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Abstract

Synthetic inorganic-organic composites are of interest for bone tissue engineering as
an alternative to natural grafts since they resemble the structure of the natural bone and
degrade over time, enabling the new bone to grow. In this study, two types of composite
materials- chitosan hydrogels with Bioglass 45S5 (BG) particles, and BG and apatite-
wollastonite (AW) scaffolds coated with the chitosan hydrogel- have been investigated.
Ceramics have been used for high mechanical strength, while chitosan was added to increase
flexibility of the composites. Genipin was used as a low toxicity cross-linker, in order to
improve stability of the chitosan hydrogels. The aim of this PhD research was to assess the
properties of the chitosan- BG and AW composites and aid their advancement to in vitro and

in vivo studies.

The composites were analysed using scanning electron microscopy (SEM), FTIR
spectroscopy, fluorescence intensity (FI) measurement and compression test. The BG-
hydrogels and the hydrogel coated BG and AW scaffolds were immersed in the simulated body

fluid (SBF) for up to 2 weeks and their structure and mechanical properties were examined.

Results showed that BG addition to the chitosan hydrogels improved the mechanical
properties both before and after immersion in SBF, but affected the FI measurement. Before
coating both BG and AW scaffolds had a porous structure (pores 100-300 um), while the
treatment before SEM imaging affected the porosity of the coated scaffolds. Some apatite
deposition was observed on the uncoated BG scaffolds after immersion in SBF for 2 weeks.
AW scaffolds were mechanically stronger than BG scaffolds, independent of the coating or
testing conditions (before or after SBF), with compressive stress up to 5.68 MPa for AW
scaffolds compared to 1.20 MPa for BG scaffolds, reaching the lower limit of the cancellous
bone. However, the coating did not improve the mechanical properties of the scaffolds.
Nevertheless, after immersion in SBF (for up to 2 weeks), hydrogel coated BG scaffolds had

higher compressive stress (~ 0.95 MPa) than uncoated BG scaffolds (~ 0.65 MPa).
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Chapter 1 Introduction - The need for synthetic bone grafts

Tissue engineering is a promising field of research which aims to replace and repair
damaged or diseased tissues and organs with substitutes made of synthetic or natural
compounds. It involves prostheses and parts with the ability to regenerate tissues, as well as
vehicles for the delivery of drugs, cells or biomolecules, and the coating of non-biological
apparatus (e.g. stents) with materials to enable interaction with cells [1]. According to data
from 2020 the biomaterial market was estimated to grow to $215 billion by 2025 from $96
billion in 2019 [2]. Due to injury, disease, surgical procedures, increasing life span and a rising

population, orthopaedic implants are in particular demand [3].

After blood, bone transplantation is the second most common tissue transplantation
with over 2 million bone graft operations taking place every year worldwide [4, 5]. Autografts
(grafting tissue from the same donor from one bone tissue to another), continue to be the
gold standard. They are used in about 58 % of all bone graft procedures due to their ability to
promote bone formation and induce bone tissue growth without causing an immune response
[5]. Other options include allografts (tissue from the same species but not genetically
identical), used in about 34 % of bone graft procedures, and xenografts (when the donor is
another specie) [5]. However, certain issues associated with these natural materials can arise:
a lack of supply of suitable tissue for large defects when using autografts; donor site
complications (most commonly persistent pain) and a negative immune response of the
patient that can occur when using allografts or xenografts [3, 5, 6]. For these reasons,
synthetic materials have been widely investigated as alternatives, currently used in around

8 % of all bone graft procedures [1, 3, 6].

There is evidence of the use of biomaterials as far back as in ancient Egypt. Artificial
eyes, teeth and noses were found in the mummies [7]. A xenograft was used in a skull defect
in a soldier in 1968, which is recorded as the first bone graft [8]. The term tissue engineering
was officially introduced in 1987 [9]. Since its beginning, tissue engineering has developed
greatly and there are numerous commercially available synthetic bone graft substitutes [5,
10-15]. In order to replace natural tissue, synthetic materials need to have similar properties
to native tissue [16]. Therefore, the structure of the human bone will be illustrated first,

followed by the list of properties that are required for the synthetic bone scaffolds. Different
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materials and designs for scaffolds will be described, with a focus on composites of bioglasses
and bioglass-ceramics and polymers, including chitosan. The main issue related to inorganic-
organic composite scaffolds for bone tissue engineering remain the low mechanical properties

which make them unsuitable for high load-bearing applications.

The aim of this project is to synthesize composite scaffolds consisting of inorganic and
organic phases, which are suitable for bone tissue regeneration as they mimic the structure
of a natural bone and degrade over time giving space for the new tissue to grow. The inorganic
phases selected for the study are BG 45S5 and AW glass-ceramics, while chitosan is chosen as
the organic phase. Both BG and AW are well-known for their ability to induce new bone
formation. Although it is the second most abundant natural polymer after cellulose, chitosan
is currently a waste material in the food industry, while the research attempts to use its
desirable properties suitable for applications in bioengineering, such as biocompatibility and
a structure resemblance with glycosaminoglycan which is a part of extracellular matrix, ECM.
In this work, chitosan is used as an alternative to commonly employed collagen. Furthermore,
genipin, an alternative to other toxic cross-linking agents, is used to form chitosan hydrogels.

Two types of composite materials will be developed:

1) genipin cross-linked chitosan hydrogel with the addition of BG particles;

2) BG and AW scaffolds coated with chitosan-genipin hydrogels.

The novelty of this work is that, even though they are all widely recognized in
bioengineering, these materials have not been used in a combination suggested here and/or
mechanical properties were not described in the literature. One of the main problems of these
materials are inadequate mechanical properties. Since these materials have not been used
with patients yet, more research is needed to bring them closer to clinical trials. Work
reported in this thesis explores the combination of BG and AW with chitosan using genipin as
a cross-linker in order to obtain suitable materials for potential applications in bone tissue
engineering and investigate their properties upon immersion in the SBF, including mechanical

measurements.

The ultimate goal is to evaluate the properties of the composites and investigate the
effect of addition of Bioglass powder in chitosan hydrogels and the chitosan coating on the BG

and AW scaffolds.



Genipin has been rarely used in the literature and the aim is to investigate if addition
of genipin could significantly improve mechanical properties of the chitosan hydrogels.
Addition of BG powder to chitosan-based hydrogel is expected to serve as a reinforcement
and to improve mechanical properties. The aim is to show if the improvement of mechanical
properties is substantial which could make the hydrogels with BG suitable for bone tissue

applications.

Behavior of the composites upon immersion in SBF is important in order to predict
their properties in the future in vitro and in vivo experiments. The hydrogels exhibit volume
changes in different pH environment and the goal was to investigate the effect of BG powder

on the volume of the gels, and consequently on mechanical properties.

AW glass-ceramic is reported to be stronger than BG, which is the reason that both BG
and AW scaffolds will be synthesized in this project and their properties will be compared. It
is expected that AW scaffolds will have higher compressive strength than BG scaffolds.
Chitosan should act as a glue and reinforce the struts of bioglass-ceramic scaffolds and
subsequently improve compressive strength. One of the goals was to further investigate
mechanical properties and bioactivity upon immersion in SBF, which is important for the
application in bone regeneration. Also, chitosan hydrogel coating could slow down the
dissolution of the BG and AW scaffolds in SBF and maintain mechanical properties of the

composites for longer.
In summary, research hypotheses of this thesis are:

1) Addition of BG powder to chitosan-genipin hydrogels improves mechanical
properties of the hydrogels, both before and after immersion in SBF

2) Hydrogel coating of the BG and AW scaffolds improves mechanical properties
of the scaffolds before and after immersion in SBF as the coating hinders the
dissolution of the glass-ceramic scaffolds in SBF

3) As AW scaffolds are reported to be stronger than BG composite scaffolds,
hydrogel coated AW scaffolds will be stronger than hydrogel coated BG
scaffolds

4) Chitosan-genipin-BG-powder composites, as well as composites made by

coating BG and AW scaffolds with chitosan-genipin hydrogel, will have
3



improved mechanical properties, reaching the values within the range of those

of the bone tissue

In order to achieve the abovementioned goals and evaluate the hypotheses, following

objectives will be addressed:

1) Synthesis and characterisation of hydrogels with and without BG powder,
including evaluation of mechanical properties

2) Investigation of hydrogels behaviour upon immersion in SBF

3) Synthesis of BG and AW scaffolds with and without chitosan-genipin hydrogel
coating

4) Investigation of bioactivity and mechanical properties of the hydrogel coated

BG and AW scaffolds after immersion in SBF
The structure of the thesis is briefly explained below.

Chapter 2 presents the structure of the human bone, the requirements for the
synthetic scaffolds for bone tissue applications and a short literature review of different
materials that have been used as scaffolds. Furthermore, commercially available inorganic-
organic composites have been described, as well as the next generation of composites-hybrid
materials. The structure and properties of Bioglass, apatite-wollastonite and other glass-
ceramics, chitosan and chitosan-based materials, have been described in detail. These

materials will be further used for the preparation of inorganic-organic composites.

Chapter 3 shows two methods of synthesis of inorganic-organic composites: 1)
hydrogels with Bioglass, and 2) Bioglass and apatite-wollastonite scaffolds coated with the
hydrogel. Also, a short description of the methods for materials characterization is given here,

together with the parameters used for analysis.

Results and discussion have been structured in four chapters. Composites made of
chitosan-genipin hydrogels and BG and/or AW glass and glass-ceramic will be synthesized
using two methods. Firstly, BG powder will be added to chitosan hydrogels cross-linked with
genipin and the composites will be characterized. The effect of BG on microstructure, cross-
linking and mechanical properties of the hydrogels will be examined. Furthermore,

experiments in the SBF will be conducted in order to investigate how BG affects the shrinkage
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and mechanical properties of the hydrogels. In the second method, BG and AW glass-ceramic
scaffolds synthesized by sponge replication method will be coated with the chitosan hydrogel.
The influence of the coating on the mechanical properties and microstructure of these
composite scaffolds will be examined, as well as their behaviour, in terms of bioactivity and

strength, after immersion in SBF for 2 weeks.

Therefore, Chapter 4 presents the characterization of BG powder. Characterization of
hydrogels with BG powder is shown in Chapter 5. Chapter 6 and 7 present the characterization
of BG scaffolds and AW scaffolds, respectively, coated with the hydrogels. Chapter 8 shows
the results of the mechanical measurements and studies in SBF of BG and AW scaffolds coated
with the hydrogel. Chapter 9 highlights the most important conclusions, together with the

final recommendations and the future work.



Chapter 2 Literature review

2.1 Structure of the human bone

Human bones is comprised of 10-20 wt% collagen type |, 60-70 wt% bone mineral, 9-
20 wt% water and a small amount of other organics (proteins, polysaccharides and lipids) [3,
17, 18]. Bone mineral is based on hydroxyapatite, HA (Ca10(POa4)s(OH)2). HA is substituted
mainly with COs?, and traces of ions such as Mg?*, Na* and Fe?* and it is often referred to as
hydroxycarbonate apatite, HCA. On a macroscale, human long bone is composed of cortical
bone, cancellous bone, periosteum, endosteum and articular cartilage [3]. While cortical bone
is compact, cancellous (trabecular) bone possesses spongy structure. Therefore, cortical bone
is stronger than the cancellous bone. Periosteum is the outer layer of the bone, made of
fibrous connective tissue containing cells and it is important for bone formation. Endosteum
is the inner layer surrounding the marrow cavity, which is important for bone remodelling.
Cartilage is based on collagenous matrix exhibiting toughness and flexibility. Cortical bone is
made of small units-osteons, which consist of concentric layers called lamellae. Collagen fibres
(Figure 2.1) form these lamellae and each fibre contains collagen molecules which are
organized in fibrils. HCA crystals occur at sites between collagen molecules, while as a whole
HCA is a continuous phase in the bone [3]. Cancellous bone has flat lamellae in form of sheets
instead of the cylindrical osteons in cortical bone [19]. Collagen matrix and mineral phase
make the bone a two-phase material, flexible organic phase and strong inorganic phase,

suitable to resist mechanical stress [20].
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and the mineral phase [3]

Epiphysis is the end part of the long bone made of cancellous bone which is covered
with a thin layer of cortical bone (Figure 2.2) [21]. The space in the spongy bone is filled with
red marrow. Diaphysis is the midsection of a long bone surrounding the medullary cavity [21].
While diaphysis has walls composed of cortical bone, the walls of the medullary cavity are
made of the cancellous bone. Figure 2.2 also shows organisation of the osteons and blood
vessels and nerves in the bone. In the centre of each osteon is the Haversian canal that

contains blood vessels and nerves [22].



Long Bone Bone
e Articular cartilage l

Epiphysis |

Ephiphyseal line

Spongy hone

f 7
§ ~— Medullary cavity

Diaphysis ],. [-— Nutrient foramen
k/
k Endosteum
Periosteumn
L/ Articular cartilage Trabecular
Ep:pnysus[: 7 / Periosteum Blood bone
RN 4 vessels
and
nerves

Figure 2.2 Long bone (A) and composition of the bone (B) [22]

There are four types of bone cells: osteoblasts (form the bone matrix), osteocytes
(maintain the bone tissue), osteogenic cells (stem cells) and osteoclasts (resorb the bone) [21].
Osteogenic cells are stem cells that differentiate into osteoblasts. Osteoblasts form the bone
matrix and secrete the collagen matrix, which then mineralizes. When the cells become
incorporated into the bone matrix, they are called osteocytes, which are the most common
type of bone cells. Osteoclasts are important for bone resorption. Bone is constantly formed
by osteoblasts and the old bone is resorbed by osteoclasts-this process is called remodelling

of the bone as a response to external stimuli such as stress and physiological influences.

Most common bone diseases are fracture (loss of bone continuity caused by excess of
stress), osteoporosis (weak bones caused by loss of bone minerals), osteogenesis imperfecta
(brittle bones caused by defects in collagenous matrix), osteomalacia (soft bones due to
deficiency of vitamin D), cancer (causes progressive damage of the bone) and osteomyelitis

(infection caused by bacteria) [23].
2.2 Scaffolds and their properties

One way to employ synthetic materials is to design them into scaffolds. Bone scaffold
materials are porous and degradable structures that should provide mechanical support to
bone defects, and allow cells to proliferate and differentiate [24, 25]. Because of the
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aforementioned bone diseases, synthetic bone scaffolds have been developed in order to

assist bone healing. The advantage of using scaffolds is that they have a porous structure

similar to natural bone tissue and they support bone growth while degrading over time. In

order to be successful, bone scaffolds must fulfil numerous requirements:

1)

2)

3)

Biocompatibility — this essential property for biomaterials is defined as the ability of a
material to support normal cellular activity without causing local or systemic damage
to the surrounding living tissue [24]. Ideally, the scaffold should also be
osteoconductive (allow bone growth on its surface and in the pores) and
osteoinductive (stimulate non-differentiated cells to develop into bone-forming cells)
[4, 5, 24, 26]. The porous structure of the scaffolds should allow formation of new
blood vessels [4, 24].

Bioactivity — this represents the ability of the scaffold’s surface to form an apatite layer
(bone-like layer of hydroxyapatite) through which the scaffold will bond to the native
bone tissue when implanted into the body. A test method first developed by Kokubo
for bioactive glass ceramics employs a simulated body fluid (SBF) which has a
composition similar to human blood plasma [27]. This test can be used to detect
apatite formation on the surface of a material and predict apatite formation in vivo
(ISO 23317:2014). The mechanism of hydroxyapatite formation and formation of the
bone tissue will be further explained in Section 2.4.1.

Mechanical properties — it is important that the mechanical properties of the synthetic
material match those of the surrounding tissue, along with the load transfer between
the implant and the tissue [4, 5, 24]. Properties of cancellous and cortical bone are
given in Table 2.1. Load-bearing materials should have mechanical properties within
the range of properties of cortical bone (low load-bearing materials exhibit mechanical
properties near the lower limit of cortical bone and high load-bearing materials close

to the upper limit of the cortical bone range) [28].



Table 2.1: Mechanical properties of cancellous and cortical bone and synthetic scaffolds [5,

24, 29-32]
PLGA/45S5 Chitosan/
Cancellous Cortical Chitosan/
Property Bioglass! bioglass 5852
bone bone AW scaffold
scaffold scaffold
Compressive 100-200
2-20 MPa 0.42 MPa 7.68 MPa 3.11 MPa
strength MPa
Compressive
0.1-2 GPa 15-20 GPa 51 MPa 0.46 GPa Not reported
modulus
90-130
Tensile strength 10-20 MPa Not reported 3.11 MPa Not reported
MPa
Young’s
0.1-4.5 GPa 17-24 GPa  Not reported 0.196 GPa Not reported
modulus
Fracture 0.1-0.8 2-12
Not reported  0.24 MPa m*?>  Not reported
toughness MPa m*/?2 MPa m*/2

! see Section 2.4.1 for composition of Bioglass 4555
2 bioglass 58S (58 SiO2, 33 Ca0 and 9 P20s in wt%)
3 apatite-wollastonite

So far, synthetic scaffolds are not yet achieving the higher end of the desired
properties, which is why their applications have been limited to low load-bearing conditions
such as bone fillers and maxillofacial reconstructive procedures [5].

4) Porosity and pore size - scaffolds with pore sizes of 20-1500 um have been reported
for bone tissue engineering [33]. According to in vitro and in vivo studies, scaffolds are
required to possess open interconnected pores with at least 100 um in diameter in
order to enable successful transport of food and oxygen for the cells and to allow
removal of waste products [5, 24, 33-35]. In vivo studies showed that only pores larger
than 100 um enable healthy mineralized bone formation, while smaller size pores (75-
100 um) lead to the formation of unmineralized bone tissue which causes disease and
disorders (e.g. pain, muscle weakness and fracturing of the bone) [35]. At the same
time, when the pores had diameters in the region of 10-75 um, formation of fibrous
(scar) tissue, was reported [35]. Fibrous tissue only connects with the surrounding
tissue but does not possess mechanical and other characteristics of bone tissue, which

can lead to pain, deformity and fracture. Furthermore, several reports suggest that the
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optimum pore size is 200-350 um, and that both micro- and macro-porosity is needed
to enhance bone ingrowth [24, 33, 35]. Although high porosity is beneficial for cells to
proliferate and differentiate, it reduces the mechanical strength of the scaffold [35]. It
is worth noting that healthy cancellous bone has a porosity of 50-90 % with pore sizes
of 300-600 um, and cortical bone has a porosity of 3-12 % with pore sizes of 10-50 um
in diameter [19, 35]. These values, as well as the strength and modulus of the bone,
vary depending on race, age and sex [5, 19, 35, 36]. Vitoss™ (Orthovita), a collagen I/B-
tricalcium phosphate composite scaffold used clinically, has 90 % porosity with pores
ranging from 1 to 900 um which encompasses the range of healthy cancellous bone

[14].

Despite the necessity for macro-porosity, it has been demonstrated that micropores
also play an important role for osteogenesis [37]. The apatite layer, which forms on the surface
of bioactive implants after immersion in a simulated environment or in vivo, is important for
bone growth because it initiates cell adhesion, proliferation and differentiation [38]. This
apatite layer can also serve as a conductor for bone growth [38]. Since micropores (<20 um)
enlarge the specific surface area, it is easier for the apatite layer to be formed (due to faster
ion exchange), and it is easier for proteins to attach to the surface of the material, leading to
enhanced cell activity [34, 37]. It is worth reiterating that macro-porosity has a bigger role in
affecting the mechanical properties of scaffolds than microporosity [34]. The reason for this is
that structures with large pores are only connected via necks/bridges which offer weaker
support than denser structures. For example, in 4555 Bioglass scaffolds with 60 % porosity,
reducing the pore size from 700 um to 400 um increased compressive strength from 3.5 to

6.7 MPa [39].

The geometry of the pores present in the scaffold is shown to dictate the pattern of
bone formation: discontinuous pattern of bone ingrowth with formation of bone islands
throughout the scaffold was found in scaffolds containing controlled, network-structured
pores, while continuous pattern of bone growth from the margins of the defect was seen in
scaffolds with randomly distributed pores. It was concluded that discontinuous bone ingrowth
tends to result in faster filling of the scaffold when compared to continuous growth; however,

the overall amount of bone formation remained unaffected [40]. Furthermore, when the
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samples contained microporous walls, as well as a systematic, organized architecture, both

types of bone ingrowth were detected (continuous and discontinuous). These findings suggest

that by controlling the pore size of scaffolds, and most importantly pore architecture, it is

possible to direct the pattern, discontinuous or continuous, as well as time of bone growth

[40].

