann cells. After zeroing and
calibrating the rheometer, the viscosity was measured at varying shear rates via the control of the
spindle rotation speed sweeping from 10 RPM to 250 RPM in 30 RPM increments. All the

measurements were repeated five times.

4.3 Results

4.3.1 Cdl Survival and Proliferation in Cell Culture

Schwann cells were cultured in the wells of a 96 well plate in DMEM/FBS media at a density of
2x10° cells/mL. Calcium chloride solution with a calcium concentration of 100mM, 500mM, and
1 M, were added into cell cultures. At different time periods of 5, 10, 30 minutes, the solution in
each well were carefully removed, only leaving the Schwann cells attached to the well.
Attached Schwann cells were washed three times with DMEM, covered again with medium, and
then incubated at 37 °C in a 5% CO2 humidified environment for a time period of 6 or 24 hours.
By doing so, the cell cultures were exposed to different calcium concentration for varying time
periods, which is assumed to affect cell survival and proliferation afterwards. Two control
groups were used in the experiments. One group was treated with DMEM with no added calcium
chloride (negative control), to which the cell number and proliferation of other groups are
compared; and other group was treated with distilled water for 30 min, in which cells were
mainly damaged by the osmotic pressure (positive control) in order to calibrate the absorbance

reading and calculate the number of living cells.

The absorbance readings of living cells were measured by means of the spectrophotometer
mentioned previously. For the characterization of cell survival and proliferation, an index of the
relative cell number was used in the present study. The relative cell number is evaluated from the
spectrophotometer absorbance reading based on the linear relationship between the relative cell
number and the absorbance readings. To establish the linear relationship, the values of the
absorbance readings of the positive control group (the number of living cell is zero) and a group
with 2000 living cells were used. Through this relationship, all absorbance readings were
converted into the relative numbers of cells. All the relative numbers of living cells were

calculated through this method in this chapter unless specified.
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Figure 4-1 shows the numbers of living cells measured at 6 hours after the cell cultures were
exposed to the calcium environment, as compared to those in control groups. It is seen that the
exposure of cells to the calcium environment can cause significant loss in living cells, about half
of which were damaged even within 5 min exposure, compared to the DMEM group. However,

the difference due to the calcium concentration and exposure time on cell survival is not

significant.
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Figure 4-1 Number of living cells 6 hours after calcium solution treatment with concentration of a) [Ca’']

100mM, b) [Ca’"] 500mM, and ¢) [Ca’"] IM, n=8, P<0.05

Figure 4-2 shows the numbers of living cells measured at 24 hours after the cell cultures were
exposed to the calcium environment, as compared to those in control groups. As observed, the
number of living cells in the cultures exposed to 1M calcium concentration continued decreasing
after 24 hours compared to the number in 6 hours, which indicated that high calcium
concentration could lead to permanent cell damage. While the statistic analysis showed that the
number of living cells in lower calcium concentration, especially for those treated with 0.1M
calcium solution, significantly increased after 24 hours compared to their values in 6 hours
(P<0.05). Although the proliferation rates of the cells treated with the lower calcium
concentration were lower than those in the DMEM control group, the increasing number of
living cells showed that the surviving cells were functionally active. The result also showed that
the exposure time has a negative influence on the cell survival, which suggests the time period of

using calcium chloride solution for crosslinking in the fabrication process must be limited.
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Figure 4-2 Number of living cells 24 hours after calcium solution treatment with concentration of a)

[Ca2+] 100mM, b) [Ca2+] 500mM, and c) [Ca2+] IM, n=8, P<0.05

4.3.2 Cdl Survival and Proliferation in Cell- Alginate hydrogel

It has been reported that the cells behave differently if they are cultured in 3D instead of 2D
environment. Thus, to study cell survival and proliferation in 3D calcium environment or
engineered constructs is essential. This section presents the examination results of cell survival
and proliferation in cell-alginate hydrogel that were crosslinked by means of calcium chloride

solution.