5)

6)

Biodegradability - scaffolds are expected to degrade over time to make room for the
new tissue to grow. After implantation, scaffolds should have a similar strength to the
host tissue and degrade over time with a controlled rate, depending on the application
[4, 5, 24]. Reported degradation times vary from 3 to 6 months for scaffolds used in
cranio-maxillofacial (skull, face, jaws, mouth) procedures to approximately 9 months
or more for those used in spinal fusion [24]. For example, RegenOss® (JRI
Orthopaedics), a clinically used collagen I/hydroxyapatite scaffold, degrades between
6 and 12 months after implantation [14]. Ideally, products formed by degradation of
the implanted material should be non-toxic.

Porosity and degradation rate interplay — these two factors need to be tuned, that is if
the degradation rate of the material is high, initial porosity needs to be low otherwise
the scaffold resorbs too fast disabling the mechanical support and affecting the growth
of the new tissue [35]. Conversely, materials that degrade at a low rate can be highly
porous to bring the degradation rate to an optimal level [35]. Additionally, higher
specific surface area accelerates the degradation rate. The general consensus
regarding the porosity needed for scaffold application is that high porosity (over 80 %)
and bigger pores (>300 um) favour new bone ingrowth, while mechanical strength

dictates the limits of porosity and pore size [35, 41].

2.3 Materials for creating scaffolds

Scaffolds made of metals, ceramics, polymers and combinations of these materials

have been studied, and some have been used for clinical applications, such as blood vessels,

drug and biomolecules delivery, cartilage, bone, and dental regeneration [5, 8, 10, 13-16, 24,

25, 42-52].
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2.3.1 Metallic scaffolds

Most commonly clinically used metallic scaffolds for bone tissue regeneration are
titanium (ASTM F67) and titanium alloys Ti-6Al-4V (ASTM F136), stainless steel 316L (ASTM
F138) and cobalt-based alloys (ASTM F75 and ASTM F799) [53]. Metallic scaffolds made of
tantalum, titanium and titanium alloys, magnesium and nickel-titanium alloy have been widely
employed in preclinical and clinical bone tissue applications. Some of them have been used
for maxillofacial surgeries (nickel-titanium alloy, Nitinol), joint implants (titanium-aluminium-
vanadium alloys) and spine fusion surgeries (titanium) for years. Although metallic scaffolds
are suggested to have mechanical properties, such as strength and ductility, suitable for high
load-bearing applications, traditional scaffolds such as stainless steel and titanium and
titanium alloys lack of biocompatibility, bioactivity, biodegradability and integration with the
bone, and the resorption of the tissue around the implant occurs [7, 53, 54]. It should be noted
that even though ideal scaffolds are considered as porous materials that degrade over time
while having desirable mechanical properties and bioactivity, as mentioned earlier in this
section, it is difficult to achieve all the requirements for ideal scaffolds. For example, metallic
scaffolds exhibit good mechanical properties but lack of biodegradability, while ceramic and
polymer scaffolds are degradable but have low mechanical properties, as it will be later
discussed. For these reasons, biodegradable metals (pure and their alloys) have been studied,
such as iron, magnesium and zinc [55-57]. Iron and iron-based scaffolds have been reported
to have a degradation rate too slow for applications in degradable implants [58]. Another
problem with metallic scaffolds is leaching of toxic ions due to corrosion or wear, which causes
inflammation or allergic reactions, as in case of magnesium scaffolds, limiting them to
preclinical studies [53]. Furthermore, magnesium scaffolds corrode too quickly failing to offer
mechanical support to the bone to grow [58, 59]. In order to tackle these problems, the
surface modification can be performed using polymers (such as collagen), growth factors and
cells [53]. Titanium scaffolds in combination with ceramics (hydroxyapatite, tricalcium
phosphate, TCP and calcium phosphate, CaP), polymers (collagen), cells and bone grafts have
been under clinical studies [53]. Magnesium-based alloy, Mg-227n-2Gd, have been developed
in order to control degradation and enhance biocompatibility [59]. The advantage of using the
magnesium-based alloy is slower and controlled degradation rate, which is important in order
to avoid rapid loss of mechanical properties leading to implant failure and toxicity.
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2.3.2 Ceramic and polymer scaffolds, and their combination to fabricate composite scaffolds

Ceramic scaffolds applied in clinics for small bone defects are mostly based on
hydroxyapatite and calcium phosphate [60]. Some of the widely used products include
ProOsteon® (HA and calcium carbonate), Neobone® (HA), Ceraform® (B-TCP and HA) [61].
They exhibit high compression strength, biocompatibility, bioactivity and biodegradability but
also brittleness, which is why their application is limited to non- and low-load bearing defects.
Commercially available polymer scaffolds are mostly made of poly(L-lactic acid) (PLLA),
poly(lactide-co-glycolic acid) (PLGA), polycyanoacrylate (PCA), lysine diisocyanate-based
polyurethane, polyanhydride and collagen, but they have only been used for applications such
as soft tissue, drug delivery and wound healing [62]. Polymeric scaffolds can be biocompatible,
biodegradable and ductile, however, their mechanical properties are mostly too weak, limiting
their use in bone tissue engineering. Also, upon degradation they can leach toxic by-products
and sterilization that is required prior to in vivo use can affect their properties [7]. Sterilization
methods, such as autoclaving and gamma irradiation, can affect the structure of polymers or
in some cases, such as UV irradiation, are not efficient enough [63]. Although having many
desirable properties, ceramic scaffolds are strong but brittle, while polymer scaffolds are
mostly ductile and mechanically weak [5, 8, 10, 16, 24]. Ceramics and bioglasses, in
combination with polymers have been developed with the aim of producing a composite
biomaterial which will overcome the drawbacks of the individual materials, while resembling
natural bone structure consisting of both inorganic and organic components [4, 5]. Yet,
fulfilling all the requirements for an ideal scaffold, including high porosity, biocompatibility,
biodegradability and suitable mechanical properties, while maintaining all the other

parameters remains a challenge [24].

A number of studies have reported in vivo testing of polymer/ceramic composite
scaffolds designed for haemostasis (to stop bleeding), blood vessels, the delivery of drugs and
biomolecules, and cartilage and bone regeneration applications [5, 13, 51, 52, 64-74]. Some
of the materials for osteochondral regeneration with a multi-layered type of structure are
commercially available. They consist of a combination of polymers (to mimic cartilage) and
ceramics (to mimic bone tissue). ChondroMimetic™ is a composite based on type | collagen,

chondroitin-6-sulfate, and calcium phosphate. TruFit™ consists of poly(lactic-co-glycolic acid)
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(PLGA) and poly(glycolic acid) (PGA) fibers, and calcium sulphate. MaioRegen® is made of
three layers: type | collagen, a mixture of type | collagen and hydroxyapatite (60:40 wt%
respectively) and a mixture of type | collagen and hydroxyapatite (30:70 wt% respectively)
[13]. The use of the natural polymer collagen (in ChondroMimetic™) was shown to have
advantages over PLGA (in TruFit™). ChondroMimetic™ had better scores (according to
Seller’s scoring system for cartilage repair), rapid cell infiltration and bone matrix formation
within the implanted materials, while TruFit™ had more bone defects in the form of cysts
(bone cavities filled with fluid) [75]. The degradation of natural polymers is enzymatic with
peptide and saccharide fragments being the products of degradation of collagen, which do
not affect the local pH, as they are naturally found in cartilage. On the other hand, degradation
of PLGA leads to formation of acid oligomers (of lactic and glycolic acids) which have a
detrimental effect on cells and apatite precipitates leading to bone cysts. This was shown to
induce a lack of integrity of the PLGA-materials with native tissue. Clinical reports of the multi-
layered type of materials are contradictory and vary according to the study conducted [76-
78]. Some studies reported good follow-up and success in patients, as some patients were
able to return to sport activities, experiencing a relief of symptoms; magnetic resonance
imaging (MRI) showed complete filling of the defect and integration of the graft [77, 78]. For
example, an Olympic fencer was able to compete 17 months after the implantation surgery
[79]. However, the literature also reports a high rate of failure (formation of fibrous tissue and
need for reoperation) when the same materials were used in other patients [76, 77]. The
opposing outcomes are dependent on the age and previous activity levels of the patient as

well as the different defect sites treated.

Some commercially available composite scaffolds for bone tissue applications shown
in Table 2.2 [5, 14, 80]. Lerner et al. [81] reported that Vitoss (Orthovita), a scaffold of B-
tricalcium phosphate and type | collagen, has similar results to autografts in scoliosis surgery.
Radiographs showed complete and continuous fusion of the bone in both cases, while the
4/20 patients who received autographs suffered from donor site pain. One of the most
successful commercially available bone graft products in the USA is Healos (DePuy
Orthopaedics) which is a scaffold made of a matrix of cross-linked collagen fibres coated with
hydroxyapatite [15]. Healos gives similar clinical results to autographs while avoiding donor
site complications and requires less time for preparation, making it a successful implant [82].
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One big drawback of most of the commercially available polymer/ceramic composite scaffolds
is the use collagen, which can cause allergic reactions with some patients (although not
common) and transmit pathogens because the collagen comes mainly from porcine and

bovine sources [5, 83].

16



Table 2.2: Commercially available natural polymer/ceramic composite scaffolds [5, 14, 80]

Product

Collagraft® (Zimmer)

Collapat® Il (BioMet
Inc.)

FormaGraft®
(Maxigen Biotech
Inc.)

Integra Mozaik™
(Integra
OrthoBiologics)

CopiOs® (Zimmer)

Biostite® (Vebas)

Bio-Oss Collagen®
(Geistlich
Biomaterials)

TricOs T® (Baxter)

RegenOss® (JRI
Orthopaedics)

NanOss® Bioactive
3D (Pioneer surgical)

Vitoss™ (Orthovita)

Healos® (DePuy
Orthopaedics)

Composition and structure

Collagen | fibres and
hydroxyapatite/tricalcium
phosphate porous granules

Collagen | and
hydroxyapatite
(hydroxyapatite granules
dispersed in collagen
structure)

Collagen | and
hydroxyapatite/B-tricalcium
phosphate granules

Collagen | and B-tricalcium
phosphate

Collagen | and calcium
phosphate

Collagen I/chondroitin-6-
sulfate and hydroxyapatite

Porcine collagen and
hydroxyapatite granules

Fibrin and
hydroxyapatite/B-tricalcium
phosphate granules
Collagen | fibres and Mg-
enriched hydroxyapatite
nano-crystals
Collagen and nano
hydroxyapatite granules
Collagen | and B-tricalcium
phosphate
Matrix of cross-linked
collagen fibres coated with
hydroxyapatite
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Recommended use

Acute long bone fractures and
traumatic osseous defects

Aseptic enclosed metaphyseal
bone defects

Bone void filler

Bone void filler

Bone void filler

Filling of periodontal defects,
pre-prosthetic osseous
reconstruction, maxillo-facial
reconstructive surgery

Filling of periodontal defects,
alveolar ridge

Bone void filler
Long bone fractures, revision hip

arthroplasty to fill acetabular
defects and spinal fusion

Bone void filler

Spinal and trauma surgery

Spinal surgery



Even though products such as Healos and Vitoss have shown radiological and clinical
results comparable to autografts, there are still some issues to be resolved such as the use of
collagen and insufficient mechanical properties for high load-bearing applications [5, 14, 82,
84]. The reason for low mechanical properties of all commercially available composite
scaffolds is considered to be a weak bonding between the inorganic and the organic phases
leading to insufficient mechanical integrity of the implant limiting them to low load-bearing

applications, which will be further discussed in Section 2.6.2.

This chapter will further focus on combination of ceramic and polymer materials to
fabricate composite scaffolds intended for bone tissue regeneration, with a closer look of
alternative options for ceramic (bioglasses and glass-ceramics) and polymer (including natural

polymer chitosan) parts to be used.

2.4 Bioglass 4S5S5 and apatite-wollastonite glass-ceramic as a ceramic part of the composite

scaffold
2.4.1 Structure and bioactivity of bioglasses and glass-ceramics

Ceramics, glass-ceramics and bioglasses are of interest for tissue engineering
applications on their own but also as a way to improve polymer properties (in particular
bioactivity and mechanical strength) via the formation of composites which would suit
biomedical applications. The first bioglass (45S5 Bioglass, BG, with the composition: 45.0 SiO,,
24.5 Ca0, 24.5 Na,0, and 6.0 P,0s in wt%) was discovered by Larry Hench in 1969, and it was
the first material which formed a good bond with bone [4]. 45S5 Bioglass has shown excellent
biocompatibility and bioactivity in vivo, as a layer of hydroxyapatite is formed on its surface
[4]. 45S5 Bioglass also stimulates new bone formation with superior osteoinductive properties
compared to hydroxyapatite and promotes angiogenesis (formation of blood vessels) [25, 85,
86]. Dense 45S5 Bioglass is reported to have a compressive strength of 500 MPa, tensile

strength 42 MPa, Young’s modulus 35 GPa and fracture toughness of 0.7-1.1 MPa m%2[30].

Glasses are defined as non-crystalline (amorphous) solids that exhibit a glass transition
upon heating [87]. In silicate glasses, the silicate network consists of SiO4 tetrahedra which are
connected via an oxygen atom (bridging oxygen) on the corners, forming Si-O-Si bonds [87].

The order and linking of the tetrahedra differs in silicate glasses compared to silicate ceramics

18



(Figure 2.3). While the tetrahedra in crystalline ceramics form an ordered structure, the

silicate network within the glass is chaotic and has only short-range periodicity.
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Figure 2.3: Structure of crystalline (left) and amorphous silicate (right) [88]

Addition of ions, such as sodium and calcium in form of their oxides, disrupt the Si-O-
Si bonds [87]. Oxygen atoms take the place at the corner of the tetrahedra (non-bridging
oxygen), while the cations occupy the interstices (empty space of the network) (Figure 2.4).
The cations that modify the silica network are called network modifiers, for example ions such
as Na*, K*, Ca?*, BaZ*. Cations such as Si*, B3* and P3*, are called network formers.
Intermediate cations, such as AlI3*, Mg?* and Zn?*, can help the formation of glass network but
also disrupt it as modifiers, and they cannot form the glass network on their own. Therefore,
glasses with high content of network modifiers have highly disrupted network with more
mobile structural units, which further affects properties such as viscosity, melting point and
solubility. On the other hand, ions such as AI** can take the place of Si** and increase

connectivity of the network.
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Figure 2.4: Silicate glass structure [89]

In the laboratory glasses can be mainly synthesised by two methods: melt-quenching
and sol-gel [4, 87]. Melt-quenching includes mixing and melting the reagents at high
temperatures (above 1300 °C) and quenching of the glass mixture in water (obtaining frits) or
in metal moulds (obtaining glass monoliths). Sol-gel process involves a precursor, typically
thetraethyl orthosilicate (Si(OC;Hs), TEQS), which forms a gel at room temperature through
hydrolysis (formation of Si-OH) and condensation (to obtain Si-O-Si bonds). The gel comprised
of Si-O-Si bonds is further dried at around 600 °C to make a glass. It should be noted that melt-
guenched glasses are dense, while sol-gel glasses are porous and have a higher surface area
[69]. Furthermore, sol-gel glasses also have a high amount of remaining Si-OH groups in their
structure which reduce connectivity [87]. All of these make sol-gel glasses more soluble and
bioactive. Therefore, they do not require a high amount of modifiers and can have a high
content of silica, up to 90 mol%, and still exhibit bioactivity, while melt-quenched glasses are
limited to 60 mol% [4, 87]. However, the disadvantage of sol-gel process is that cracking of the
glass occurs due to evaporation of by-products during condensation step and/or shrinkage
during drying, making it difficult to obtain glass monoliths [4].
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Formation of HCA layer on the bioglass surface in vivo or in vitro in SBF proceeds in five
steps (Figure 2.5) [4, 90-92]:
i. lon exchange between cations present in the bioglass and H* from solution and

formation of silanol groups (Si-OH); the pH increases (due to H* consumption)

ii.  Breaking of Si-O-Si bonds by OH™ and formation of soluble Si(OH)4 (silicic acid) and Si-
OH on the surface

iii.  Condensation of Si-OH on the surface and formation of a silica gel layer

iv.  Migration of Ca?* and PO4* from both the glass network through silica layer and from
the SBF solution and formation of amorphous calcium phosphate, ACP, layer on the
silica layer

v.  Incorporation of OH and COs? in ACP layer and crystallization to form HCA

The reason that HCA layer forms on bioglasses, and not on regular glasses used for
windows and bottles, which have >70 % silica content, is lower content of silica, high CaO/P,0s
ratio and high content of Na;O and CaO (glass modifiers) [90]. There is a relation between
connectivity within the silica network and bioactivity. In case of melt-derived bioglasses, low
content of silica and addition of network modifiers, such as sodium ions, decrease connectivity
and enable dissolution, increasing bioactivity. On the other hand, ions such as Al** and Ti** can
reduce dissolution and decrease bioactivity. As aforementioned, sol-gel derived bioglasses
with high content of silica can be bioactive due to porosity and Si-OH groups which decrease

connectivity and increase dissolution and ion release [87].
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Figure 2.5: Formation of hydroxycarbonate apatite (HCA) layer on the surface of bioglass [93]

In vivo formation of HCA on the surface of bioglass is followed by adsorption of growth
factors, and attachment, proliferation and differentiation of osteoprogenitor cells, which form
osteoblasts (Figure 2.6) [90, 92]. Osteoblasts (bone-forming cells) secrete the collagenous
extracellular matrix (ECM) and control the mineralisation of the organic matrix to form a bone
[92]. Bioglass continues to degrade, while the bone tissue grows. It is believed that silicon is
released during degradation in the form of silicic acid, Si(OH)4, and excreted out through urine

[90].
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Figure 2.6: Formation of HA layer on the surface of Bioglass 4555, adhesion of bone-forming

cells and mineralisation of collagenous matrix [94]

45S5 Bioglass was then followed by the development of other bioglass and bioglass-
ceramic materials, such as 13-93 and apatite-wollastonite (A-W) glass-ceramic (Table 2.3) [4].
All bioglasses and bioglass-ceramics shown in Table 2.3 form a bond with bone, but the length
of the bonding process, strength and thickness of the formed bond, as well as the mechanism
of bond formation vary among different compositions, which in turn defines their application
[95]. By modifying the composition, bioglasses can be designed to degrade at a controlled rate
that matches the development of new bone tissue, without any toxic effects [29]. According
to M. Pilia et al. [96] commonly used bulk bioglasses have compressive strength of 800-
1200 MPa, Young’s modulus of 40-140 GPa and fracture toughness of around 2 MPa m?¥2.
Furthermore, because many bioglasses have proven to have considerable antibacterial
properties caused by cation leaching and a consequent rise in pH, they are particularly useful
in clinical applications [4, 97-101]. For example, 45S5 Bioglass has been shown to kill
Enterococcus Faecalis which is associated with failed root canal treatment while S53P4 has
been shown to kill pathogens associated with enamel caries, root caries and periodontitis [4,

97-101].

Apatite- wollastonite (AW) glass-ceramic developed by Kokubo et al. in 1982 (4.6 MgO,
44.7 Ca0, 34.0 Si0,, 16.2 P,0s, 0.5 CaF; in wt%) is composed of apatite (Ca10(P04)s(0O,F2)) and

wollastonite (CaSiOs) crystalline phases in a glass matrix (MgO-Ca0-SiO;) [102-106]. It is
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reported that the wollastonite phase makes the AW materials mechanically stronger than
other glasses and bioglass-ceramics, including Bioglass 45S5 [107, 108]. Formation of an
apatite layer on the surface of AW glass-ceramic, as well as subsequent attachment of cells
and bone growth, occur similarly as for bioglasses, described previously [109]. In vivo studies
showed that AW implants had a good integration with the bone, with bending and
compressive strength of 157 MPa and 1 GPa, respectively [105]. One of the most successful
bioglass-ceramic implants is Cerabone® (AW), with 50 000 successful bone implants by 2009
[105]. Cerabone® is reported to have tensile strength of 215 MPa, Young’s modulus of 120 GPa
and toughness of 2 MPa m¥2 [105, 110]. One of the issues with AW is lack of biodegradability
[105].

2.4.2 Bioglass and glass-ceramic scaffolds

Bioactive glass and glass-ceramic scaffolds can be created by different methods, such
as powder sintering, sol-gel process and 3D printing [4]. During the sintering of the particles,
templates such as porogens, foaming agents or polyurethane foams are removed leaving a
porous structure. Sintering or densification is a process of bonding the particles upon heating
and it is driven by the tendency to lower the surface area. The sintering process involves three
stages (Figure 2.7) [111]. The first stage starts with formation of ‘necks’ between the particles.
In the intermediate stage, the pore volume decreases while the pores stay interconnected. In
this intermediate step, most significant densification occurs. In the final stage the pores
become isolated, grains grow and the pores close. Consequently, during sintering, the

particles coalesce, the porosity is reduced and the material shrinks.