The cell density was set to 4x10° cells/mL in all the experiments presented in this section. Figure
4-3 shows the numbers of living cells measured at 24 hours after the formation of hydrogel from
the cell-alginate cultures with alginate concentrations of 2% or 4% (w/v), by using calcium
chloride solution for crosslinking, as compared to those in control groups (i.e., cells cultured in
DMEM medium alone). It is seen that the numbers of living cells in both 2% and 4% alginate
solutions were lower than those in the control group. However, these alginate-suspended cells
showed a greater survival rate than cells without alginate with the same calcium treatment
(Figure 4-2). This suggests that the use of alginate provides a favorable environment for cell

survival and proliferation if the cells are exposed to calcium.
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Figure 4-3 Number of living cells 24 hours after calcium solution treatment in a) 2% alginate solution
and b) 4% alginate solution, ANOVA, n=8, P<0.05, Student t-Test, * represents P<0.05, ** represents
P<0.01, *** represents P<0.001

The results in Figure 4-3 shows a very low survival rate in 4% alginate solution as compared in
2% alginate solution. This is possibly due to the reversible inhibition effect of 4% alginate
solution on cells as previously reported [87]. The results obtained suggests that low (i.e., 2%)
concentration alginate solution is more suitable for cell encapsulation in engineering tissue

scaffolds, as compared to high (i.e., 4%) concentration alginate solution.

Figure 4-4 shows the results, as examined within a longer time period of 100 hours, of cell
proliferation both in DMEM and in alginate solutions with varying cell densities. The
proliferation curve of cells in DMEM with cell density of 2x10° cells/mL was used as the control
group in these experiments. As observed, the proliferations of cells in both DMEM and alginate
solution were influenced by cell density. The proliferation rate increased with the cell density,
suggesting that cell density has a positive influence on cell proliferation. This might due to
increased cell-cell chemical and biological stimulation for increasing the proliferation rate. When
the cells were cultured at the same density, the proliferation rate of the cells in alginate solution

was slower compared to those in DMEM; while the proliferation rate in 4% alginate was slower
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than the one in 2% alginate. This showed that the concentration of alginate had a negative
influence on cell proliferation. The reason might be that the alginate slows down the absorption
and exchanging of ions and proteins in the extracellular environment (as suggested in Figure 4-4
(d)), the encapsulated cells were more rounded in alginate and perhaps could not form regular
cell-cell interactions as they did in DMEM alone. With increased cell density, the contact
between cells increased thus the proliferation rate was higher. The number of cells in DMEM,
shown in Figure 4-4. (a), decreased after certain time periods, depending on the cell density; this
was due to the limited space of the wells of a 96-well plate where those cells were cultured.
When cell number reached a certain level, the well would be overpopulated, leading to an
unhealthy condition, cessation of cell proliferation and eventually the death of cells. The result of
this study suggested that high cell density and low (i.e., 2%) alginate concentration were more

suitable for further studies.
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Figure 4-4 Influence of cell density on alginate encapsulated cells: a) Schwann cells in DMEM, b)

Schwann cells in 2% alginate, 6x10° cells/mL in DMEM as control, ¢) Schwann cells in 4% alginate,

6x10° cells/mL in DMEM as control, and d) optical image of Schwann cells in 2% alginate
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Cell proliferation was also measured in hydrogels formed by both 2% and 4% (w/v) alginate
solution by MTT assay. The results are shown in Figure 4-5. Alginate solutions were mixed with
Schwann cells at the density of 8.5x10° cells/mL. Alginate cell mixtures were crosslinked with
calcium solution at concentration of 100 mM or 500 mM for 30 mins to form hydrogels and then
the hydrogels were rinsed with DMEM solution three times. Then all the hydrogels as well as
cell-alginate mixtures which were used as the control group were moved into the wells of a 96-
well plate, each covered with 100 pL medium and incubated at a condition of 37°C 0.5% CO,, It
can be observed that cells in both 2% and 4% (w/v) alginate hydrogels showed proliferation. For
those encapsulated in 2% alginate hydrogels (Figure 4-5 (a)), it can be observed that the
proliferation rates between two experimental groups have no significant difference during the
period of measurements, and both are slower than the control group. However, as for the ones
encapsulated in 4% alginate solution and its hydrogels, the proliferation behavior is very
different. Although the experimental groups have lower cell survival rate compared to the ones
in 2% alginate, the numbers of living cells significantly increased after 48 hours incubation with
higher proliferation rate compared to the ones in 2% alginate. Furthermore, the proliferation rate
of cells in high calcium concentration hydrogels is higher than the ones in low concentration
group and control group. This surprising result might due to the exchange of calcium ions, which
is an important second messenger signal in cell metabolism, between cells and their extracellular

environments or the pH of the medium.
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Figure 4-5 Proliferation of encapsulated cells; a) cells in 2% alginate with calcium treatments, and b)

cells in 4% alginate with calcium treatments, n=8§
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4.3.3 Influence of Cell Density on Viscosity