A ko
Loose Powder Initial Stage Intermediate Stage Final Stage

Figure 2.7: Sintering stages [112]

It should be noted that if the sintering temperature is increased above the

crystallization point of the glass, the crystallization will occur. Crystallization decreases
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solubility and therefore bioactivity, while partial crystallization can compromise the
mechanical properties as amorphous parts are preferentially dissolved according to Jones [4].
However, it was also reported that crystallization of scaffolds improves the mechanical

properties [113].

Bioactive glass and glass-ceramic scaffolds have a number of excellent properties such
as biocompatibility, bioactivity, degradability over time, and interconnected porosity suitable
for bone ingrowth [4, 114, 115]. They can also be produced to have similar compressive
strength to that of cancellous bone. For example, scaffolds made from 13-93 bioglass have
been reported to have a compressive strength of 11 MPa, and an elastic modulus of 3 GPa
(85 % porosity with pore size of 100-500 um) [30]. Generally, the literature shows that the
compressive strength for bioglass scaffolds is in the range of 0.2-150 MPa (porosity 30-95 %)
and fracture toughness is 0.5-1 MPa m%/2 which is low for load-bearing applications [116].
However, these scaffolds are not appropriate for applications that require flexibility or fatigue
resistance as they are brittle [4]. Nevertheless, since bioglass has higher mechanical strength
than polymers, it has been used in combination with other materials where it serves as
reinforcement, improving the properties of polymers [29]. Additionally, according to Jones [4]
as well as Tajbakhsh and Hajiali [117], bioglasses can slow down the degradation of some
polymers by releasing alkaline ions that reduce the acidic pH produced by polymer
degradation thereby acting as a buffer. The degradation rate is dependent on the percentage
of bioglass in the composite [4, 117]. Likewise, polymer coatings on BG scaffolds were
reported to reduce scaffolds degradation in SBF, maintaining the mechanical properties over
time [118]. It has been suggested that the strong, covalent bond between the polymer and
bioglass produces simultaneous degradation of both phases of the composite maintaining
mechanical integrity of the composite over time (further discussed in Section 2.6.2). However,
it should be mentioned that other studies show that bioglass also increases swelling and

degradation by making the composite more hydrophilic [4].
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Table 2.3: Examples of commercially available bioglass and bioglass-ceramic compositions [95, 119, 120] (composition is given as wt%)
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2.5 Chitosan hydrogel cross-linked with genipin as a polymer part of the composite scaffold

Natural polymers are of interest for tissue engineering as they have superior properties
to synthetic polymers, such as enhanced biocompatibility, as their degradation is controlled
by enzymes, and ability to stimulate cells [121]. A study showed that BG 45S5 scaffolds coated
with natural polymers exhibited higher compressive strength and enhanced bioactivity in
comparison to the scaffolds coated with synthetic polymers, while chitosan outperformed
other natural polymers in this study in terms of compressive strength and bioactivity [118].
The compressive strength around 13 MPa was reported for chitosan-coated BG 45S5 scaffolds,
compared to 2.5 MPa for uncoated BG scaffold. Chitosan possesses a wide range of
characteristics, such as non-toxicity, biocompatibility and biodegradability as well as having
antibacterial properties while avoiding the problems linked to using collagen [29, 122]. As seen
in the Section 2.3.2, collagen is used in most of the commercially available polymer/ceramic
scaffolds for bone tissue regeneration but it shows a problem of pathogen transmission as it

is derived from natural sources, and possible allergic reactions [5, 14, 123].
2.5.1 Chitosan-structure and properties

Chitosan is a natural linear polysaccharide containing amino and hydroxyl groups
(Figure 2.8) [122]. It is derived from chitin (Figure 2.8) by deacetylation, whereas the process
is never complete [122, 124]. Chitin, the second most abundant natural polysaccharide after
cellulose, can be found in the exoskeleton of insects, shrimps, crabs, lobsters and fungi cell
walls [122]. As chitin is a waste material in food industry, production of chitosan is
economically achievable and environmentally beneficial [124]. Figure 2.9 shows the process

of deacetylation of chitin and production of chitosan [124].

27



CH20H

H
I_I' H
OH H
H
H NHCOCH 3
Chitin
CH20H
H

Chitosan

Figure 2.8: Structure of chitin and chitosan [125]

Figure 2.9: Deacetylation of chitin to form chitosan [125]

Chitosan shows a smart behaviour because it shifts from an insoluble to a soluble form
depending on pH of the solvent, while the exact pH depends on the level of deacetylation

(Figure 2.10) [126-128]. At low pH amino groups get protonated and repulsion between
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positively charged chains cause solubility and swelling [126, 127]. This property of chitosan
can be used in drug delivery applications where drug can be released during swelling due to
low pH inside the stomach [126]. On the other hand, at high pH amino groups are
deprotonated and chitosan becomes insoluble [126]. Furthermore, its properties are
dependent on the level of deacetylation and molecular weight which in turn govern its
application [126]. Thus, higher degree of deacetylation makes chitosan more soluble due to
the presence of NH, group that can shift to NHs* while chitosan with lower degree of
deacetylation is more biocompatible [126]. Nevertheless, it should be noted that chitosan can
be unsuitable as blood-contacting material as it can cause thrombosis, aggregation of red

blood cells and haemolysis [129].

[ oH ] [ OH 7
0 QAo

J H  NH,
Low pH <:::> High pH
Soluble Insoluble

Figure 2.10: Solubility of chitosan [128]

Chitosan is biocompatible with almost all tissues in the body [129]. It can be degraded
by enzymes and has a similar structure to that of glycosaminoglycans (GAG), which is a
component of extracellular matrix (ECM) that is important for cell adhesion [29, 129]. During
degradation, chitosan produces a substance with anti-bacterial properties (chito-
oligosaccharides) and the monomeric products (amino sugars) can be metabolized or excreted
from the body [129, 130]. Chitosan has also shown osteoconductive ability, as well as the

ability to induce neovascularisation but it shows very little osteoinductivity [122, 129].
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2.5.2 Chitosan hydrogels

Chitosan can be easily produced in many different forms: films, fibres, scaffolds, beads,
particles, gels and solutions [25, 122]. Hydrogels are 3D polymer networks which have affinity
for water absorption due to the presence of hydrophilic groups. When in aqueous
environment, water infiltrate the hydrogel network and causes swelling, while bonds present
in the network stop its dissolution [131-133]. Hydrogels can be composed of natural or
synthetic polymeric network [133]. Hydrogels are of an interest in medical application because
of their good properties, such as resemblance with human tissue and extracellular matrix.
Therefore, they can be applied for tissue repair, as well as drug delivery vehicles [131, 133].
Chitosan hydrogels can be formed with or without the presence of additives. Chitosan NH3*
groups can be neutralized using a base, which hinders the repulsion between chitosan chains.
It should be noted that additives are added to neutralize the charge but do not participate in
the formation of the hydrogel network. Here, hydrogen bonds, hydrophobic interaction and
crystalline regions entangle the polymer chains which leads to the formation of the hydrogel

(Figure 2.11) [131].

-H bonds
-Hydrophobic interactions
-Crystalline regions

Figure 2.11: Formation of chitosan hydrogel not containing additives [134]

Chitosan hydrogels can form with a presence of additives, when polymer chains are
bound via non-covalent, coordination complex and covalent cross-linking (Figure 2.12) [131,
133, 134]. Figure 2.12 a shows that anions, polyanions or anionic polysaccharides form
electrostatic bonds with chitosan NHs* groups. In addition to electrostatic bonds, hydrogen
bonding, hydrophobicinteractions and crystalline regions can occur, although they are weaker

than the electrostatic interactions [131]. The addition of another polymer, for example

30



polyvinyl alcohol (PVA), can form crystalline regions between the chains, which serve as cross-
links (similarly as in Figure 2.11) [131, 134]. Another group of non-covalently bound hydrogels
are thermosensitive hydrogels, which form a gel from a solution at elevated temperatures
caused by hydrophilic-hydrophobic transformation [131, 135]. For example, glycerol
phosphate disodium salt (GP) neutralises NH3* groups of chitosan, which hinders repulsion
and leads to hydrogen bonds and hydrophobic interactions between chitosan chains at higher
temperatures (37 °C). At lower temperatures, hydrogen bonding between polymer and water
molecules will lead to hydrophilic interactions and the mixture will stay in a solution. Non-
covalently bound hydrogels have the advantage of being clinically safe as no toxic cross-linkers
are used [131, 132]. On the other hand, the biggest disadvantages that limits their application
are difficulties to control degradation rate and pore sizes, and low mechanical strength [131,
134]. Covalently cross-linked hydrogels can be obtained by using small molecules which form
covalent bonds with chitosan (Figure 2.12 c) [131, 134]. Both amino and hydroxyl groups of
chitosan can be cross-linked. Covalently cross-linked hydrogels are more stable and the
process is irreversible. In conclusion, non-covalent cross-linking methods have the advantage
of non-toxicity but the structure of the hydrogel cannot be well controlled, while covalently
bounded hydrogels have better mechanical properties; however, cross-linking agents are

often toxic.
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Non-covalent cross-linking (a) Coordination complex cross-linking (b) Covalent cross-linking (¢)
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Figure 2.12: Formation of chitosan hydrogel with additives through: a) non-covalent, b)

coordination complex and c) covalent cross-linking [134]

Factors that can affect properties of hydrogels are molecular weight, degree of
crosslinking;-and charges within the polymer (cationic or anionic groups). Higher the molecular
weight, the more cross-links are formed and thus the stiffness, as well as moduli, are also
higher [131]. Also, when exposed to different environmental conditions, such as pH and

temperature, they exhibit swelling and de-swelling behaviour [126, 127, 133].
2.5.2.1 Genipin as a cross-linker

While there are a number of cross-linkers used for chitosan hydrogel preparation that
react with chitosan’s amino groups (glutaraldehyde, formaldehyde, genipin, glyoxal, etc),
these agents induce an increase in toxicity. Genipin is a natural compound that is derived from
Gardenia jasminoides fruits (Figure 2.13) [136-138]. The advantage of genipin over the other
commonly used cross-linkers is significantly lower toxicity (10 000 times less than

glutaraldehyde), being nontoxic at concentrations below 0.5 uM. Genipin-cross-linked
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materials maintain the same degradation rate and mechanical properties as glutaraldexyde
cross-linked materials and, as an added bonus, have an anti-inflammatory effect [127, 131,
138, 139]. Exposure to genipin led to a 5 000 times higher cell proliferation rate compared to

glutaraldehyde. Currently, the significant drawback of using genipin is the high cost [137].

OH OH
H
0
N
H
0 OCH,

Figure 2.13: Genipin structure
2.5.2.2 Cross-linking of chitosan and genipin

The reaction of genipin with chitosan, producing fluorescent blue-coloured gels, is
shown in Figure 2.14 [126, 127, 136, 140, 141]. Genipin can self-polymerise, especially in a
higher pH environment, and form oligomers containing up to 88 genipin molecules between
chitosan chains (Figure 2.15) [142]. The blue colour is attributed to reaction of genipin with
chitosan’s amino groups and self-cross-linking between genipin molecules [143-145]. The
cross-linked hydrogels have different intensities of blue, depending on the degree of cross-
linking [126]. It has been reported that deeper blue colour relates to a mechanically stronger

hydrogel [146].

Systems with alternative single and double bonds, called conjugated double bonds, are
highly fluorescent [147]. Additionally, a lone pair electrons (non-bonding electrons) can be a
part of the system. Red fluorescence emission of the chitosan-genipin hydrogels is attributed
to the conjugation path, made of conjugated double bonds and nitrogen atom lone pair

electrons, shown in Figure 2.14 (Scheme A and B, circled in blue) [148].

Even though it does not have conjugated double bonds, chitosan can fluoresce due to
the presence of NHCOO™ ion which is formed by the reaction of amine and carbon dioxide
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(400 nm excitation-470 nm emission peaks) [149]. Genipin absorbs at 240 nm and it has no
fluorescent properties [150]. Genipin cross-linked chitosan gels have an excitation peak at

around 590 nm and emission peak at 630 nm [136, 140, 151].

Scheme B

Genipin Chitosan
\ oxygen catalyzed

Figure 2.14: Possible genipin/chitosan cross-linking reactions and conjugation path (circled in

blue) adapted from [143]

34



Figure 2.15: Genipin self-polymerization in cross-linked chitosan network [145]

2.5.2.3 Chitosan-genipin hydrogels

As for the effect of genipin concentration to properties of chitosan hydrogels, a study
showed that when increasing the amount of genipin from 0.2 % to 0.8 %, hydrogel network
changes from being loose and porous, to denser and, finally, compact structure [152]. Pore
sizes decreased from being more than 100 um to around 30 um, respectively [152]. Similar
results were obtained in another study, where chitosan hydrogel with lower concentration of
genipin (1.65-3.30 mM) had large interconnected pores, while with higher concentration of
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genipin (3.30-5.50 mM), the honey-comb structure with small pores was achieved [138].
Furthermore, it was reported that higher amount of cross-linking leads to mechanically

stronger and more fluorescent genipin-cross-linked hydrogels [140].

By varying the reaction conditions, such as temperature or pH, the obtained genipin
cross-linked chitosan can express different properties [144]. By increasing the temperature,
denser and more cross-linked chitosan networks can be made [153]. Under variable pH
conditions, different degrees of cross-linking can be obtained which can influence gel
properties such as mechanical properties and the rate of drug release [126, 154, 155]. It was
reported that ~ 96 % of the amino groups form cross-linking with genipin at neutral pH (7.4),
while only ~45 % at pH 9 and ~ 1.4 % at pH 13 due to genipin self-cross-linking at basic pH,
which reduces its ability to cross-link with chitosan ultimately decreasing mechanical
properties [142]. Additionally, ~ 40 % cross-linking occurred at pH 5, due to protonation of
amino groups at acidic pH, which are unable to cross-link with genipin, as only non-protonated
amino groups can react. As mentioned previously, it is important to have the capacity to tailor
porosity and structure of the material in order to gain desirable properties such as
biocompatibility, controlled degradation with a controlled rate and suitable mechanical

properties.
2.5.3 Commercially available chitosan materials

Chitosan-based materials have been used in the clinic for wound dressing applications
due to its ability to help blood clothing [156]. For example, HemCon® is used as a dressing in
dentistry and oral surgery and Axiostat® as a dressing in dental or vascular procedures [157,
158]. Chitohem® in form of chitosan powder is a haemostatic used for oral procedures [158].
Chitosan is also commercially available as a food supplement for digestive health and weight

loss [159].
2.6 Polymer/bioglass and polymer/glass-ceramic scaffolds
2.6.1 Types of polymer/bioglass and polymer/glass-ceramic scaffolds

In order to benefit from the advantageous properties of polymers and bioglasses and

glass-ceramics, there have been a number of successfully designed polymer/bioglass, and
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polymer/glass-ceramic scaffolds. Based on their physical structure (appearance), the

composite scaffolds reported so far can be classified in the following groups:

1) Foam/sponge-like structures (scaffolds) (Figure 2.16). A variety of methods have been
used to develop these scaffolds including freeze-drying, foam replica, phase
separation, particle leaching, dip- and slurry-coating and rapid prototyping [160-164].
Also, a large number of different polymers, both synthetic and natural, as well as
different compositions of bioglasses and apatite-wollastonite glass ceramic have been
used for this type of scaffold in order to obtain different designs [4, 32, 162, 165-178].
In general, scaffolds can be formed in two ways: a) they can consist of a matrix and a
coating, where a polymer foam can be coated with a bioglass slurry or a bioglass
scaffold can be coated with a polymer solution; or b) they can be formed as a monolith

structure from bioglass particles dispersed in polymer solution [29, 161, 163, 164, 179].

Figure 2.16: Example of a foam-like composite material [180]

2) Fibre composites (Figure 2.17). These are most widely synthesised via an
electrospinning method, where materials can be mixed together prior to

electrospinning or polymer fibres can be immersed in a bioglass slurry to coat the
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3)

fibres [68, 69, 181-184]. A high surface area and high porosity make fibre scaffolds
attractive for bone tissue applications, although reported mechanical properties are
usually low or not stated [68, 183, 185]. Polyhydroxybutyrate (PHB)/poly(e-
caprolactone) (PCL)/58S bioglass (60 SiO,, 36 CaO, 4 P,0s in mol%) fibre scaffolds
designed by Ding et al. exhibited a tensile strength of approximately 2 MPa and
Young’s modulus in the region of 67-87 MPa [186]. In another study by Foroughi et al,
PHB/chitosan/45S5 Bioglass scaffolds showed a tensile strength in the region of 3 MPa
and Young’s modulus of 0.2 GPa (see Table 2.1 for comparison) [187].

Figure 2.17: Fibre scaffold [183]

Microsphere scaffolds. Microspheres are mainly composed of polymers, but bioglass
or other ceramics can be added to enhance mechanical strength and bioactivity of the
materials, and control the degradation of the polymer. Microspheres can be fused
together to form a 3D scaffold (Figure 2.18) [188-191]. This can be achieved by heating,
using a solvent (e.g. methylene chloride and acetone), which is a milder method
compared to heating, or via particle agglomeration techniques. This type of composite
scaffold has been used for gene therapy and drug delivery in the antibiotic treatment
of infected bone [188, 190]. Prior to fusing, the spheres are loaded with drugs which
are released gradually over time. While microspheres offer the ability to encapsulate
and release biomolecules and drugs, scaffolds composed of fused microspheres also
possess porosity and mechanical support for loading cells, a useful feature for bone
regeneration applications. This method of producing scaffolds is reported to give

improved mechanical properties similar to cancellous bone [189].
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microspheres scaffold

fusing 3

Figure 2.18: Microsphere scaffolds adapted from [189]

4) Bilayer or multilayer scaffolds. These scaffolds are designed for osteochondral
applications which include both bone and cartilage tissue [13, 192, 193]. They consist
of two or more layers; a bone-like layer (calcium phosphate material, polymer coated
bioglass scaffold, or bioglass/polymer scaffold) and a cartilage layer (polymer
material). The layered structure of the materials follows the natural architecture of a
human osteochondral unit, where the bone-like part is used to support bone
formation, while the cartilage-like part is used for guiding the formation of cartilage.
Some scaffolds have an intermediate layer which serves as a ‘glue’ between the
bioglass and polymer layers, and is usually made from a polymer or a
polymer/hydroxyapatite composite (Figure 2.19) [13, 192]. A promising example was
developed by Boccaccini et al. in which polyamide short fibres were applied as an
external cartilage-like layer, to mimic collagen fibres, on a gelatine coated 45S5

Bioglass scaffold (Figure 2.20) [194].

Chitosan electrospun membrane [

Polymeric intermediate layer

Bioglass®-based substrate | ]
(polymer coated) ]

ey

Figure 2.19: Multilayer composite scaffold made of polyvinyl alcohol (PVA) coated bioglass,
polymeric (chitosan, alginate, gelatine or sucrose) and chitosan layers [192]. In this case,
scaffolds were covered with polymer solution by dipping and the chitosan membrane was

fixed manually
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Figure 2.20: Bilayered gelatine coated 4555 Bioglass scaffold with polyamide short fibres

adapted from [194]

5) Cell-seeded scaffolds. Here, cells are integrated into the composite scaffolds [52, 195,
196]. The presence of cells in engineered materials is found to improve osteogenesis
in vivo so these scaffolds can serve as skeletons for cell incorporation and mechanical
support [13, 197]. 3D printing or other additive manufacturing methods can be used
for scaffold synthesis [195]. Figure 2.21 describes two different approaches for
integrating cells into 3D printed materials. In the first approach cells are added to the
hydrogel solutions (precursor materials) which are used to print 3D scaffolds. The
second approach prints a 3D scaffold and then seeds it with cells [195]. The main issue
with the first approach is the difficulty in designing scaffolds with the exact shape and
mechanical properties that are required, whereas in the second approach, surface
modification is necessary in order for the cells to be attached to the scaffold, which
complicates the fabrication process. Cells can also be seeded onto scaffolds fabricated
via other routes, such as particulate leaching, thermally induced phase separation
(TIPS), and the sponge replica method [52, 64, 196]. Microsphere scaffolds can also be
loaded with cells and/or drugs. [191].

While multi-layered scaffolds (group 4) are appropriate for osteochondral
regeneration, polymer coated sponge-like bioglass scaffolds (group 1 a) and microsphere
scaffolds (group 3) are suggested for use in bone defects as these types of structures give
better mechanical properties than fibre scaffolds (group 2) or polymer sponge scaffolds
with bioglass particles (group 1 b). Additionally, cell-seeding can improve cell attachment

to implanted scaffolds and enhance bone formation.
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Figure 2.21: Cell-seeded scaffolds adapted from [195]
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2.6.2 Development of hybrids with improved bond between the inorganic and organic phases

The lack of high-load bearing applications of the developed polymer/ceramic scaffolds
is due to weak bonding between the organic and inorganic phases in the current scaffolds
allowing the phases to degrade separately at different rates [4, 5]. This causes insufficient
mechanical integrity resulting in inadequate mechanical properties [4]. Ultimately the
scaffolds need better interfacial bonding between the polymer and ceramic phases to improve

the mechanical properties.

It has been shown that microporosity is needed for good adhesion and linkage
between the ceramic and polymer phases, which in turn improves mechanical performance
[198]. Good dispersion of the bioglass particles in the polymer matrix is crucial to avoid
aggregation and the consequent decrease in strength. Hybrid materials have the potential for
a more homogeneous structure as well as the advantage over traditional composites because
the constituents are interacting on a molecular level. A hybrid is defined as a composite of an
inorganic and an organic material, where properties of the hybrid differ from the individual
properties of the two materials because of the interactions between them. Hybrid materials
are classed depending on the types of interactions occurring at the interface. Class | hybrids
have weak bonds such as van der Waals and hydrogen bonds. This can be achieved by sol-gel

synthesis, typically by adding the polymer in the sol phase, for example-after hydrolysis of the
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precursor TEOS [4, 199]. When covalent bonds between polymer and bioglass are present, the
materials are called Class Il hybrids [4, 200]. These materials have the potential for good
bioactivity, improved mechanical properties and controlled and congruent degradation (the
composition remains the same during degradation) [4]. For class Il hybrids, polymer is usually

functionalized with a coupling agent prior its addition to the sol phase [4, 201].

Linkage can be achieved by using certain polymers with functional groups or by
functionalization of the surface of either the bioglass or polymer before the sol-gel process [4,
202-211]. Silanes (glycidoxypropyltrimethoxysilane (GPTMS) and 3-
aminopropyltriethoxysilane (APS)), hexamethylene diisocyanate (HMDI) and polyvinyl alcohol
(PVA) are amongst the compounds used for developing Class | and Class Il hybrid materials
[202-209]. In a poly (L-lactide) (PLLA)/AW scaffold (with bioglass composition 4.6 MgO, 44.7
Ca0, 34.0Si0,, 16.2 P,0s, 0.5 CaF; in wt%), APS was used for functionalisation of the bioglass
[206]. APS can bond to both bioglass and polylactide materials due to the presence of silanol
groups which react with the bioglass, and amine groups which react with the carboxyl groups
of hydrolysed PLLA to form hydrogen bonds. The use of APS to functionalise the bioglass
particles improved the bonding between the PLLA and bioglass particles which resulted in
better incorporation of the bioglass particles into the PLLA matrix leading to enhanced
mechanical properties compared to non-functionalised samples [206]. Improvement of
compressive strength was also observed after APS functionalized BG 45S5 scaffolds were
coated with collagen [212]. In a different study, gelatine was functionalized with GPTMS and
scaffolds with similar compression strength and modulus to cancellous bone were obtained
[204]. Another interesting feature of these Class Il hybrid scaffolds is that the apatite layer
forms throughout the scaffold, whereas in pristine bioglass scaffolds (bioglass containing 75
wt% SiO; and 25 wt% Ca0) it was observed only on the surface [204]. Similarly, carboxylic
groups on gelatine can bond to the epoxy group of GPTMS to form a hybrid, where the silanol
groups of the GPTMS condense with hydrolysed TEQS, which was used as a precursor [211].
The hybrids exhibited compressive strength up to 60 kPa and Young’s modulus up to 1.3 MPa.
Hybrid scaffold was composed of polycaprolactone (PCL) and borophosphosilicate glass,
where GPTMS was used for functionalization of PCL [210]. Although the hybrid scaffold

showed bioactivity in vitro, mechanical properties were not reported.
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Hexamethylene diisocyanate (HMDI) was used to functionalize PLLA to produce
bonded PLLA/bioglass scaffolds (with bioglass composition: 58 Ca0, 29 SiO;, 13 P,0s in wt%)
[205]. Even though the Young’s moduli of PLLA/bioglass scaffolds with or without HD were
similar, higher tensile strength was reported for the scaffold functionalized by diisocyanate

[205].

PVA/bioglass hybrid scaffolds (with bioglass composition: 58 SiO,, 33 Ca0, 9 P,0s in
wt%) were fabricated by the sol-gel method with the addition of a surfactant followed by
ageing and drying [207, 209]. The hydroxyl group of PVA and the hydroxyl group of silanol
groups, originating from the hydrolysis of the silicon precursor tetraethyl orthosilicate (TEOS),
have been shown to react with each other to form covalent bonds (Figure 2.22) [207]. These
PVA/bioglass scaffolds were considered as potential candidates for bone tissue applications,
however, so far, no exceptional properties in comparison to other known polymer/bioglass

scaffolds have been reported [207, 209].

Tallia et al. have reported a novel hybrid 3D printed scaffold for the applications in
cartilage regeneration composed of covalently bonded silica/poly(tetrahydrofuran)/poly(e-
caprolactone) system employing GPTMS to functionalize the organic phase [213]. The hybrid
system, which exhibited transparency, flexibility and self-healing properties was used for
developing a scaffold. The hybrid scaffold demonstrated compressive strength of 1.2 MPa,
which falls in the lower range for human cartilage. Furthermore, the hybrid scaffold stimulates
cartilage matrix formation from chondrocytes (cartilage cells) in vitro. It was suggested that
ingrowth of the new cartilage in vivo and improvement of the 3D printing process could

enhance the mechanical properties of the hybrid scaffold.
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Figure 2.22: a) PVA with a variable hydrolysis degree and b) a hybrid structure [207]

Use of chitosan in  hybrid scaffolds has also been reported.
Glycidoxypropyltrimethoxysilane (GPTMS) was used for the functionalization of chitosan in
order to form covalent bonds with bioglass via sol-gel synthesis with TEOS as a precursor [202].
Compared to chitosan and bioglass composites without GPTMS (Class | hybrids), specimens
that were covalently bound (Class Il hybrids) were less brittle. Figure 2.23 shows the
functionalization of chitosan with GPTMS and formation of a chitosan/bioglass scaffold
through the formation of a glass network, thereby creating the hybrid. GPTMS is used as a

cross-linking agent.
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Figure 2.23: a) Functionalization of chitosan with GPTMS and b) formation of
chitosan/bioglass hybrid scaffolds adapted from [202]

Another way to form a Class Il hybrid involving chitosan is using GPTMS while bioglass
is not added in this procedure (unlike in the method described in Figure 2.23). The cross-links
form by reaction of the epoxy group of GPTMS with the amine group of chitosan. At the same
time, the methoxysilane groups undergo hydrolysis to silanol groups which then condense to
form a siloxane network [203]. These Si-OH groups bring bioactivity to the polymer.

Literature further describes PVA/chitosan/bioglass 60S (bioglass composition: 60.1
SiO2, 17.7 Na;0, 19.6 Ca0 and 2.6 P,0s in mol%) hybrid scaffolds, fabricated with the addition
of glutaraldehyde for cross-linking followed by freeze drying [208]. The untreated scaffolds
showed toxicity, but after treatment with phosphate-buffered saline (PBS) cell viability

increased. The authors did not clarify whether Class | or Class Il hybrid was developed.

In general, some of the hybrids (APS or HMDI functionalised bioglass/PLLA, GPTMS

functionalised chitosan/bioglass, GPTMS functionalised gelatine/bioglass and GPTMS
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functionalised  silica/poly(tetrahydrofuran)/poly(e-caprolactone)) showed improved
mechanical properties in comparison to composites without functionalisation, but they are

still below the high load-bearing region.

2.6.3 Overview of designs of scaffolds made of bioglasses and bioglass-ceramics combined with

natural polymers, including chitosan

There has been a number of examples combining bioglasses and glass-ceramics with
natural polymers, including chitosan (Cht), for developing scaffolds described in the literature,
but the mechanical properties have been reported only in some cases. Table 2.4 summarizes
some of the designs found in the literature together with their mechanical properties.
Furthermore, in some cases cross-linking agents have been added to the polymers in order to
achieve better mechanical stability. It should be noted that only few papers reported the use
of genipin (Gen), which has a potential as a natural cross-linking agent, 10 000 less toxic than
commonly used glutardexyde (GA). Even though some structures showed enhanced
properties after the coating, polymer cross-linking or addition of a cross-linking agent (in case
of hybrid scaffolds), the mechanical properties remained low. It could be observed that the
mechanical properties reported for different materials vary greatly. The main reasons for this
are different methods for the synthesis of composites and diversity of methods for evaluation
of mechanical properties. Additionally, while various mechanical requirements need to be
fulfilled (Table 2.1), it is often the case that one or two parameters for mechanical properties
were measured in order to characterize these materials. Table 2.4 also indicates the main
distinctions between the composites from the sources in the literature and this PhD project,
where BG and AW in combination with chitosan-genipin hydrogels were used. It should be
noted that BG refers only to Bioglass 45S5, while Bg to other compositions of bioglasses. From
the Table 2.4 it can be concluded that the best scaffolds for bone tissue engineering is the
fiber scaffold made of chitosan fibers coated with the Bg 58S slurry reported by Yang et al.
[29] because it not only has best mechanical properties, but it was also tested in both
compressive and tensile modes, unlike other reported composite scaffolds. The composite

scaffold has only been tested in vitro.

According to the Table 2.4, it can be observed that there is a need for standardized

mechanical tests in order to be able to directly compare synthesized materials from different
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studies. Also, some methods, such as needle punching of polymer fibers, 3D printing of glass-
ceramic scaffolds or freeze-drying of polymer mixtures, seem to render better mechanical
properties in comparison to other methods, such as sponge replication method or most hybrid
compositions. It seems that genipin has not been widely explored in the research as a low-
toxicity cross-linker, while the use of AW is also rarely used, even though AW is reported to
be stronger than other glasses and glass-ceramics. Therefore, this PhD project combines the
properties of BG and AW glass-ceramic scaffolds and chitosan-genipin hydrogels. Two
methods for synthesis of inorganic-organic composites are used: 1) addition of BG powder to
the chitosan-based hydrogel and 2) chitosan hydrogel coating of the BG and AW scaffolds.
While BG and AW scaffolds coated with the hydrogel are expected to have higher mechanical
properties, chitosan-genipin hydrogels with BG powder offer the opportunity of injection and

in situ gelation.
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Table 2.4: Mechanical properties of bioglass and bioglass-ceramic/polymer composite scaffolds containing chitosan or other natural polymers (with

and without genipin)

Coating/mixture/ Cross- . . . .
. . s, . Compressive | Compressive Tensile Tensile C
Structure Inorganic Organic cross-linking linker for Distinction Ref
strength modulus strength modulus
agent polymer
AW scaffold AW Cht Cht coating No 3.11 MPa N‘;;&Zi‘s [32]
BG scaffold BG Gelatine Gelatine coating Gen 1.04 MPa No Cht [214]
Separately Gen for
. . gelatine; 639 MPa;
BG scaffold BG gelat{ne and Polymer coating cacl for 734 MPa No Cht [215]
alginate .
alginate
13 MPa;
ly-Cht; ! N -
BG scaffold BG Sepz.arate 4 C K Polymer coating No 8 MPa; 0. cross [118]
gelatine; alginate linker
9 MPa
. N -
BG scaffold BG PCL/Cht PCL/Cht coating No 0.2 MPa i;:;g:s [216]
Bg (80 Si, 15 Cht . No cross-
Bg scaffold Ca, 5in mol%) | (modified")/silk Polymer coating No 0.3 MPa linker [217]
Bg (80 Si, 15 Cht . No cross-
Bg scaffold Ca, 5inmol%) | (modified")/zein Polymer coating No 0.3 MPa linker [218]
. Bg (75 SiOa,
I ffold, B
Gelatine SC? old, Be 25Ca0in Gelatine Bg coating GA 1 MPa No Gen [219]
coating
wt%)
Bg (85 SiO2, e
Bg/Ch Il PVA B | N -
g/Cht/collagen/ 10Ca0,5 | Cht/collagen/pva | D8 Particlesin No 11.49 MPa 214 MPa O €ross | 120]
scaffold . polymer mixture linker
P20s in mol%)
B - B - -
g/Cht/gelatine Bg 585 Gelatine/Cht g particles in GA 2.2 MPa 111 MPa NoGen | [221]
scaffold polymer mixture
B L B i i
g/Cht/PLGA Bg 585 PLGA/Cht g particles in GA 2.6 MPa 24 MPa NoGen | [222]
scaffold polymer mixture
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Coating/mixture/ Cross- . . . .
. . .. . Compressive | Compressive Tensile Tensile C e .
Structure Inorganic Organic cross-linking linker for Distinction Ref
strength modulus strength modulus
agent polymer
Bg (CEL2-
45 Si0y, 3
Bg/Cht/gelatine P20s, 26 CaO, . Bg particles in Different
Cht/gelat G 2.1 MP 171
scaffold 7 MgO, /gelatine polymer mixture en a Bg; [171]
15 Na20, 4
K20 in mol%)
Bg (66 Si, 27 L Zinc
Bg/gelllan/xanthan Ca,7Pin | Gellan/xannthan | D8 Particlesin sulfate 1.91 MPa 20.36 MPa No Gen | [223]
scaffold polymer mixture .
mol%) ions
. Mixing Bg No Cht; no
Bg/alginate/PVA B8 Alginate/PVA precursor with No 1.64 MPa 18 MPa cross- [224]
scaffold (unkonown) . .
polymer mixture linker
. Bg (80 Si, 15 . Bg particles in
Bg/al ffol Al | 1.6 GP MP No Ch 22
g/alginate scaffold Ca, 5 in mol%) ginate polymer CaCl2 6 GPa 6 MPa o Cht [225]
Silica/Cht/alginate |\ ciica Cht/alginate Bg particles in CaCl, 0.59 MPa 8.16 MPa NoGen | [226]
scaffold polymer mixture
B (50 5102, Bg particles in
Bg/Cht scaffold 45Ca0, 5 Cht &p GA 4.69 MPa 120 MPa No Gen | [227]
. polymer
P20s in %)
Bg/Ch lati B icles i N -
g/Cht/gelatine Bg 585 Gelatine/Cht g particles in No 11 MPa O Cross= | 122g]
scaffold polymer mixture linker
Fe-doped BG/Cht BG (doped Bg particles in No cross-
h N MP 22
scaffold with Fe,03)* Cht polymer ° 9 MPa linker [229]
Fiber scaffold BG PHB/Cht BG particles in No 3.42MPa | 210Mmpa | NOCrOss- | [230]
polymer mixture linker
. . . No cross-
Fiber scaffold Bg 58S Cht Bg coating No 7.68 MPa 460 MPa 3.11 MPa 196 MPa linker [29]
. 1-PCL/Cht coating
Multilayered No cross-
B L B ; 2- 1 1
(bilayered) scaffold G PCL/Cht on BG scaffold; No MPa linker [193]

PCL/Cht
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Coating/mixture/ Cross- . . . .
. . .. . Compressive | Compressive Tensile Tensile C e .
Structure Inorganic Organic cross-linking linker for Distinction Ref
strength modulus strength modulus
agent polymer
Mixing Bg Hybrid, no
Hybrid scaffold Bg 58S PVA/Cht precursor with No 0.28 MPa 6.0 MPa cross- [209]
polymer mixture linker
. Mixing Bg' Hybrid, no
Hybrid scaffold Bg 60S PVA/Cht precursor with GA 0.26 MPa 2.2 MPa Gen [208]
polymer mixture
Bg (75 S0y, Mixing usin
Hybrid scaffold 25 Ca0 in Gelatine g Using No 4 MPa 166 MPa Hybrid | [204]
GPTMS
wt%)
/ (from Mixing usin
Hybrid scaffold precursor Cht & & No 0.33 MPa Hybrid [202]
GPTMS
TEOS)
/ (from Mixing usin
Hybrid scaffold precursor Cht g & No 0.2 MPa 8.1 MPa Hybrid [231]
GPTMS
TEOS)
. Mixing using .
#it
Hybrid scaffold / Cht GPTMS No 1.6 GPa Hybrid [232]
Hybrid scaffold Ve Cht Mixing using No 95MPa | 4.8 MPa Hybrid | [233]
GPTMS
Hybrid scaffolds BG Collagen AP.S for. BG. No 0.21 MPa Hybrid [212]
functionalization
Hybrid scaffolds BG SiO2/PTHF/PCL GPTMS No 1.2 MPa Hybrid [213]
/ (from
Hybrid scaffolds precursor Gelatine GPTMS No 60 kPa 1.3 MPa Hybrid [211]
TEOS)

* 0-acrylamidomethyl (NMA)-hydroxypropyltrimethyl ammonium chloride chitosan (HACC); ™ HACC; "**fracture toughness 0.24 MPa m*/?;

#(1- 45 Si0y, 22 Ca0, 22 Naz20, 6 P20s, 5 Fe203 in wt% and 2- 45 SiOz, 19.5 Ca0, 19.5 Naz0, 6 P20s, 10 Fe203 in wt%);

# Glass network produced by hydrolysis and condensation of GPTMS
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Chapter 3 Methodology

3.1 Synthesis of Bioglass 45S5, hydrogels and scaffolds
3.1.1 Materials

All chemicals were purchased from Sigma Aldrich. Bioglass 4555 was made from
calcium carbonate (product code 12010), silicon dioxide (product code 84878), sodium
carbonate (299.5 %, product code 222321) and calcium phosphate (296 %, product code
21218). Hydrogels were synthesised from genipin (298 %, product code G4796), chitosan
(medium molecular weight of 190,000-300,000 gmol?, 80 % deacetylated, product code
448877) and glacial acetic acid (>96 %, product code ARK2183). Poly(vinyl alcohol) (molecular
mass 85,000-124,000 gmol?, 99+ % hydrolized, product code 363146, and molecular mass
13,000-23,000 gmol?, 98 % hydrolized, product code 348406) and polyurethane foams
(60 ppi, pores per inch from, Recticel, Corby, UK and medium density foam, from Efoam,
Bilston, UK) were used for glass-ceramic scaffolds preparation. Simulated body fluid (SBF) was
prepared using sodium chloride (299.5 %, product code S7653), sodium bicarbonate (product
code S5761), potassium chloride (299.5 %, product code 60128), potassium phosphate dibasic
trihydrate (290.0 %, product code P5504), magnesium chloride hexahydrate (product code
M2393), calcium chloride (> 96.0 %, product code C5670), sodium sulphate (290.0%, product
code 238597), tris(hydroxymethyl)aminomethane (TRIS) (299.8 %, product code 252859) and
hydrochloric acid (36.5-38.0 %, product code 258148). All chemicals were used as received.
Apatite-wollastonite (AW) powder was received from Glass Technology Service (GTS) Ltd

(Sheffield, UK) (100 % <50 um).
3.1.2 Synthesis of Bioglass 4555 and apatite-wollastonite glass-ceramic powders

Bioglass 4555 (BG) (45.0 SiO3, 24.5 Ca0, 24.5 Na;0, 6.0 P,0s in wt%) was synthesised
using the melt quench method [4, 234]. The glass reagents for synthesis of 26 g of Bioglass
(Table 3.1) were mixed and shaken for 30 min using a roller mixer (Stuart SRT6). Next, the
mixture was transferred into a platinum crucible and heated from room temperature to
1225°C at 10 °C/min (when the lid was removed from the crucible). The temperature was
further increased at the same rate to 1400°C and the mixture was kept at that temperature

for 30 min. The procedure for preparing Bioglass was previously optimized in Bretcanu’s group
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to suit the equipment and the material used. The mixture was then quenched in water to
make the glass. Carbolite Gero HTF 1800 furnace was used. The glass powder (particle size
below 53 um) was obtained by grinding and sieving. Fritsch Pulverisette 6 was used to grind
the glass at 180 rpm for 3 min per cycle. Three cycles were performed to provide adequate
grinding of the glass. The powder was subsequently sieved using the Auto sieve shaker
(Impact) to obtain particles less than 53 um. The received AW powder (4.6 MgO, 44.7 CaO0,
34.0 Si0O,, 16.2 P,0s, 0.5 CaFz in wt%) was also sieved to ensure that the particle size is below

53 um.