Because the viscosity of the biopolymer solution influences both the scaffold fabrication process
and cell damage, the viscosity of alginate solutions with varying cell densities was examined. As
seen in Figure 4-6, the effect of cell density on solution viscosity was significant. Solution
viscosity increased with both alginate concentration and cell density, and decreased with shear
rate. Also, it is seen from Figure 4-6 that the cells density has different influences on the
viscosity of the solution, depending on the alginate concentration. Specifically, the influence of

cell density on viscosity in 4% alginate solution is more significant than that it is in 2% alginate

solution.
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Figure 4-6 Effect of cells density on viscosity of cell-alginate mixture with (a) 2% alginate and (b) 4%
alginate, n=>5, P<0.05

4.4 Discussions

When cell damage happens, cells can either recover from the damage by its self-repair
mechanism or continue to be dysfunctional even to the point of death, Depending on the degree
of damage. In this process, the number of living cells would be balanced in a dynamic between
cell death and proliferation. As for Schwann cell lines, the number of living cells should be
doubled every 24 hours in a healthy normal proliferation rate. Thus, the number of living cells
obtained from the experiments could indicate the degree of cell damage and their proliferation

rate.
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According to Figure 4-1 and Figure 4-2, all the cells in different group lost half of living cells
when treated with calcium solutions. However, the degrees of damage on the remaining cells are
different. Thus, the number of living cells treated with 100 mM calcium solution significantly
increased 80% after 24 hours because of the recovery of damaged cells, while the ones in 1 M
group continued to decrease to its 50%, in which most cells were dying within that time period.
Although the proliferation rates of the cells treated with the lower calcium concentration were
lower than those in the DMEM control group, the increasing number of living cells showed that
the surviving cells were functionally active. The result also showed that the exposure time has a
negative influence on the cell survival, which suggests the time period of using calcium chloride

solution for crosslinking in the fabrication process must be limited.

Calcium ions are considered to be important in eukaryotic cell culture because they are involved
with a wide range of vital cell functions including enzyme activities, attachment [151, 152],
motility, tissue morphology, metabolic processes [153, 154], signal transduction [155, 156],
replication, and electrochemical responses by specialized cells such as muscle and neural cells.
By using Calcium ion as intracellular messenger, cells walk on a tightrope between life and death.
A low calcium concentration (2 mM) must be maintained in the cytoplasm, and for most cells,
calcium is stored in the endoplasmic reticulum (ER). A high calcium concentration is believed to
damage the cell membrane by disturbing the state of cell electrolyte. However, because that it is
noted in Figure 4-1 that the losses of living cells in groups treated with 1 M calcium were not
different from those treated with 100 mM, which is the concentration should balance the osmosis
stress. This result indicated that cell death happened in this process might be different than
necrosis caused by osmosis stress. It is suggested that calcium ions had been used as obligatory
signal for programmed cell death (or apoptosis) [157]. This hypothesis can be supported by the

continuing cell death observed in Figure 4-2.

In Figure 4-3, the result showed that the number of cells are higher in 2% alginate solution than
those in 4% alginate solution. This is possibly due to the reversible inhibition effect of 4%
alginate solution on cells as previously reported, which might because of either its physical
thickness or the hydrophilic properties of alginate [87]. As observed in the experiment,
encapsulated cells rounded up instead of spreading out as they would when cultured in media,

this prevented the formation of cell network and also the interactions between cells. At the same
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time, cells might lack of interaction with alginate gel because its hydrophilic properties and lack
of certain receptions for the proteins on the surface of cell membranes. Nevertheless, the results
obtained suggests that low (i.e., 2%) concentration alginate solution is more suitable for cell
encapsulation in engineering tissue scaffolds, as compared to high (i.e., 4%) concentration

alginate solution.