Table 3.1: Glass reagents used to synthesise 26 g of BG 4555

Reagent Amount (g)
Calcium carbonate 8.12
Sodium carbonate 10.95

Silicon dioxide 11.81
Calcium phosphate 3.55
Overall mixture 34.43

3.1.3 Hydrogel synthesis with and without Bioglass

1.5 % w/v (weight by volume) chitosan solution was prepared by dissolving chitosan
powder in 1 % v/v (volume by volume) acetic acid aqueous solution, according to [126, 127,
137]. The solution was stirred with a magnetic stirrer for 24 h in a sealed glass vessel. Genipin
solution (0.5 % w/v) was made by dissolving genipin powder in deionized water followed by
magnetic stirring until dissolved. In order to synthesise hydrogels, 0.9 ml of chitosan and
0.1 ml of genipin solutions were mixed and magnetically stirred for 5-10 min. Table 3.2 shows
hydrogel sample names with the amounts and concentrations of chitosan and genipin
solutions (molar ratio was Cht:Gen=1:40, while the ratio between the number of NH;
groups:Gen molecule was NH,:Gen=36:1). Different molar ratios of Cht:Gen were tested (1:40
as well as 1:60, 1:80, 1:100, 1:120 and 1:160) and the molar ratio 1:40 was selected because
it yielded a stable hydrogel with low amount of the cross-linker. To evaluate the effect addition
of BG has on the hydrogel structure, a range of samples was prepared with the different

amount of BG powder added: 1 mg, 3 mg and 5 mg BG per 1 ml gel (Table 3.2). In case of gels
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with Bioglass, Bioglass powder was added to the chitosan-genipin solution mixture and stirred
for approximately 1 h until solution became homogeneous (assessed by the naked eye).
Sample mixture was transferred to microplate wells (0.5 ml per well) for fluorescence intensity
measurements (Section 3.3) at 37 °C where gelation process was followed in situ over 24 h.
For all other experiments, gelation was performed in polyethylene (PE) vials. 1 ml of sample
mix was transferred to 5 ml PE vials, vials were closed and placed in the oven at 37 °C for 24 h
for gelation to take place. Hydrogels formed in vials were stored in a fridge (~ 5 °C) and
removed from the vials prior to experiments (Sections 3.2, 3.4-3.7). An example of a

synthesised chitosan-genipin hydrogel is shown in Figure 3.1.

Table 3.2: Hydrogels with and without BG powder

Cht volume Cht conc Gen volume Gen conc
Hydrogel BG (mg)

(ml) (mol/ml) (ml) (mol/ml)

Cht-Gen 0

Cht-Gen 1 mg BG 1
0.9 5.5110°% 0.1 2.2110°

Cht-Gen 3 mg BG 3

Cht-Gen 5 mg BG 5

L

Figure 3.1: Synthesized Cht-Gen hydrogels captured in the Petri dish (left) and in the optical

reactor using cameras, setup used as in [235] (right)
3.1.4 Synthesis of Bioglass and apatite-wollastonite scaffolds

BG scaffolds were produced by sponge replica method [167, 214]. Polyurethane (PU)
foams (foam 1- 60 ppi, from Recticel and foam 2- medium density foam, from Efoam) were
cut in cylindrical shapes with the diameter of 11 mm and height of 13 mm. The foams were
coated with a Bioglass slurry. A slurry was made by mixing BG powder (Section 3.1.2), PVA and
deionized water (weight ratio BG:PVA:H,0=30:6:64). PVA added to the slurry was a mixture
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of PVA with molar masses 13,000-23,000 gmol* and 85,000-124,000 gmol* (weight ratio 1:1).
Firstly, 0.6 g of PVA was dissolved in 6.4 g of deionized water and stirred for 1 h at 75 °C.
Following, 3 g of BG powder was added and the mixture was further stirred for 15 min. The

slurry was used to impregnate the PU foams.

Foam 1 was used with the following impregnation process: after the immersion in the
slurry, the excess of the slurry was removed from the foams by gently squeezing in the hands.
This process was repeated one more time. Due to aging of the PU foam 1, PU foam 2 was
purchased. In case of foam 2, the impregnation procedure slightly differed: immersion in the
slurry and squeezing was repeated for 3 times. The 4™ time, after the impregnation in the
slurry, foams were not squeezed (excess of slurry was not removed). In both cases of foam 1
and foam 2, the slurry-coated foams were left to dry for 1.5-2 h, turning them periodically for
even drying. After drying, the heat treatments shown in Table 3.3 were performed to obtain
scaffolds (Figure 3.2). It should be noted that foam 1 was used to obtain BG 1, BG 2 and BG 3
scaffolds using the heat treatments HT 1, HT 2 and HT 3, respectively. Later, in order to get
mechanically stronger scaffolds, the foam 2 was used with the HT 3, chosen as an optimal heat
treatment (according to discussion in the Section 6.1) to obtain BGS scaffold. Carbolite Gero

furnace CFW-B 1200 was used for the heat treatments of BG scaffolds.

Figure 3.2: PU foams coated with the Bioglass slurry (left) and obtained BG scaffolds after the

heat treatment (right)

For synthesis of AWS scaffolds, AW powder (Section 3.1.2) was used in place of BG powder, in

otherwise same procedure as described above. The PU foams 2 were coated with an AW slurry

54



and they were left to dry. The heat treatment used for AWS scaffolds is shown in Table 3.3.
Carbolite Gero furnaces CFW-B 1200 and HTF 1800 were used for the heat treatment for
preparation of AWS scaffolds. The former was used for burning out processes and it had a
maximum temperature 1100 °C. The latter furnace was used for the final step of the heat

treatment as it was stable at higher temperatures.

Table 3.3: Heat treatments for BG and AW scaffolds

Heat
Rate Intermediate
Scaffolds | treatment | PU foam First step Final step
(°C/min) step
(HT)
BG1 HT 1 1 / 1000°C, 2 h
BG 2 HT 2 1 /
BG 3 HT 3 1 800 °C/min, | 1100°C,2h
5 550°C,1h
BGS HT 3 2 2h
900 °C/min,
AWS HT 4 2 1250°C,1h
2h

3.1.5 Coating of Bioglass and apatite-wollastonite scaffolds with the hydrogel

The hydrogel solution was made by adding 0.9 ml of chitosan and 0.1 ml of genipin
solutions as in Section 3.1.3 and mixing for 5-10 min. The BGS or AWS scaffolds prepared by
HT 3 and HT 4, respectively (Table 3.3, Section 3.1.4) were immersed in the hydrogel solutions
for certain amount of time (15 min, 30 min or 1 h) [118, 167]. They were removed from the
hydrogel solution, transferred to clean vials, placed in the oven at 37 °C and left for 24 h for
the hydrogel to polymerize. An AWS scaffold immersed in the hydrogel solution and after
polymerization is shown in Figure 3.3. It was noticed that the coated AWS scaffolds had a dark

blue colour at the end of polymerisation.

Table 3.4 contains hydrogel coated BGS and AWS scaffolds with different times of

immersion in the hydrogel solution.

55



Figure 3.3: AWS scaffold immersed in the hydrogel solution (left) and after
polymerization of the hydrogel coating (right)

Table 3.4: Hydrogel coated BGS and AWS scaffolds

Time of immersion in the
Coated scaffold

hydrogel solution

15 min

Hydrogel coated BGS 30 min

1h

15 min

Hydrogel coated AWS 30 min

1h

3.2 Scanning electron microscopy

Scanning electron microscopy (SEM) has been used to examine the morphology and
the surface of hydrogels and glass-ceramic scaffolds, as well as the particle size of glass and
glass-ceramic powders [104, 167, 236]. Tescan Vega 3 LMU scanning electron microscope with
accelerating voltage of 8 kV and working distance of 6-13 mm was used to observe the
structure of hydrogels with and without BG powder (Table 3.2). Prior to imaging, hydrogels
were frozen in liquid nitrogen and freeze-dried for 48 h using Labconco, FreeZone 1 L freeze-
dryer with the collector temperature of - 50 °C. Samples were then coated with gold, 5-10 nm,
using a Polaron SEM Coating Unit. Hitachi TM3030 Tabletop SEM with accelerating voltage of

15 kV and working distance of 6-13 mm was used to examine the Bioglass and AW powders
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and Bioglass, BG 1, BG 2, BG 3 and BGS scaffolds, and AWS scaffolds (Table 3.3). In case of
hydrogel-coated scaffolds (BGS and AWS hydrogel coated scaffolds with different times of
immersion in the hydrogel solution, Table 3.4), samples were freeze-dried for 12 h prior to
imaging. As SEM can operate at low vacuum, no prior sample preparation (e.g. gold coating)
was needed. Imagel software was used for measuring the size of particles in case of BG and

AW powders or pores in case of hydrogels and scaffolds.
Principles:

SEM uses the property of the material that backscattered and secondary electrons are
emitted from the sample upon exposure to electron beam (primary electrons). When primary
electrons interact with the sample, two types of interactions can occur which are used for
imaging (even though other types of electrons, photons and irradiation occur): elastic
scattering (backscattered electrons) and inelastic scattering (secondary electrons) (Figure 3.4)
[237]. Backscattered electrons (BE) originate from the primary electrons which are elastically
scattered back after interaction with the sample. Since they still contain most of their (high)
energy, they can reach the detector from longer distance from the surface. Secondary
electrons (SE) are emitted (they escape from the sample) in case of inelastic interaction
between the primary electrons and the sample. Secondary electrons have been given a low
energy so they only reach the detector from close to the surface. After an electron is promoted
to higher energy state, the atom is in excited state. When the vacancy is filled, the atom will
go to the relaxation state. The relaxation can happen in three ways: 1) when the vacancy filled
is in the valence band (outer shell) so small energy is given and photon in the visible range is
emitted (cathodoluminescence, CL), 2) when the vacancy in an inner shell is filled (X-ray
emission), and 3) when an electron from the outer shell fills in a vacancy in an inner shell and

the other outer electron escapes the sample (Auger emission).

57



Primary electron Beam
Backscattered electrons BSE

Secondary electrons SE

X-ray photons
Photons of Visible light CL

Auger electrons

Sample surface

Continuum x-rays

Secondary fluorescence

_____

Figure 3.4: Schematic representation of the interaction between the primary beam and the

sample and its effects [238]
Instrumentation:

SEM typically consists of an electron source, condenser and objective lenses, specimen
stage, detectors (Figure 3.5) [237]. It usually operates in high vacuum (other molecules are not
present and they do not interfere with the electron beam and electrons collected from the
sample) to improve the image quality. The source of electron is called electron gun which acts
as a cathode. It can be thermionic (emits electrons by heating a wolfram or LaBe filament) or
field-emission (FEG) (if electrons are emitted by electric field). From the cathode electrons are
accelerated to the anode by an electric field and lenses are used to guide the beam to the
sample. Lenses in SEM are electromagnetic-they consist of coils of wires and electric current
passes through them generating an electromagnetic field. Electrons are sensitive to the
electromagnetic field. Two types of electromagnetic lenses are used. By changing the current
through the coils, electromagnetic field changes which in turn affects the electrons-the size of
the electron beam can be changed (condenser lenses). Objective lenses are used to focus the
beam to the sample. Scanning coils are used for raster scanning -the beam covers a
rectangular area on the sample. After interaction with the sample the detectors catch
backscattered and secondary electrons. The signal from secondary electrons are most widely

used and detected with Everhart-Thornley detector which is a scintillator-photomultiplier
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system placed on the side of the sample. For detection of backscattered electrons, usually

solid state (semiconductor) detector is used.

Electron source

Anode

Condenser lense

Electron beam —p'

Scan coils

Secondary L
electron detector Objective lens
o }  Sample
Figure 3.5: SEM equipment [239]
Sample preparation:

For SEM imaging, it is important that samples are electrically conductive. In case of
non-conductive materials (ceramics or polymers), there can be an aggregation of negative
charge on the surface and the primary electrons will be reflected which in turn will affect the
imaging. A way to avoid surface charging of non-conductive materials is to operate at low
vacuum because the charge will be dissipated by the gas molecules in the chamber. Gas
molecules can collide with the electron beam and produce positive ions, which can react with
the negative ions adsorbed on the surface of the sample and neutralize the charge. It could
be noted that, alternatively, if operating at high vacuum, using a low accelerating voltage (in
the range of 1-5kV) for non-conductive samples can also prevent surface charging.
Alternatively, non-conductive samples need to be coated with a thin layer (around 10 nm) of

a conductive material (usually gold or carbon) [237].
3.3 Fluorescence spectroscopy

It has been reported that fluorescence measurement can be used for measuring the
amount of cross-linking in genipin cross-linked polymers, such as chitosan [136, 140]. In this
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work, a UV-VIS spectrophotometer (BMG LABTECH, FLUOstar Omega Microplate Reader) was
used to measure fluorescence intensity of hydrogels with and without BG powder (Table 3.2).
The spectrophotometer was connected to a PC with BMG LABTECH’s Omega software. Vision
Plate™ 24 microplate was used to hold the samples. Transparent plastic cover was used to
seal the microplate in order to prevent evaporation of the samples and change in
concentration during measurement. The measurement was carried out for 24 h using well
scan mode (one well scan per sample per hour). For each well scan a matrix of 25 x 25 data
points were scanned with 100 flashes per scan point, which were averaged to get a single
value for each scan point, and 0.1 s settling time between scan points, which is time before
the measurement begins after the well comes to the measurement position. For each well, an
average value of all scan points was used for further plotting of the fluorescence intensity
against sample. 24-hour-long FI measurement was performed in order to follow the cross-
linking reaction in the hydrogels. Excitation and emission wavelength were 550 nm and
650 nm, respectively, as these wavelengths were reported as most appropriate for chitosan-
genipin hydrogels according to literature making sure that excitation and emission
wavelengths are well separated to avoid capturing excitation light [136, 140]. Additionally, by
using appropriate wavelengths for excitation and emission, the fluorescence of the cross-
linked gel can be measured without the interference of the individual constituents of the gel.
The excitation energy used for the fluorescence measurement of ~ 217 kJ/mol (according to
wavelength 550 nm) is lower than the energy of the covalent bonds present in the hydrogels,
which allows the stability of the samples during fluorescence measurement [240]. A bottom-—
up measurement was used, where both the excitation source and the detector were located
beneath the microplate. A bottom-up measurement (rather than top-down) was chosen
because it avoids the problems of condensation on the covering foil which affects the
measurement from the top of the sample. The temperature was set at 37 °C to follow the

polymerization of the gels and each well contained 500 pl of the solution/gel.
Principles:

Luminescence is the emission of light by a substance caused by various factors, such
as chemical reaction, electric current, crystallization process, absorption of photons.

Photoluminescence is the emission of light which is caused by absorption of photons
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(electromagnetic radiation). Fluorescence is a type of photoluminescence. Molecules which
are able to give fluorescence are called fluorophores. The process consists of three phases:
excitation, excited state and emission (Figure 3.6). When a photon from an external source
(lamp or laser) is absorbed, an electron from the lowest ground state, So, will be transferred
to higher vibrational levels in the excited state, Si. Following, a relaxation to the lowest
vibrational level of the excited state will occur (internal conversion). The electron will then
return to higher vibrational levels of the ground state, emitting the energy [241, 242].
Considering that some energy is used for the relaxation within the excited state, the energy
emitted from the molecule is lower, having a longer wavelength than that of the original

source.

3 A
Internal
S 2 — .
1 conversion
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Absorption

Fluorescence
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w 3
S, 2 -
1
0

Ground State

Figure 3.6: Jablonski diagram, where Sp and S:1 are ground and excited states, respectively,

and 0-3 are vibrational levels within ground and excited states [243]

Absorption and emission spectra are typically a mirror image as shown in Figure 3.7.
Stokes shift is the difference in position between most intense bands of absorbance and
emission (fluorescence) spectra-this occurs because photon energy of emission is lower than

of the absorption (Figure 3.8) [241].
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Figure 3.7: Example of absorption and emission spectra [241]
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Figure 3.8: Stokes shift [244]
Instrumentation:

Figure 3.9 shows the scheme of a fluorescence measurement. Light from a light source
(xenon flash-lamp) passes through an excitation filter allowing a fixed wavelength to reach the
sample. The photons emitted from the sample go through an emission filter (with fixed
wavelength) and reach the detector (photomultiplier tube, PMT). It should be noted that the
measurement can be taken from the bottom side when both the excitation source and the

detector are located on the bottom side of the sample.
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Figure 3.9: Fluorescence intensity measurement set up
3.4 Fourier transform infrared spectroscopy

In this work, Fourier transform infrared spectroscopy (FTIR) was used to confirm the
presence of characteristic groups and chemical structure of genipin-cross-linked chitosan-
based hydrogels, as well as to evaluate the effect of the addition of BG powder on the
structure of hydrogels [236, 245, 246]. Agilent Technologies, Cary 630 FTIR spectrometer with
diamond attenuated total reflectance (ATR) was used to obtain the FTIR spectra for chitosan
and genipin powders, Bioglass powder and freeze-dried hydrogels with and without BG
powder (Table 3.2) between 4000-650 cm™ in transmittance mode, with 50 scans per sample

and a resolution of 2 cm™.
Principles:

Infrared spectra originates from transitions between vibrational states within
molecules. The machine measures adsorption of infrared radiation which is directed to the
sample, and raw data is transformed to absorption/transmission spectrum over a range of
wavelengths by using Fourier transformations. This method is based on vibrations that occur
in molecules- molecules can only adsorb radiation with frequencies that matches the molecule

vibration and it is unique for every structure [247].
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Instrumentation:

Figure 3.10 shows typical set up of FTIR apparatus (with ATR feature). In a Michelson
interferometer, light from polychromatic infrared source (typically from silicon carbide source
which is heated) passes through the beamsplitter. 50 % of the light passes through to the
moving mirror and 50 % is refracted to the fixed mirror. Light is then reflected from the both
mirrors to the beamsplitter and recombined light passes to the sample area. The beams travel
different path to the fixed and moving mirror and this is called retardation or optical path
difference (OPD). For zero path difference (ZPD) the beams are perfectly in phase and they
recombine constructively (Figure 3.11). If the beams are out of phase they recombine
destructively. Interferogram is obtained by varying the retardation and measuring the signal
at these different retardations. The maximum signal is recorded at constructive interference
and the minimum when destructive interference occurs (intensity of the signal is between

these maximum and minimum as interference is between constructive and destructive) [247].
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: interferometer
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Figure 3.10: FTIR apparatus with ATR [248]
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Figure 3.11: Constructive and destructive interference [249]

In case of attenuated total reflectance ATR-FTIR, samples can be measured directly
without prior preparation, and solid samples are pressed against the crystal (Figure 3.10 and
Figure 3.12). ATR-penetration depth is 1-2 microns and it measures surface rather than bulk.
The light reaches the crystal with the high reflective index. This index need to be higher than
of the sampling material (for most of the crystal is 2-4, and for most polymers 1.2-1.5). The
beam is then reflected to the sample in the form of evanescent wave (wave generated when
light is totally reflected without breaking at the interface) which continues through the
sample. Total internal reflection occurs when reflected angle, © is > than critical, O (Figure
3.13 ¢). The evanescent wave is attenuated (altered) in regions of the infrared spectrum where
sample absorbs the light [250]. The attenuated beam goes back to the crystal and reaches the
detector-most commonly deuterated triglycine sulfate (DTGS). It is a pyroelectric detector
with the ability to generate voltage upon change of temperature. The attenuated beam is
recorded as the interferogram and by using Fourier transform, FTIR (absorbance or

transmittance) spectrum can be obtained [251].

Evanescent wave

Sample

>

Crystal —

Infrared beam (exit)
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Figure 3.12: ATR [252]
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Figure 3.13: a) partial reflection, b) critical angle, and c) total reflection (evanescent wave)

[253]
3.5 Synthesis of SBF

SBF was synthesised using a well-known method first developed by Kokubo [27].
Firstly, 700 ml of deionised water was poured in a plastic beaker and heated to ~ 36.5 °C while
stirring. The reagents 1-8 (Table 3.5) were added one by one, leaving enough time (~ 10 min)
for each reagent to be completely dissolved before adding the next one. When all of the 8
reagents were dissolved, another 200 ml of deionized water was added. The pH and the
temperature was ~ 2.0 and 36.5 °C, respectively. Next, 6.118 g of TRIS and ~ 5 ml of HCl were
added in turns keeping the pH values between 7.42 and 7.45, keeping in mind that TRIS
increases the pH, while HCl decreases it. When all of the TRIS was dissolved, pH was adjusted
by adding HCl up to 7.40 exactly at 36.5 °C. Deionized water was then added bringing the total
volume to 1000 ml; the solution was cooled down to room temperature and kept in the fridge

before use.