In Figure 4-4, the proliferations of cells in both DMEM and alginate solution were influenced by
cell density. The proliferation rate increased with the cell density, suggesting that cell density has
a positive influence on cell proliferation. This might due to increased cell-cell chemical and
biological stimulation for increasing the proliferation rate. When the cells were cultured at the
same density, the proliferation rate of the cells in alginate solution was slower compared to those
in DMEM; while the proliferation rate in 4% alginate was slower than the one in 2% alginate.
This showed that the concentration of alginate had a negative influence on cell proliferation. The
reason might be that the alginate slows down the absorption and exchanging of ions and proteins
in the extracellular environment (as suggested in Figure 4-4 (d)), the encapsulated cells were
more rounded in alginate and perhaps could not form regular cell-cell interactions as they did in
DMEM alone. With increased cell density, the contact between cells increased thus the

proliferation rate was higher.

In Figure 4-5, the proliferation of cells in alginate gel-suspension was observed. The ones
encapsulated in 4% alginate solution and its hydrogels, the proliferation behavior is very
different. Although the experimental groups have lower cell survival rate compared to the ones
in 2% alginate, the numbers of living cells significantly increased after 48 hours incubation with
higher proliferation rate compared to the ones in 2% alginate. Furthermore, the proliferation rate
of cells in high calcium concentration hydrogels is higher than the ones in low concentration
group and control group. This surprising result might due to the exchange of calcium ions, which
play an important role in signaling in cell metabolism as second messenger and replication in cell
reproduction, between cells and their extracellular environments. It has been reported that
calcium can stimulate cell metabolism through certain receptors and pathways in mitochondrial
Ca”" homeostasis [153]. Also, those released calcium ions might play important roles in DNA
replication in mitosis process, which led to the increased number of cells in both 2% and 4%

alginate hydrogels. Another hypothesis to explain this phenomenon is that those released calcium
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ions might maintained the value of pH in the media, which trended to be turned into acidic
solution by the chemicals produced and released by living cells in their metabolism process. This

hypothesis can be affirmed by the changing of color in medium.

Figure 4-6 showed that solution viscosity increased with cell density. The results also illustrate
the relationship between the cell density and the solution viscosity can be affected by the
concentration of alginate solution, i.e., the higher the concentration, the more profound effect the
cell density has on the solution viscosity. The reason for this might be because of the contact
between cells caused by the contacts between proteins and receptions on the surface of cell
membrane. The results present a dilemma situation in the scaffold fabrication, a higher cell
density is required for the survival and proliferation in calcium abundant after fabrication, which,
meanwhile, increases the solution viscosity and the mechanical forces needed in the scaffold
fabrication, thus causing more cell damage. As such, further studies are encouraged to determine
the cell density mixed in the solution such that desired cell survival proliferation rate can be

achieved during the scaffold fabrication process and afterwards.
4.4 Conclusions

Cell survival and proliferation in alginate solution and its hydrogels were studied in this chapter
in order to understand cell behavior within the calcium environment. The results show that the
calcium concentration has a negative influence on cell survival rate. The number of surviving
cells also decreased with the time exposed to calcium; longer exposure time leads to more cell
damage. Furthermore, cells encapsulated in alginate hydrogels showed an interesting
proliferation pattern. The proliferation rates of surviving cells in 2% alginate hydrogels do not
differ much, regardless of the variation of calcium concentration. In contrast, the number of

living cells increased significantly with calcium concentration in 4% alginate hydrogels.