Table 3.5: Reagents used for making SBF [27]

Order of addition Reagent Amount
1 NaCl 8.035g
2 NaHCO:s 0.355g
3 KCl 0.225¢g
4 K;HPO4 3H,0 0.231g
5 MgCl, 6H,0 0.311g
6 HCI 35ml

7 CaCl, 0.292¢g
8 Na,S04 0.072¢g

66



3.6 Volume-change experiments in SBF

The volume-change experiments were used to determine initial volume and volume
after immersing gels (with and without BG, Table 3.2) in SBF for certain amount of time (24 h,
3 days and 7 days) [236]. The gels were kept in 25 ml vials that contained 15 ml of SBF in a

water bath at 37 °C.

A caliper was used to measure the dimensions (height and diameter) of the gel before
and after immersion in SBF. The initial and the final volumes were calculated using the

following formulas (Equations 1 and 2):

2

VizBiXHiz TiZXﬂXHi=Ci_iX7TXHi (1)

2

Vf=Bf><Hf=rf2><n><Hf=%><anf (2)
where Vi and Vs are the initial and the final volume of the gel, respectively;
riand rs are the initial and the final radius of the gel, respectively;
di and dr are the initial and the final diameter of the gel, respectively;
Hi and Hr are the initial and the final height of the gel, respectively and
Bi and Bt are the initial and the final base of the gel, respectively.

The volume variation of the gel after immersion in SBF was expressed as the volume related

to the initial volume (Equation 3):
. 4
volume (related to inital volume) (%) = V—f x 100 (3)

The gels shape was approximated to a cylinder.

In addition, pH of the SBF solutions samples were in was measured after 2 h, 24 h, 3

days and 7 days of immersion.
3.7 Compression test

A compression test was performed in order to assess the mechanical properties of the

hydrogels (with and without BG powder) and BG and AW scaffolds (with and without hydrogel
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coating), as well as to study the effect of addition of BG powder in the hydrogel or the hydrogel
coating on scaffolds [126, 167, 254].

Hydrogels, with and without BG powder, Table 3.2, were compressed using a Tinius
Olsen H25KS testing machine. A preload force of 0.01 N was applied, and a rate of 1.5 mm/min
and 5 N load cell were used. A caliper was used to measure the dimensions of the samples
prior to the test. The setup for the compression test for the hydrogels is shown in Figure 3.14.

Hydrogels were tested in two ways:

1) as synthesised (without SBF) - prepared gels were pushed out of vials, placed on

Petri dish when the measures were taken and compressed; and

2) after immersing hydrogels in SBF for certain amount of time (24 h, 3 days or 7 days).

Gels were transferred to a Petri dish together with the fluid, and compressed.

Bioglass and glass-ceramic scaffolds (BGS and AWS scaffolds, Table 3.3, and hydrogel
coated BGS and AWS scaffolds with time of immersion of 30 min, Table 3.4) were compressed
using a Shimadzu AGS-X testing machine with a rate of 1 mm/min and 1000 N load cell. A
preload 10 N in case of BG scaffolds and 20 N in case of AW scaffolds were used. Dimensions
of the scaffolds were measured prior to the compression test using a caliper. Figure 3.15
shows the instrumentation for compression test of the scaffolds. The scaffolds were tested as

synthesised.

Figure 3.16 shows an example of a stress-strain curve for hydrogels. Compressive
stress at 20 % strain (0.2 strain) and compressive modulus at 5-15 % strain (0.05-0.15 strain)
are determined from the stress-strain graph. Compressive modulus was calculated as the
slope of the strain-stress curve at 5-15 % strain in OriginPro. A typical stress-stress curve for
Bioglass and glass-ceramic scaffolds is given in Figure 3.17. In case of scaffolds, maximum

stress up to 10 % strain was calculated for each sample (as shown in Figure 3.17).
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Figure 3.15: Compression test setup for scaffolds (arrow pointing at the scaffold)
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Figure 3.16: Example of stress-strain curve for hydrogel samples with a slope at 5-15 % (0.05-

0.15) strain for determining the compressive modulus (Cht-Gen, without SBF)
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Figure 3.17: Example of stress-strain curve for scaffolds with a maximum stress up to 10 %

strain (AWS)

Principles:

During the test, the sample is compressed under the constant rate and applied load

and contraction measured (Figure 3.18) [255]. As the stress depends of the dimensions of the

sample, stress (or engineered stress) (Pa) is calculate by equation (4). Engineering strain

(strain) can be calculated by equation (6) [255].
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Stress = £ (4)
Ao

where F (N) is the applied force, and Ao (mm?) is cross-sectional area of the specimen; in case

of gels and scaffolds which are approximately cylinder-shaped:

Txd?
Ay = X71?= (5)
where r and d are radius and diameter, respectively.
. Al lO—li
Strain = — = (6)
lo lo

where lp (mm) is initial height of the sample, i (mm) is the height of the sample after
deformation and Al (mm) is the deformation of the sample during the mechanical test.
Dimension are usually expressed in mm, and the strain is unitless (could also be expressed in

percentage by multiplying by 100).
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Figure 3.18: Schematic representation of compressive forces and sample contraction during

compression test (for cylinder samples) [255]

For some materials, elastic modulus (Young’s modulus)/compressive modulus can be
calculated as the slope of the linear segment of the stress-strain curve (Figure 3.19). It should
be noted that elastic modulus and compressive modulus are calculated in a similar manner

from stress-strain curves tested in tensile and compression mode, respectively. However, for
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some materials (cast iron, concrete and many polymers) this part of the curve is not linear;

hence, the modulus needs to be determined as the slope from the beginning of the curve to

a given point (Figure 3.20) [255].
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Slope = modulus
of elasticity
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Figure 3.19: Determining elastic modulus from stress-strain graph (linear deformation) [255]
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Figure 3.20: Determining elastic modulus from stress-strain graph (unlinear deformation)

[255]
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3.8 X-ray diffraction

X-ray diffraction (XRD) has been used to identify the structure of Bioglass and glass-
ceramic powders, as well as the scaffolds [234, 256]. In this work, the Philips PW3710
diffractometer (current 30 mA, voltage 40 kV, range 20: 20-70 °, step size: 0.05 °, time per
step 1 s/step) was used for recording XRD spectra. Synthesized and sieved Bioglass powder
(Section 3.1.2), received and sieved AW powder (Section 3.1.2) and BG 3 and AWS scaffolds
(Table 3.3) crushed to powder using mortar and pestle were placed on a holder and measured.

The software HighScore Plus was used for identification of phases.
Principles:

X-rays are electromagnetic radiation of wavelength of around 1 A and they arise when
high-energy electrons hit the material (the energy of these electrons is around 30 kV). When
a beam of electrons hits a target, for instance, Cu, an electron from 1s shell is ionised and an
electron from 2p shell can fill the vacancy so that the energy is released (Figure 3.21 a) giving
an X-ray emission spectrum (Figure 3.21 b). This X-ray spectra is composed of a broad white

radiation and fixed wavelengths, such as Kq and Kg.
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Figure 3.21: a) formation of X-rays and b) X-ray emission spectrum [257]

For X-ray samples analysis, only Kq is used to interact with the examined material. In
the X-ray tube (Figure 3.22), tungsten filament (cathode) is heated and electrons are
accelerated to the Cu target (anode) to produce X-ray radiation. They are emitted through Be
windows towards the sample. Additionally, Ni filter is used to transmit only Cu Ky to the

sample, while Cu Kg is absorbed. Once the X-rays reach the sample, some portion of them are
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scattered without loss of energy and either a constructive (beams in-phase) or a destructive
(beams out of phase) interference takes place (Figure 3.11, Section 3.4). When refracted

beams are in-phase, a signal (peak) is recorded on a XRD spectrum of a specimen [257].

Be .
window ‘
!
||II
Target— [ S B | W filament
g |
Vacuum
=
1'.
X-rays

Figure 3.22: X-ray tube [257]

Figure 3.23 is a schematic representation of planes A and B within a crystal where
incident beams 1 and 2 scatter at angle ©. d is distance between the planes and n is a whole

number of wavelengths.

Figure 3.23: Bragg’s law [257]

Reflected beams are in-phase and a constructive interference occurs, when Bragg’s

law (7) is satisfied [257]:
nA=2d sin® (7)

Instrumentation:
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Figure 3.24 shows a source of the X-rays, a sample and a detector [257]. The source
and a detector lie on the same circle and a detector moves and records the intensity of

diffracted X-rays at the angle of 20.
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Figure 3.24: Schematic image of instrumentation for XRD [258]
3.9 Differential thermal analysis

Differential thermal analysis has been used for determining the thermal behaviour of
ceramic materials upon heating, which is used for determining the heat treatment for
preparation of scaffolds [113, 234, 256]. In this work, the measurement was carried out using
Setaram Labsys Evo STA (simultaneous thermal analysis). 45 mg of BG and 43.6 mg of AW
powders (Section 3.1.2) were placed in platinum crucibles for testing. Pure alumina was used
as reference material and for the baseline. The samples were heated up with the rate of

20 °C/min from the room temperature to 1500 °C. The measurement was done in air.
Principles

Differential thermal analysis is a method that measures a difference in temperature
between the sample and a reference material while a thermal programme is set (heating). The
reference material is inert within the temperature range studied. DTA graphs which are plots
of heat flow against temperature are obtained. They show exothermic or endothermic
changes which are in turn indicators of the changes that occur in the sample upon heating or

cooling, for example glass transition, crystallization, melting [259].
Instrumentation

Figure 3.25 shows a DTA instrument that consists of a furnace, a sample, a reference

material and a thermocouple [260]. The sample and the reference material are placed inside
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the furnace. The temperature inside the furnace is controlled. Upon heating, the temperature
difference between the sample and the reference, as well as the sample temperature are

measured by the thermocouple.
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Figure 3.25: DTA instrumentation [261]
3.10 Heating microscopy

Heating microscopy has been reported in the literature as a method used to assess a
thermal behaviour of a material upon heating, including sintering, softening and melting [234].
This method, together with DTA, has been utilized for setting the heat treatment for synthesis
of scaffolds. Both temperature and silhouette (area) of the samples are measured during the
analysis. For this study, samples were prepared by manually compressing the BG or AW
powder using a rectangular die. The Misura® HSML-ODL Expert System Solution (Heating
Microscope and Horizontal Optical Dilatometer), was used. Samples were heated in air
atmosphere with the rate of 10 °C/min to 1200 °C for BG and 20 °C/min to 1300 °C for AW.

Area (%) vs temperature curves were calculated by the software.
Principles

Upon heating, when a material goes through changes such as sintering, softening and
melting, the shape of the initial sample changes. A video camera takes images of the sample
at different temperatures during heating. All these images with the changes in sample’s
silhouette/area are recorded by a software (Figure 3.26) [262]. Initially, the sample has a
rectangular shape with sharp edges (Figure 3.26 a). With the increase of temperature, the
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sample starts to shrink (Figure 3.26 b) and its edges become rounded (Figure 3.26 c). This
shrinkage occurs due to sintering. With the further increase of temperature, the sample starts
to melt, passing through the hemisphere shape (Figure 3.26 d). Melting is completed when
the height of the sample shrinks more than 1/3 of the initial height (Figure 3.26 e).

1 (c) (d) (e)

Figure 3.26: Examples of heating microscope images: a) initial shape at room temperature;

b) start of sintering; c) softening; d) hemisphere and e) end of melting [262]
Instrumentation

The main parts of an instrument are a light source, a reaction tube with a stage/sample

holder, a video camera, a thermocouple, a heater and a gas tube (Figure 3.27) [263, 264].

Light source Sample Carrier Heater Thermocouple
! Sample Camera
Light Gas out R /
B A == \ __________________ Fl

Figure 3.27: Heating microscope apparatus [264]
3.11 Tests in simulated body fluid

Simulated body fluid (SBF) has been used for in vitro testing of Bioglass and glass-
ceramic scaffolds [171, 265]. In this work, the scaffolds (uncoated BGS and AWS, Table 3.3,
and hydrogel coated BGS and AWS with 30 min of immersion in the hydrogel solution, Table
3.4) were placed in 25 ml vials containing 15 ml of SBF, and kept in the oven at 37 °C for up to
2 weeks. The SBF solution was changed (refreshed) every 3-4 days. The samples after SBF
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immersion were analysed using scanning electron microscopy (SEM), compression test and
pH measurement. SEM was done similarly as in the Section 3.2 using Hitachi TM3030 Tabletop
SEM for the samples immersed in the SBF for 1 and 2 weeks. A part of hydrogel-coated BGS
and AWS were freeze-dried prior to imaging for 12 h using Labconco, FreeZone 1L freeze-
dryer. A subset of hydrogel-coated BGS and AWS samples were air-dried and nominated non-
freeze-dried. Compression test was performed similarly as in the Section 3.7 for scaffolds
immersed in the SBF for 1 and 2 weeks using a Shimadzu AGS-X testing machine with a rate of
1 mm/min and 1000 N load cell. A preload of 10 N and 20 N were used for BGS and AWS
scaffolds, respectively. Samples were gently wiped with a tissue to remove the excess of the
solution and the dimensions were measured with a calliper prior to the test. Maximum stress
up to 10 % strain was determined from the stress-strain curve. pH of SBF was measured after
3, 7,10 and 14 days of immersion. At each time point the pH was measured before the solution

was refreshed.
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Chapter 4 Bioglass powder

Bioglass (BG) powder synthesized according to the procedure described in Section
3.1.2 was characterized using scanning electron microscopy (SEM) to assess the size of BG
particles. Furthermore, information obtained from differential thermal analysis (DTA) and
heating microscopy (HM) was used for determining the properties of the powder upon
heating, which was relevant for the selection of a heat treatment of the BG powder during the
preparation of scaffolds. X-ray diffraction (XRD) was utilised in order to confirm the presence

of amorphous BG powder.
4.1 Scanning electron microscopy (SEM) of Bioglass powder

An SEM image of sieved BG powder is shown in Figure 4.1. Sieving was performed in
order to get all the particles below 53 um. SEM confirmed that the particle size is less than
53 um, which is favourable for the next steps of the work that involve addition of these
particles to the chitosan-genipin hydrogels, as well as the synthesis of BG scaffolds. Therefore,
sieving of the powder was performed in order to remove big particles and get more
homogeneous particle range, which would enable better distribution within the hydrogel.
Also, sieving was done to ensure that the BG particles would be well dispersed in the BG slurry,
which would lead to an even coating of the PU foams with the slurry during the impregnation
process of the synthesis of the scaffolds. Due to unavailability of a particles size analyser, the
size of the particles was determined by manually measuring the particles with Imagel

software.
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Figure 4.1: SEM image of sieved BG powder

4.2 X-ray diffraction (XRD) of Bioglass powder

Figure 4.2 shows an XRD pattern of the BG powder, carried out using the method
described in Section 3.8. The broad peak at ~ 32° is characteristic of amorphous BG structure
[234, 265]. The amorphous structure is expected for the BG powder before the heat

treatment. After the heat treatment used to prepare scaffolds (Section 3.1.4), crystallization

is expected to occur [4].
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Figure 4.2: XRD of BG powder
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4.3 Differential thermal analysis (DTA) of Bioglass powder

Figure 4.3 shows the DTA graph for BG powder. The glass transition temperature, Tg,
known as the transition point from brittle/glassy state to viscous/rubbery state, is at 550 °C,
which is in agreement with the literature [113, 234]. The exothermic peak between 600-725 °C
with a maximum at 650 °C corresponds to glass crystallization. The endothermic peak at
~ 1230 °C corresponds to the melting point. Although the literature reports existence of two
melting peaks (for two crystalline phases later discussed in Section 6.2), this is not clear from
Figure 4.3 [113, 234]. A large endothermic peak at 1230 °C is observed, and a shoulder at
1200 °C is seen as well, which might correspond to the second melting peak. The reason that
the melting peak at 1200 °C cannot be clearly distinguished might be the overlapping of the
two peaks. It should be noted that the peaks at approximately 200 °C are due to an error of

the instrument as shown in the Appendix A.
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Figure 4.3: DTA for BG powder (heating rate 20 °C/min)
4.4 Heating microscopy of Bioglass powder

The heating curve of the BG sample recorded using the heating microscope (HM), as
described in Section 3.10, is shown in Figure 4.4. During the heat treatment the pressed
particles bond together, yielding a compact structure with reduced dimensions in comparison

to the initial sample (shrinkage ~ 55 %). This process is called sintering or densification. The

81



sample shows shrinkage at ~ 545-610 °C, which indicates a first densification/sintering
process, align with a literature [234]. In this first sintering step, a shrinkage of 15 % is recorded.
The second densification occurs at ~ 900 °C, yielding a shrinkage of 39 %, followed by melting
at approximately 1200 °C, as also seen in [234]. It is suggested that temperatures in the
interval 1000-1100 °C (below the melting point), when high densification is reached, are to be
used in fabrication of scaffolds in order to obtain highly sintered and mechanically stable

scaffolds [234].
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Figure 4.4: Shrinkage of the BG sample upon heating recorded by the heating microscope
(heating rate 10 °C/min)

Figure 4.5 shows the silhouettes of the BG sample whose heating profile was shown in
Figure 4.4, (see Section 3.10) at representative temperatures during the heating. Comparing
the sample at 50 °C (Figure 4.5 a) and at 1195 °C (Figure 4.5 f), significant shrinkage occurs due

to sintering. After this point, the sample started melting.
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Figure 4.5: BG sample on HM at different temperatures: a) 50 °C, b) 545 °C, ¢) 610 °C, d)

900 °C, e) 1170 °Cand f) 1195 °C

Bretcanu et al. reported that characteristic temperatures (sintering, glass transition Tg,
crystallization, T. and melting Tm) recorded using DTA and HM differ, where DTA has
characteristic temperatures slightly higher than those observed using HM [234]. The reason
behind this could be the sample preparation (see Sections 3.9 and 3.10). Powder is used for
DTA and compacted powder for HM. When the powder is compressed (the porosity between
the particles is lower), the sintering process is accelerated, and hence the characteristic
temperatures of HM are slightly lower than those of DTA. Furthermore, the characteristic
temperatures slightly differ for different heating rates, as reported by Bretcanu et al., with the
increase in the heating rate, Tg and Tc increase, but Tm decreases [234]. The rate during the
sintering of the scaffolds was 5 °C/min, while it was 10 and 20 °C/min for DTA and HM analysis,

respectively, due to equipment constrains.

The information gathered from DTA and HM is used for the optimisation of the heat
treatment applied in the formation of BG scaffolds. Both sintering intervals and the melting
point are taken into consideration, so that the temperatures for the heat treatment should be
after the densification process (in this case second densification process) but below the

melting point.
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Final comments

In this chapter BG powder was synthesized and characterised using SEM, XRD, DTA and
HM analysis. BG powder exhibited similar properties, namely amorphous structure,
morphology and thermal behaviour, to those found in the literature for BG 45S5 synthesised
by melt-quenching method [113, 234, 265]. BG powder will be added to hydrogels and will be
used to prepare BG scaffolds which will be subsequently coated with the chitosan-genipin
hydrogel. The properties of the hydrogels and the scaffolds will be discussed in Chapters 5 and

6, respectively.
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Chapter 5 Hydrogels with and without Bioglass powder

Chitosan-genipin gels with and without Bioglass (BG) powder, synthesized using the
method defined in Section 3.1.3 (Table 3.2), were characterised using scanning electron
microscopy (SEM), fluorescence intensity (Fl), FTIR and compression test, in order to assess
the hydrogel structure and the effect of addition of BG powder on the chitosan-genipin gels.
The variation in volume, before and after immersion of gels (with and without BG powder) in

SBF, as well as the pH of the SBF with gels in, was recorded.
5.1 Scanning electron microscopy of chitosan-genipin hydrogels with and without Bioglass

Scanning electron microscopy (SEM) images (methodology described in Section 3.2) of
chitosan-genipin gel at different magnifications are given in Figure 5.1. It can be noted that
the hydrogel is highly porous, with pore sizes 10-15 um in length and 25-35 um in width. Such
pore sizes are reported to be favourable for cells and nutrients flow [266]. Further imaging
was conducted for chitosan-genipin-BG hydrogels (Cht-Gen with 1, 3 and 5 mg BG) as shown
in Figure 5.2. The addition of BG, in all cases studied (1-5 mg BG), did not noticeably affect the
porous structure. It should be mentioned that agglomeration of the particles for higher

amounts of BG added to the gels was observed during the synthesis by the naked eye.