The effect of cell density on the proliferation of encapsulated cells was also observed and studied
in this chapter. The results showed that cell density, in the examined range, has a positive effect
on cell proliferation. Cells as a kind of particles can influence the flow behavior and viscosity of
alginate solution. As shown in this study, viscosity increased with cell density. Since increasing
of viscosity could lead to more cell damage in the fabrication process as reported [125], it is

necessary to find an appropriate cell density range for future study.
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Chapter 5 Summary, Conclusions, and Recommendations
5.1 Summary of the Research

A dispensing-based polymer deposition system was used to fabricate 3D porous hydrogel
scaffolds. Sodium alginate had been chosen and used as a scaffolding biomaterial because of its
good biocompatibility, and ease and fast gelation with divalent cations such as calcium ions.
Calcium chloride was employed in this study as a crosslinker in order to form hydrogels with
alginate solution. The mechanical properties of formed hydrogels were characterized and studied
using compressive test in chapter 2. The results showed that the mechanical properties of the
hydrogel could be controlled by the concentrations of alginate and calcium chloride. It was also
demonstrated that the gelation time has a significantly impact on the mechanical properties of
alginate hydrogel. Further, the study in this chapter investigated a post-fabrication treatment to
strengthen formed hydrogels.

In chapter 3, the influence of fabrication process parameters such as pneumatic pressure, nozzle
size, alginate concentration, and dispenser speeds on scaffold fabrication was studied. The
optimal movement speed of the dispenser was determined experimentally with given pneumatic
pressure, nozzle size, and alginate concentration in order to obtain diameters of the hydrogel
struts that were close to the diameters of the nozzles used. With the knowledge and information

gained from this study, 3D hydrogel scaffolds were successfully fabricated.

In chapter 4, the present study focused on the influence of calcium ions used as a crosslinker on
cell viability and proliferation during and after the dispensing fabrication process. The influence
of the concentration of calcium solutions and exposure time was studied on cells in both liquid
medium and alginate hydrogel. Cell proliferation was studied for 96 hours in alginate hydrogels;
the study showed that the density of alginate suspended cells and the alginate solution had a
significant influence on cell proliferation. The study also showed that the density of encapsulated

cells could affect the viscosity of alginate solution.
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5.2 Discussion and Conclusions

The results of examining the mechanical properties of formed alginate hydrogels showed that the
mechanical properties of alginate hydrogels increased with the reagent concentrations, and were
also influenced by gelation time. The results obtained also showed that the mechanical properties
of alginate hydrogels formed with low reagent concentration can be strengthened by a post-
fabrication process, by which the hydrogel specimens were immersed in low concentration
calcium chloride solution for a certain time period. The hydrogels formed through post-
fabrication treatment were more elastic and had longer degradation time than the ones formed
just by mixing the two reagents. The reason for this is that with longer gelation time, the
guluronic residues in alginate polymer chain could form the maximal crosslink bonds with
calcium ions, which strengthens the structure of the hydrogel. At the same time, with longer
gelatin time in an aqueous environment, the hydrogel absorbed more water in the crosslink
network, which also strengthened the hydrogel and gave more viscoelastic properties to the gel
formed. The hydrogels formed with post-fabrication treatment showed some similarity with real
tissues especially nerves (spinal cord or peripheral nerves) on their elastic modulus, and the
mechanical properties of the hydrogels can be controlled and modified by controlling the

reagents concentrations and gelation time.

The study also showed that the calcium chloride used as crosslinkers could cause cell damage
even death, varying with the calcium concentration. The result presented in Chapter 4 showed
that the cells could be exposed to calcium solution with a concentration of 500 mM for 30 min
without permanent damaged and that the ones exposed to [IM] calcium solutions could be
permanently damaged and lost their normal functions within 15 min. These results showed
potentials but also limits for cell encapsulated tissue scaffold fabrication through dispensing
method. An alternative way suggested by this study for overcoming the limits is to use the post-
fabrication treatment discussed in Chapter 2. The scaffold can be fabricated by dispensing the
alginate solution into the low concentration calcium chloride solution, and then the mechanical
properties of the scaffold can be strengthened and modified through a post-fabrication treatment
without the risk of permanently damaging the encapsulated cells. Furthermore, the results
showed that the cell damage rate of encapsulated cells in 4% (w/v) alginate were greater than

those encapsulated in 2% (w/v) alginate under the same condition, which suggested that the
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mechanical forces within the alginate hydrogel network can damage the cells as well, compared
to the results of mechanical properties study in chapter 2. The survival rate in 2% (w/v) alginate
was close to those in DMEM, which indicated that the concentration of alginate solution for

further study would be 2% (w/v).