It can be observed that the pores in Figure 5.1 and Figure 5.2 are rather elliptical
(regardless of a presence of BG). This may be due to the freeze-drying process, as lamellar ice
crystals grow during freezing in liquid nitrogen prior to freeze-drying the samples, but also due

to cutting of the hydrogels prior to SEM imaging [267, 268].
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Figure 5.1: SEM images of Cht-Gen hydrogel at different magnification: a) x1000 and b)
x5000
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Figure 5.2: SEM images of chitosan-genipin hydrogels with BG: Cht-Gen 1mg BG a) and d);
Cht-Gen 3mg BG b) and e); and Cht-Gen 5mg BG c) and f)

5.2 Fluorescence intensity measurement of chitosan-genipin gels with and without Bioglass

powder

Figure 5.3 shows fluorescence intensity (FI) of chitosan-genipin hydrogels with and
without BG powder (Section 3.1.3, Table 3.2) over the 24 h period. Fl was recorded using the
procedure detailed in Section 3.3. Since the cross-links which genipin forms with NH; groups
in polymers, such as chitosan, appear blue by the naked eye and fluoresce in the red region,

fluorescence measurements have been used to follow the cross-linking in the hydrogel
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samples [136, 140]. Here, Fl is measured in-situ from the moment all constituents are mixed
together so that both gelation process and the final fully formed gels were assessed. As can
be denoted from Figure 5.3, there is an initial steep increase in FI (0-4 h), which is considered
to correspond to the increase in cross-linking density. Within the first 4 hours, increase in Fl is
proportional to the amount of BG added, fastest for the highest amount of BG added and
slowest for the lowest amount of BG added. After 3-6 h the Flincrease slows down and flattens
out, likely due to either slowing down (or possible ending) of the cross-linking reaction, or
fluorescence quenching effect. The decrease of Fl started earlier for Cht-Gen 5 mg BG
samples, containing the highest amount of BG (5 mg). As can be seen in Figure 5.3, the FI
started to decrease after around 3 h (from the beginning of the reaction) for the gel with
5 mg BG, while for the gel with 1 mg BG or without BG, this process started after 6 h. All curves
flattened after 12-15 h from the beginning of the polymerisation. Fully polymerised gels had
the Fl inverse proportional with the BG amount. Thus, after 24 h (fully polymerised gels) the

gel with the highest amount of BG (Cht-Gen 5 mg BG) has the lowest Fl values.

The presence of BG powder in the hydrogels is expected to increase the pH. As the
hydrogels are considered acidic (pH up to around 5), deprotonisation of some NH3* groups
could allow cross-linking [146]. It should be noted that only non-protonated free amino groups
can be cross-linked with genipin. The literature reports that at higher pH values of the
solutions self-polymerization of genipin can occur in addition to the cross-linking of chitosan
and genipin [142]. Therefore, it was possible that samples with a higher amount of BG had
higher pH and more cross-linking, together with genipin self-crosslinking, which contributed
to the higher Fl values measured at the beginning. The pH of the hydrogels was not measured
but the pH of the SBF solution with hydrogels showed that addition of BG increases the pH,

which will be later discussed in Section 5.4.

In case of the hydrogel without BG, it is possible that the cross-linking density becomes
very high (high concentration of fluorophores) so that the penetration depth of the excitation
light is reduced leading to a decrease/stagnation in fluorescence intensity [147]. It may be
postulated that this is the reason Cht-Gen gel shows a plateau of fluorescence intensity after
15 h. On the other hand, recorded results for gels with BG may be interpreted as the BG

particles disrupting the cross-linking process (physically or by inducing genipin self-cross-
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linking), yielding a lower amount of cross-links and lower Fl after 3-6 h. Equally, BG could react
with fluorescent species within the gel to form a non-fluorescent entity, which is known as
guenching of fluorescence [147]. Furthermore, it has been reported that the pH can have a
significant effect on the fluorescence [147]. Fluorescence intensity can increase or decrease,
and a shift of the emission wavelength can occur due to the change of pH. In this way, it is
possible that the number of cross-links is similar to that of a Cht-Gen gel and the BG particles

serve as reinforcement, but hinder the FI.

Therefore, it is unclear why BG addition decreases the Fl values after 3-6 h from the
beginning of polymerisation. This was further investigated with compression tests in Section
5.5 to confirm how addition of BG affects mechanical stability of the final hydrogels and if the

Fl values represent the true amount of the cross-linking in the hydrogels.
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Figure 5.3: Fluorescence intensity during polymerisation over 24 h for chitosan-genipin and

chitosan-genipin-BG gels
5.3 FTIR of chitosan-genipin hydrogels with and without Bioglass powder

FTIR was performed by the method described in Section 3.4, to gain more insight into
the crosslinking mechanism and bonds that are formed in the hydrogels [245, 269]. Figure 5.4
shows the spectra for chitosan and genipin powders, and cross-linked chitosan-genipin

hydrogel (Cht-Gen gel, Table 3.2, Section 3.1.3). The summary of the FTIR bands observed in

88



all three spectra is presented in Table 5.1 with band assignments using the literature [140,
236, 269-273]. A wide band at 3500-3200 cm™ is attributed to overlapping of O-H and N-H
stretching vibrations in the spectra of chitosan and hydrogel. Furthermore, FTIR spectra of all
samples show a medium band at around 2870 cm™ for C-H stretching. The band around
2100 cm™?, seen on all three spectra, originates from C-C of diamond used in ATR
measurement. In the genipin spectrum, bands at 3390 cm™ and 3212 cm™ are assigned to O-

H and C=C-H stretching.
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Figure 5.4: FTIR spectra of chitosan powder, genipin powder and Cht-Gen hydrogel- full

spectrum 4000 cm™- 650 cm’™?

Below 2000 cm™ a number of bands occur for all samples (Figure 5.5). In the genipin
spectrum, bands at 1678 cm™ and 1619 cm™ are due to C=0 stretching in carboxymethyl
group and C=C aromatic stretching in genipin molecule, respectively. In the chitosan spectrum,
the bands at 1649 cm™ and 1560 cm™ belong to the carbonyl (C=0) stretching of the secondary
amide (amide | band) in acetylated amine residues and the bending vibration of N-H bond in
acetylated amine residues (amide Il band), respectively. In the spectra of the cross-linked
hydrogel, the band for C=0 stretching is shifted to lower frequency (1642 cm™) and the band
at 1560 cm™ increases due to cross-linking reaction and formation of N-H bonds (see Figure

2.14 Section 2.5.2.2). In chitosan and hydrogel spectra, the bands at around 1150, 1060, 1030
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and 893 cm™ are for stretching of C-O-C in the cyclic ether. Also, the band at 1150 cm™ is

present in the genipin spectrum.

FTIR method confirmed the chemical structure of synthesized hydrogels and cross-

linking reaction between chitosan and genipin.

% Transmittance

Cht-Gen gel

1678 ' :
1 1619 1441 |
Cht C 1298 | 984

] '
1649 1560

T T T T T T T T T T T T
2000 1800 1600 1400 1200 1000 800

Wavenumber (cm™)

Figure 5.5: FTIR spectra of chitosan powder, genipin powder and Cht-Gen hydrogel zoomed in

from 2000 cm™- 650 cm™

Table 5.1: FTIR bands for chitosan, genipin and Cht-Gen hydrogel

Bands (cm™)
Assignments Chitosan Genipin Cht-Gen gel
0O-H and N-H stretching 3200-3500 3200-3500
O-H stretching 3390
C=C-H stretching 3212
C-H stretching 2870
C=0 stretching in carboxymethyl group 1678
C=0 stretching (amide I) 1649 1642
C=C aromatic stretching 1619
N-H bending (amide ) 1560 1560
CHs bending of methyl ester 1441
C-0O-C asymmetric stretching of methyl ester 1298
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C-0-C (cyclic ether) 1150 1104 1150
Aromatic C-H bending in plane and
1080
C-0 stretching in primary alcohol
C-0-C (cyclic ether) 1060 1060
C-0-C (cyclic ether) 1030 1030
Aromatic C-H bending out of plane 984
C-0-C (cyclic ether) 893 893

Figure 5.6 shows FTIR spectra of BG powder (as prepared in the Section 3.1.2), and hydrogels
with and without BG powder for comparison (Cht-Gen and Cht-Gen 5 mg BG, Table 3.2,
Section 3.1.3). Table 5.2 gives an overview of FTIR bands, which are assigned according to the
literature [246, 274, 275]. In the spectrum of BG powder, the bands at 1480 and 1440 cm™* are
associated with C-O stretching of CO3* adsorbed from the atmosphere. Additionally, the
bands at 1010 and 900 cm™ are due to asymmetric Si-O-Si stretching of silanol groups with the
presence of network modifiers (Na* and Ca?* ions) in the glass structure. The bands at 1010
and 900 cm™ in the spectrum of the hydrogel with BG, could be related to both the presence
of silanol groups of BG and the stretching of C-O-C in cyclic ether present in Cht-Gen gel, as
they overlap. The bands at 1642 cm™and 1560 cm™ are also present in the spectrum of Cht-
Gen 5mgBG gel and assigned to C=0 stretching (amide |) and N-H bending (amide Il),
respectively. Furthermore, lower intensity of C=0 at 1642 cm* relative to N-H at 1560 cm™ in
the Cht-Gen 5 mg BG gel in comparison to Cht-Gen gel suggests hydrogen bonding between

C=0 groups in chitosan and hydroxyl groups of BG.
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Figure 5.6: FTIR spectra of BG powder, chitosan-genipin hydrogel and chitosan-genipin

hydrogel with BG

Table 5.2: FTIR bands for BG powder, Cht-Gen gel and Cht-Gen 5 mg BG gel

Bands (cm™)

Assignments

BG powder | Cht-Gengel | Cht-Gen 5 mg BG gel

C=0 stretching (amide I) 1642 1642
N-H bending (amide Il) 1560 1560
1480
C-O stretching of COs* (from air)
1440
asymmetric Si-O-Si stretching of silanol 1010
groups 900

5.4 Volume-change experiments of chitosan-genipin hydrogels with and without Bioglass

powder

Chitosan-genipin hydrogels with and without BG powder, synthesised following

procedure described in Section 3.1.3 (Table 3.2), were further evaluated upon immersion in

simulated body fluid (SBF) using the method described in Section 3.6. SBF solution represents

an environment (composition and pH=7.4) similar to human body plasma, and it has been

used for in vitro testing of biomaterials [276-278]. As the chitosan-genipin gels are pH
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responsive, the tests in SBF were performed in order to examine their behaviour in terms of
the conformational (volume) change and their effect on the pH when they are immersed in
the solution for prolonged time. The effect of the addition of BG was also investigated. The
samples were held in SBF solution for up to 7 days at 37.0 °C (to simulate the human body
temperature), followed by pH measurements and calculations of volume. Three samples of
each composition of the gel were tested. Information from this study could help in predicting
the hydrogels behaviour in vivo. For tissue engineering applications, biodegradable implants
degrade over a period ranging from a few weeks up to a few months; therefore it is necessary
to investigate their behaviour over time. Due to equipment and lab availability, the tests in
SBF were carried out for 7 days. It should be noted that upon the preparation, the pH of the
SBF solution was 7.40 at 36.5 °C. Even though the samples were kept at 37 °C, the pH of the
samples, as well as the SBF before the immersion of the samples, was measured at 36.7 £ 0.2
°C, due to equipment restrictions and temperature of the lab. The pH of the SBF was ~ 7.35

before addition of samples.

For all samples studied it can be noted that after 24 h of immersion pH values
decreased from the initially measured value of ~ 7.35, but the more BG powder in the gel, the
higher the pH (Figure 5.7). For example, the pH values for the hydrogel with 5 mg BGwas 7.17,
for the hydrogel with 3 mg BG 7.04, while pH for the chitosan-genipin hydrogel without BG
was 6.78. The reason for the higher pH values for samples containing BG is an intensive-ion
exchange between cations present in BG, such as Ca®* and Na*, and H* ions from the SBF
solution (Figure 2.5, Section 2.4.1), which leads to an increase in pH [4]. Furthermore, the
change in volume of the hydrogels followed an opposite trend - the more BG in the sample,
higher the volume decrease. The chitosan-genipin gels shrank to 84 % and the hydrogel with
5 mg BG to 49 % of their initial volume. Chitosan-based hydrogels are reported to shrink in the
basic environment due to deprotonation of NHs* groups [236]. In case of the gels containing
BG powder, it can be suggested that BG increases the pH which in turn leads to increase in
deprotonation of chitosan chains and greater shrinkage. Therefore, increasing the amount of

the BG in the hydrogel, the values of pH and the shrinkage of the hydrogels increase.
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Figure 5.7: pH and volume variation after 24 h in SBF observed in chitosan-genipin and

chitosan-genipin-BG hydrogels

Figure 5.8 shows the volume variations of samples after 24 h, 3 days and 7 days of
immersion in SBF (Section 3.6). In comparison to 24 h, longer time of immersion (3 and 7 days)
allowed all hydrogels to shrink below 40 % of their initial volume. While the trend noted at
day 3 shows that Cht-Gen gels with BG had a slightly higher volume than Cht-Gen, after 7 days
the Cht-Gen gel shrank to around 35 % of its volume, while the hydrogels with BG had even
lower volume around 30 %, independent of the amount of BG. Results suggest that when the
hydrogels are kept in SBF for 24 h large variations of volume are observed, while there are

only minor variations after 3 days.
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Figure 5.8: Volume variation after 24 h, 3 days and 7 days in SBF observed in chitosan-

genipin and chitosan-genipin-BG hydrogels

The pH values for the samples measured at different time points for 7 days are shown
in Figure 5.9. The largest change in pH is observed at 2 h, when the pH values for all samples
decrease from the initial 7.35 for SBF solution, being higher for higher amount of BG. It could
be observed that pH does not change significantly after 24 h of immersion for all samples.
Also, the same trend remains - more BG in the samples, the higher the pH. Leaching of BG
powder is considered to lead to higher pH and greater shrinking within the first 24 h of
immersion (Figure 5.7). However, after 3 days, the hydrogels had enough time to shrink, so all

the compositions had similar volume at days 3 and 7, independent on pH (Figure 5.8).
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Figure 5.9: pH measured for gels after 7 days in SBF observed in chitosan-genipin and

chitosan-genipin-BG

hydrogels

Figure 5.10 shows correlation between pH and variation in volume measured after 7

days of immersion in SBF for hydrogels with and without BG powder. It can be seen that pH

and volumes for the samples have opposite trends. The more BG in the samples, pH is higher,

while the volume is smaller, in comparison to the sample without BG. In terms of volume,

there is no significant difference with different amounts of BG.
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chitosan-genipin-BG hydrogels
5.5 Compression test of chitosan-genipin hydrogels with and without Bioglass powder

Compression test was performed for hydrogels with and without BG powder (Section
3.1.3, Table 3.2) in order to investigate if BG improves mechanical properties of the hydrogels
and link these findings to FI measurements (Section 5.2). Previously, the fluorescence intensity
measurements showed that the increase of Fl slows down after 3-6 h and the values of Fl after
24 h decrease with the increase of the amount of BG. It was reported that higher amount of
cross-linking vyields stronger genipin-cross-linked gels that exhibit higher fluorescence
intensity [140]. The mechanical tests were used to confirm if Fl values correspond to the
amount of the cross-linking in the samples, e.g. if the decrease in Fl occurs because BG hinders
the cross-linking reaction or obstructs the FI measurement. Also, the influence of immersion
of the samples in SBF on mechanical properties is also investigated. It should be noted that 3

samples per each gel composition were tested.

For samples tested upon synthesis without SBF (following the method described in
Section 3.7), compressive stress increases when BG is added to the hydrogels (Figure 5.11).
The average compressive stress is 0.69 kPa for chitosan-genipin gel, 0.82 kPa for the gel with
1 mg BG, 1.06 kPa for gel with 3 mg BG and 1.07 kPa for the gel with 5 mg BG. In terms of the

average compressive modulus, it also increases from 3.41 kPa for the gel without BG, to
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4.15 kPa for the gel with 1 mg BG and to about 5.22 kPa for the gels with 3 and 5 mg BG. It can
be observed that the addition of up to 5 mg BG to the chitosan-genipin gels increases both
compressive stress and modulus, while these values are higher for a higher amount of BG (3
and 5 mg) in comparison to the gel with 1 mg BG. It can also be seen that the standard
deviations seem significant for the compressive modulus. The reason is the irregular shape of
the samples, as well as the uneven surfaces, that affect the mechanical test. Testing larger

number of samples would reduce the standard deviation.

These results showed that BG particles do not greatly disrupt the cross-linking reaction
in the hydrogels and that the Fl recorded for fully polymerized hydrogels does not correspond
to the actual amount of cross-linking. There might be a slight decrease in the cross-linking due
to BG particles but this is compensated by the effect of BG reinforcement. It can be concluded
that under conditions studied addition of BG powder improves the mechanical properties of
the hydrogels and that the FI measurement is obstructed by the BG particles which lower the
Fl.

In the case of Cht-Gen hydrogel, it cannot be concluded if the cross-linking reactions
stops after 15 h, or if it continues, but Fl reaches a high value which leads to self-quenching of
fluorescence keeping the FI constant after 15 h. In order to determine if the cross-linking
reaction terminates after 15 h additional compression tests could be done for hydrogels which

are not fully polymerized (24 h) but for a shorter time (15 h).
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Figure 5.11: Compressive stress at 20 % strain and compressive modulus at 5-15 % strain for

chitosan-genipin hydrogels with and without BG tested without SBF

Similar trends are observed when the gels were tested after immersion in SBF for 24 h
(method detailed in Section 3.7) (Figure 5.12). Both stress and modulus increase with the
addition of BG in the hydrogels. These values are higher for a higher content of BG (3 and
5 mg) in comparison to Cht-Gen 1 mg BG. Again, large standard deviations are due to the

irregular shape of the hydrogels.
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Figure 5.12: Compressive stress at 20 % strain and compressive modulus at 5-15 % strain for

chitosan-genipin hydrogels with and without BG tested after immersion in SBF for 24 h

Figure 5.13 shows a comparison of compressive stress for the samples tested before
and after immersion in SBF for 24 h. In both cases addition of BG increases the compressive
stress, with higher values obtained for 3 and 5 mg of BG. Also, after immersion in the SBF
solution, all hydrogel compositions have higher stress. The main reason is that samples shrink
upon immersion in SBF (Figure 5.7) and exhibit higher stress. Similarly, the modulus shows this
trend (Figure 5.14). Chitosan-genipin gel with 5 mg BG has equal or lower stress than sample
with 3 mg BG. Likewise, values of compressive modulus are also equal or lower for Cht-Gen 5
mg BG than for Cht-Gen 3 mg BG. The reason might be agglomeration of BG particles. It has
been reported that homogenous dispersion of bioglass particles in the polymer matrix is
important for mechanical properties and that the agglomeration of the particles leads to a

decrease in these properties [199].
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Figure 5.13: Comparison of compressive stress at 20 % strain for chitosan-genipin gels with

and without BG tested without SBF and after immersion in SBF for 24 h
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Figure 5.14: Comparison of compressive modulus at 5-15 % strain for chitosan-genipin gels

with and without BG tested without media and after immersion in SBF for 24 h

Compressive stress and modulus for the hydrogels immersed in the SBF for 3 days are
shown in Figure 5.15. In this case, no clear trend is observed. The addition of 1 mg and 5 mg

of BG does not improve the mechanical properties of the chitosan-genipin gels, as Cht-
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Gen 1 mg BG and Cht-Gen 5 mg BG show equal or lower both stress and modulus in
comparison to the gel without BG. However, the addition of 3 mg of BG shows the highest

values for both stress and modulus, which was also observed for 24 h of immersion in SBF.
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Figure 5.15: Compressive stress at 20 % strain and compressive modulus at 5-15 % strain for

chitosan-genipin hydrogels with and without BG tested after immersion in SBF for 3 days

Figure 5.16 shows compressive stress and modulus for the hydrogels immersed in the
SBF for 7 days. It seems that with the increase in BG content, values for both stress and

modulus increase.
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Figure 5.16: Compressive stress at 20 % strain and compressive modulus at 5-15 % strain for

chitosan-genipin hydrogels with and without BG tested after immersion in SBF for 7 days

In order to compare compressive characteristics for the hydrogels tested before and
after different times of SBF post-treatment, average values of compressive stress are shown
in Table 5.3 and the compressive stress (Figure 5.17) is plotted together for hydrogels tested
without SBF, and after immersion in the SBF for 24 h, 3 days and 7 days. Likewise, the average
compressive modulus for hydrogels tested without SBF, and after 24 h, 3 days and 7 days of
immersion in SBF is presented in Table 5.4, while the graph is shown in Figure 5.18. The general
trend is that compressive stress and modulus values increase with the increase of BG content
and after immersion in SBF. The average values for stress for Cht-Gen gel range from 0.69 kPa
without media to 2.40 kPa after 7 days of immersion in SBF. When 5 mg of BG was added to
the chitosan-genipin hydrogel, an increase in stress from 1.07 kPa to 3.45 kPa is observed for
samples without media and after 7 days of immersion, respectively. Similarly, while average
modulus for Cht-Gen hydrogel is 3.41 kPa when no media is added, 7 days of immersion in SBF
yields a higher stress of 11.24 kPa. The average compressive modulus for the hydrogel Cht-
Gen 5mg BG is 5.23 kPa and 17.00 kPa for the samples tested without media and after

immersion for 7 days in SBF, respectively.
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Table 5.3: Average compressive stress at 20 % strain for chitosan-genipin gels with and

without BG tested without SBF and after immersion in SBF for 24 h, 3 days and 7 days