The proliferation rate of encapsulated Schwann cells was measured and investigated in this study
as well. The result in Chapter 4 also showed that the proliferation rate of Schwann cells was
depending on both its density and alginate concentration if encapsulated in alginate solution. The
proliferation rate increased with cell density and decreased with alginate concentration. However,
if encapsulated in hydrogel, the proliferation rate differed from the one in alginate. The result
showed that the number of cells in hydrogels formed with 4% (w/v) alginate increased
significantly compared to the ones in 2% (w/v) alginate hydrogels. The reason for this result
might due to the calcium ions released from the crosslink network of the hydrogel stimulating
the growth or the crosslink the mechanical forces and isolation effects within the hydrogel less
than the ones formed with 2% (w/v) alginate. More studies are needed to investigate the reason
for this result. The influence of cell density on viscosity of alginate solution was also studied in
Chapter 4. The results showed that the effects of cell density on alginate solution depended on
the concentration of alginate solution, the higher the concentration was, the more significant of
the effect would be. The result showed a dilemma of the scaffold fabrication, a higher cell
density is required for the survival and proliferation in calcium abundant after fabrication, which,
at the same time, would cause more shear stress and lead to more cell damage. Thus, further
studies are needed to determine a range of cell density, within which the cell can have a
reasonable survival rate during the dispensing fabrication process and a desirable proliferation
rate after. It is noted that only Schwann cell line was employed in the present study. It is
encouraged to pursue similar studies on other types of cells in order to have a more

comprehensive understanding on cells responses to alginate hydrogel.

Also, the dispensing process of alginate solution was studied in Chapter 3. The concentration of
alginate solution employed in this study was 2%, 3%, and 4% (w/v), and calcium chloride
solution was used as crosslinker. The alginate solution was filled in a syringe and then extruded
out by the pressurized air. The alginate was crosslinked by the calcium chloride reservoir as the

dispenser moving along. The diameters of dispensed hydrogel struts depended on the
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concentration of alginate solution, the height of the needle, and the diameter of the nozzle, the
applied air pressure, and the speed of dispenser. More specifically, the diameter of the hydrogel
strut increased with the diameter of the nozzle and the applied air pressure, and decreased with
the concentration of alginate solution. Also, the diameter of the hydrogel struts depended on the
horizontal moving speed If the speed were too slow, then the formed hydrogel strut would be
curved, and in contrast, if the speed were too fast, then the formed hydrogel would be thin and
even broken. Thus, the speed must be properly selected to achieve desired hydrogel strut.
Combinations of these dispensing factors were used and studied for dispensing. Further than that,
3D hydrogel scaffolds were fabricated through dispensing method with 2% (w/v) alginate
solution and 100 mM calcium chloride solution. The scaffolds were fabricated by the layer-by-

layer method, in which each layer rotated 90° and was then formed on top of the other layers.
5.3 Future Work and Recommendations

In this study, the mechanical properties of hydrogels were characterized and measured by
compressive test and compressive elastic modulus. The influence of mechanical properties on
cell proliferation was discussed. However, the swollen and degradation properties were not
examined in this thesis. These properties could influence the mechanical strength and the
structural integrity, and furthermore how they change with the time. These remains to be studied
in the future. This thesis also studied the survival of encapsulated cells and their proliferation.
The number of cells in 4% (w/v) alginate hydrogel increased significantly compared to those in
2% alginate hydrogel. The reasons for this result need to be studied. Also, all the studies in this
thesis were carried out in vitro. The mechanical properties, and the proliferation of cells should

be further studied in vivo, so that the results would be more close to clinic conditions.

Also, the thesis showed that cell density would influence the viscosity of alginate solution
significantly. Because the viscosity of alginate solution influence both scaffold structure formed
and force-induced cell damage, thus a range of cell density need to be determined in the future
study, within which the cell can have a reasonable survival rate during the dispensing fabrication
process and a desirable proliferation rate after. The influence of the viscosity change caused by

increasing cell density on the scaffold structure needs to be studied as well.

Furthermore, cell encapsulated tissue scaffold could be fabricated by dispensing technique based

on the knowledge obtained from this thesis. The techniques for fabricating living cell
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encapsulated tissue scaffolds and its applications to nerve tissue engineering need to be studied

and discussed.
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