Average compressive stress at 20 % strain (kPa)
Hydrogel Without SBF 24 hin SBF 3 days in SBF 7 days in SBF
Cht-Gen 0.69£0.11 0.84+0.12 2.56+0.61 2.40 £ 0.40
Cht-Gen 1 mg BG 0.82 £0.02 1.27+£0.26 1.93+0.25 3.00 £ 0.08
Cht-Gen 3 mg BG 1.06 £0.11 1.75+0.38 3.23+0.20 2.97 £0.63
Cht-Gen 5 mg BG 1.07+£0.11 1.55+0.17 2.40+0.53 3.45+0.15
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Figure 5.17: Comparison of compressive stress at 20 % strain for chitosan-genipin gels with

and without BG tested without SBF, and after immersion in SBF for 24 h, 3 days and 7 days
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Table 5.4: Average compressive modulus at 5-15 % strain for chitosan-genipin gels with and

without BG tested without SBF and after immersion in SBF for 24 h, 3 days and 7 days

Average compressive modulus at 5-15 % strain (kPa)

Hydrogel Without SBF 24 hin SBF 3 days in SBF 7 days in SBF
Cht-Gen 3.41+0.59 3.23+1.02 12.00+2.83 11.24+1.75
Cht-Gen 1 mg BG 4.15+0.16 5.63+3.29 9.80+0.94 14.33+0.47
Cht-Gen 3 mg BG 5.22+0.45 9.70+1.00 16.00+ 1.63 14.67 +3.40
Cht-Gen 5 mg BG 5.23+0.66 8.4010.23 11.90 + 2.57 17.00 + 1.00
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Figure 5.18: Comparison of compressive modulus at 5-15 % strain for chitosan-genipin gels
with and without BG tested without SBF, and after immersion in SBF for 24 h, 3 days and 7

days

A relationship between volume and mechanical properties of hydrogels after
immersion in SBF could be observed. Plots showing the correlation between the volume
variation and compressive stress (Figure 5.19), as well as the volume variation and
compressive modulus (Figure 5.20) after 24 h of immersion in SBF are presented. It can be
noticed that with the addition of 1 and 3 mg BG both stress and modulus increase linearly,
while the volume decreases. Exception was Cht-Gen 5 mg BG, which had the lowest volume

but stress and modulus lower than for Cht-Gen 3 mg BG. However, for the time of immersion
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in SBF of 3 days, no such trends can be observed (Figure 5.21 and Figure 5.22). The volume
seems similar for all compositions (Cht-Gen and Cht-Gen with 1-5 mg BG), while stress varies
between 1.6 kPa and 3.6 kPa with no obvious trend (Figure 5.21). Similarly, no trend between
volume and modulus were observed for samples which were immersed in SBF for 3 days
(Figure 5.22). Furthermore, trends are again visible for samples which were immersed in SBF
for 7 days, when both stress and modulus seem to increase with the increase of BG in the
hydrogels, followed by the decrease of volume (Figure 5.23 and Figure 5.24). Cht-Gen 5 mg

BG had the highest average stress and modulus but higher volume than Cht-Gen 3 mg.
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Figure 5.19: Volume and compressive stress at 20 % strain after 24 h in SBF strain for

chitosan-genipin gels with and without BG
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Figure 5.20: Volume against compressive modulus at 5-15 % strain after 24 h in SBF strain for

chitosan-genipin gels with and without BG
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Figure 5.21: Volume against compressive stress at 20 % strain after 3 days in SBF strain for

chitosan-genipin gels with and without BG
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Figure 5.22: VVolume against compressive modulus at 5-15 % strain after 3 days in SBF strain

for chitosan-genipin gels with and without BG
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Figure 5.23: Volume against compressive stress at 20 % strain after 7 days in SBF strain for

chitosan-genipin gels with and without BG
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Figure 5.24: Volume against compressive modulus at 5-15 % strain after 7 days in SBF strain

for chitosan-genipin gels with and without BG
Final comments

In this chapter, chitosan-genipin hydrogels were synthesized and characterised using
SEM, fluorescence intensity measurement, FTIR and compression test. The variation in volume
and the pH after immersion in SBF were recorded. The influence of BG powder on their
properties was also investigated. It should be noted that other authors rarely reported use of
genipin as a cross-linker, especially in combination with chitosan as an organic part of the
composite (Table 2.4). According to the data for chitosan-genipin hydrogels with BG powder,
it can be concluded that addition of BG does not affect the microstructure and gelation of the
hydrogels. Fluorescent intensity measurement was previously reported for other genipin
cross-linked gels (without BG) [136, 140, 151]; however, this method does not seem adequate
to assess the cross-linking process with the presence of BG. Mechanical properties of the
hydrogels were enhanced by the addition of BG even though still showing low values for bone
tissue requirements. In the literature, freeze-drying is frequently reported as a method to
prepare hydrogel scaffolds; however, this method alters the properties of the hydrogels.
Hence, in this work, hydrogels were cross-linked at physiological temperature (37° C) and kept
in a wet state. Studying hydrogels in this form and under these conditions gives an opportunity
for their applications via injection of the hydrogels in vivo and in situ gelation. Furthermore,
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chitosan hydrogels can exhibit smart behaviour of swelling-deswelling in different pH
environments. Here, gels shrank in the basic SBF, while BG showed a significant effect on the
percentage of shrinking. Mechanical properties of the hydrogels have rarely been assessed
upon immersion in SBF in the literature. Here, the shrinkage of the hydrogels can be linked to
the increase in mechanical stability. Furthermore, BG improves the mechanical properties not
only by inducing more shrinkage, but also serves as a reinforcement on its own. However,
chitosan-based hydrogels with BG are not adequate for bone tissue engineering applications
due to low mechanical properties. It is suggested that a cross-linking agent, such as GPTMS,

could be used to further improve the mechanical properties.

In the following section, the second method, coating of the glass-ceramic scaffolds

with the hydrogel, was used in order to obtain mechanically stronger composites.
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Chapter 6 Uncoated and coated Bioglass scaffolds

Herein, the selection of the heat treatments used to produce Bioglass (BG) scaffold is
discussed. BG scaffolds were characterized using scanning electron microscopy (SEM) in order
to observe the porous structure and assess the size of the pores, as well as to observe the
influence of the different PU foams used for the preparation of scaffolds on the final structure.
Also, the subsequent hydrogel coating, and its effect on the porosity was examined. XRD was

performed in order to identify crystalline phases in the prepared scaffolds.

6.1 Selection of the heat treatment for the preparation of Bioglass scaffolds and scanning

electron microscopy (SEM) of uncoated Bioglass scaffolds

The characteristic temperatures in the BG powder during heating were captured on
DTA and HM graphs (Figure 4.3 and Figure 4.4). According to that information, a three-step
heat treatment for the synthesis of BG scaffolds was chosen. The first step of the heating was
at 550 °C and it was used to burn the PU foam and to form a porous replicate structure made
of BG, similarly as reported in the literature [113, 214, 279]. As detailed in the Section 4.4, the
maximum temperature of the heating treatment should be below the melting point (1200 °C),
and preferably between 1000 and 1100 °C, in order to accomplish good sintering [234].
Hence, maximum temperatures of 1000 °C (HT 1, BG 1) and 1100 °C (HT 2, BG 2 and HT 3, BG
3 and BGS) were used. Additionally, an intermediate step at 800 °C was also used (HT 3, BG 3

and BGS) to allow crystallization, in order to improve mechanical stability of the scaffolds.

Figure 6.1 shows the PU foam 1 used for the preparation of BG 1, BG 2 and BG 3
scaffolds under SEM. SEM images in Figure 6.2 show porous structures of BG scaffolds (BG 1,
BG 2 and BG 3) prepared using different heat treatments. Factors, such as mechanical stability,
assessed by handling/hand grip, and sinterability, assessed by SEM (neck formation), were
taken into account to choose the optimal heat treatment. Samples which can be handled
without crumbling or breaking, and with SEM images showing neck formation and dense
struts, were considered well sintered. It can be seen that when the final temperature is 1000
°C (HT 1), the particles are not well sintered and despite the formation of necks between
particles, particles shape and edges are still visible (Figure 6.2 a and d). Mechanically, these
samples were weak and broke down easily when handled. When the temperature is increased

to 1100 °C (HT 2), the BG particles are better sintered and are mechanically stronger (Figure
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6.2 b and e). For the HT 3, the structure remained similar as for the HT 2 in terms of
sinterability and samples seemed the most stable by the visual assessment and hand grip, and

therefore, this heat treatment was chosen for further testing (Figure 6.2 c and f).
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Figure 6.1: PU foam 1 used for the preparation of BG 1, BG 2 and BG 3
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Figure 6.2: BG scaffolds made using different heat treatments at magnification x100: a) BG 1
(HT 1), b) BG 2 (HT 2) and c) BG 3 (HT 3) and at x1000 d) BG 1 (HT 1), e) BG 2 (HT 2) and f)
BG 3 (HT 3)

After initial optimisation studies and the heat treatment selection (HT 3), PU foam 2

with a different impregnation method has been employed in order to improve the mechanical
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stability of the BG scaffolds. The PU foam 2 used for the preparation of BGS and AWS scaffolds
is shown in Figure 6.3. According to the SEM images, PU foam 2 (Figure 6.3) has a similar
structure to PU foam 1 (Figure 6.1) and it is therefore presumed that the porosity of the PU
foam 2 is also approximately 60 ppi, as it is not provided by the manufacturer. Figure 6.4
shows the structure of BGS scaffolds using SEM, resembling the structure of the PU foam 2.
An open porosity with pores ranging from 100 um to 300 um can be observed, with the
average of 200 um assessed by measuring the pores using Imagel software. This open porous
structure and these pore sizes are considered suitable for bone ingrowth, as literature reports

that open porosity and pores with at least 100 um are necessary [35].
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Figure 6.3: PU foam 2 used for preparation of the BGS and AWS (Section 7.2.1)
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Figure 6.4: SEM image of BGS using PU foam 2 and HT 3 at x100 (left) and x1000 (right)
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6.2 X-ray diffraction (XRD) of uncoated Bioglass scaffolds

After the heat treatment, the XRD patterns show a crystalline structure of the BG
scaffolds (BG 3) in comparison to the amorphous BG powder (Figure 6.5). Sharp, distinctive
peaks for the two crystalline phases have been registered: NasCasSisO1g (COD 96-901-5838)
and NaCas(P04):SiOs, as anticipated for the BG after heat treatment [214, 234, 265].
Crystallization in scaffolds synthesised by this method cannot be avoided because the
temperatures used for the heat treatment exceed the crystallization temperature of the BG.
Although crystallization hinders degradation and bioactivity, it increases mechanical strength

of the scaffolds [4, 113].
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Figure 6.5: XRD of BG powder and crystalized BG 3 scaffolds after the heat treatment 3
6.3 Scanning electron microscopy of Bioglass scaffolds coated with the hydrogel

BGS were further coated with the hydrogel, as described in the Section 3.1.5. Figure
6.6 shows SEM images of BGS immersed in the hydrogel solution for different times (15 min,
30 min and 1h) followed by polymerization for 24 h in the oven at 37°C. As can be seen in the
Figure 6.6, the porosity was altered by the hydrogel coating, as the pores seem blocked by the
hydrogel. These blockages may have been induced by the freeze-drying prior to SEM imaging,
which will be further discussed in Section 8.2. Visually, there was no obvious difference

between the composite scaffolds prepared using different immersion times (Figure 6.6). It
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seems that the hydrogel fills the pores and surfaces of the scaffolds after 15 min of immersion.
Further immersion times do not seem to significantly affect the structure of the coated BGS.
However the coverage of the BGS surface with a gel is slightly higher for 30 min (Figure 6.6 €)
and 1 h immersion (Figure 6.6 f) compared to 15 min immersion time (Figure 6.6 d). Since the
coverage of the surface by the gel is similar for 30 min and 1 h immersion, 30 min was selected

for the subsequent sample preparation.
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Figure 6.6: SEM images of BGS scaffolds immersed in the hydrogel solution for different
times, at magnification x100: a) 15 min, b) 30 min and c) 1 h, and x1000 d) 15 min, e) 30 min

and f) 1 h (30 min chosen as the optimal time)

Final comments

In this section, BG scaffolds coated with the hydrogel were synthesized and
characterized. It should be noted that although chitosan was used in some cases (Table 2.4),
the use of genipin or other cross-linkers [118, 216-218] has not been reported. In order to
improve the mechanical stability of the composites, AW scaffolds coated with the hydrogel
will be prepared similarly and compared. While BG scaffolds in combination with natural
polymers were explored in the papers by some authors, compositions of AW glass-ceramic
with the polymers are rare, even though AW glass-ceramic is stronger than other glasses and

glass-ceramics, including BG, according to the literature.
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Chapter 7 Apatite-wollastonite powder and scaffolds (uncoated and coated with

the hydrogel)

In this section, characterization of the apatite-wollastonite (AW) powder (prepared as
described in Section 3.1.2), and AW scaffolds (prepared as described in Section 3.1.4) is
discussed. Additionally, the effect of the hydrogel coating on the AW scaffolds (prepared as

detailed in Section 3.1.5) is evaluated.
7.1 Apatite-wollastonite powder characterization

AW powder was characterized using scanning electron microscopy (SEM) to assess the
particle size. Similarly to BG powder, differential thermal analysis (DTA) and heating
microscopy (HM) were performed in order to examine the behaviour of the AW powder upon
heating and subsequently select the heat treatment for the preparation of the scaffolds. X-ray
diffraction (XRD) was used to investigate the structure of AW powder before the heat

treatment.
7.1.1 Scanning electron microscopy of apatite-wollastonite powder

AW powder with particle size below 50 um provided by the manufacturer, was sieved
using 53 um sieve for verification. The SEM image in Figure 7.1 confirms that the particles are
below 53 um. As no particle size analyser was available for determining both the size and the
size range of the particles, particles were manually measured using ImageJ software. The size

of 53 um was chosen similarly to the BG powder.
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Figure 7.1: SEM image of sieved AW powder
7.1.2 X-ray diffraction of apatite-wollastonite powder

XRD of the AW powder is shown in Figure 7.2. The structure of AW powder is mostly
amorphous as indicated by the broad peak at ~ 30°, typical for glass. The peaks were identified
as wollasonite (CaSiOs) (COD 96-901-1914) and apatite (Caio(POa)s(OH,F)2) (COD 96-900-1390)
crystalline phases by using HighScore Plus software, also shown by Mancuso et al. [103, 108,
280]. Due to the high background and low signal to noise ratio, some peaks could have been
omitted by the software. Nevertheless, XRD analysis was used for AW powder in order to
confirm the highly amorphous structure of the glass-ceramic powder (with some crystalline
peaks), which is expected to crystallise after the heat treatment, as seen later in Figure 5.43.

As mentioned before, crystallization improves the mechanical stability of the scaffolds.
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Figure 7.2: XRD of AW powder
7.1.3 Differential thermal analysis of apatite-wollastonite powder

DTA graph of the AW powder is shown in Figure 7.3. The glass transition temperature
is at approx. 750 °C, while two exothermic peaks for crystallization appear at approx. 890 °C
and 945 °C, that correspond to apatite and B-wollastonite phases, respectively [256]. Two
endothermic peaks are reported for the melting of the two phases at approx. 1285 °C and
1300 °C by Cannillo et al. [256]; however, in Figure 7.3, one sharp, distinctive melting peak can
be observed at approx. 1300 °C, that could be an overlap of two peaks. It should be noted

that the peaks at ~ 200 °C are due to an instrument error, as shown in the Appendix A.
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Figure 7.3: DTA for AW powder (heating rate 20 °C/min)
7.1.4 Heating microscopy of apatite-wollastonite powder

The AW powder was further tested using the HM. Figure 7.4 shows the curve of AW
sample during heating on the heating microscope. It can be noted that the sintering step starts
at approx. 780 °C which corresponds to approx. 15 % of reduction in the area. Similar
behaviour was reported by Kokubo et al. [106]. The melting starts at around 1250 °C indicated

by the sharp drop in the curve.
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Figure 7.4: Shrinkage of the AW sample upon heating recorded by the heating microscope
(heating rate 20 °C/min)

Figure 7.5 shows the silhouettes of the AW sample captured by the heating microscope
at relevant temperatures. Figure 7.5 a shows the sample at 50 °C. Between 780 °C (Figure 7.5
b), when the sintering starts, and 900 °C (Figure 7.5 c), when the sintering is finished, sample

visibly shrinks. At 1303 °C (Figure 7.5 e) the sample starts to melt.
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Figure 7.5: AW sample on HM at different temperatures: a) 50 °C, b) 780 °C, c¢) 1250 °C, d)
900 °Cand e) 1303 °C
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7.2 Uncoated and coated apatite-wollastonite scaffolds

Using the AW powder, scaffolds are prepared following the procedure described in
Section 3.1.4. They were analysed using scanning electron microscopy (SEM) and X-ray
diffraction (XRD) in order to observe the morphology and identify crystalline phases after the
heat treatment, respectively. Furthermore, the scaffolds were coated with the Cht-Gen

hydrogel (as described in Section 3.1.5) and observed on SEM.
7.2.1 Selection of the heat treatment for apatite-wollastonite scaffolds (AWS)

The heat treatment for the preparation of AW scaffolds (AWS) was chosen with the
help of DTA and HM studies of AW powder, which showed sintering interval and melting point
(Figure 7.3 and Figure 7.4). Similarly to the BG scaffolds (Section 6.1), a three-step heat
treatment was selected. The first step at 550 °C was chosen to burn the PU foams, while the
intermediate step at 900°C was chosen to increase the stability of the samples by allowing
crystallization. The final step for the heat treatment at 1250 °C (just before the melting point

of around 1300 °C), was selected to increase the densification and mechanical stability.

The PU foam 2, used for the synthesis of BGS and AWS, BGS and AWS are shown in
Figure 7.6. A non-uniform sintering of AWS can be observed (Figure 7.6 c). The AWS scaffolds
had an irregular shape of the deformed cylinder with different diameters on the top and on
the base surface. In particular, the base was partially melted. During the last sintering step
AWS samples appear to have been exposed to a slightly different temperatures between the
top and the bottom sides. Change in final step temperatures to lower than 1250 °C led to a
poorly sintered samples. Constrained with a furnaces available, it was not possible to further

optimise the heat treatment. As can be seen in Figure 7.6 b, BGS scaffolds had a regular shape.
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Figure 7.6: a) PU foam 2 used for preparation of scaffolds, b) BGS and c) AWS

7.2.2 Scanning electron microscopy (SEM) of uncoated apatite-wollastonite scaffolds

SEM images of AWS scaffolds are presented in Figure 7.7. The scaffolds have pore sizes
ranging from 80 um to 300 um, with the average of approx. 180 um. For comparison, BGS
scaffolds had the average pore diameter of approx. 100 um (Section 6.1, Figure 6.4). The pore

sizes were measured manually using the Imagel software. While open porosity was observed

with pores > 100 um, some smaller pores, as well as some closed/blocked pores can be noted.
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Figure 7.7: SEM images of the AWS at magnification x100 (left) and x1000 (right)
7.2.3 X-ray diffraction of uncoated apatite-wollastonite scaffolds

XRD for AWS scaffolds was carried out using the procedure described in the Section
3.8. Figure 7.8 shows the XRD patterns of the AW powder and AWS scaffolds after the heat
treatment. AW powder is mainly amorphous, and it has small peaks corresponding to

wollastonite and apatite. After the heat treatment, AWS is completely crystalline. The main
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peaks were identified as wollastonite, CaSiOs (COD 96-901-1914) and whitlockite,
CagMg(P04)sPOsOH (COD 96-901-2137), similar to previously reported [281]. Additionally,
some peaks corresponding to apatite (COD 96-900-1390) can be observed, as also reported

by other authors [102, 108].

DTA (Figure 7.3) shows two crystallisation peaks, probably corresponding to apatite
and wollastonite, as reported by [256]. The differences between DTA and XRD are a result of
different heat treatments. The DTA was performed using a heating rate of 20 °C/min, while
the heat treatment of the scaffolds was carried out at 5 °C/min with a step of 1 h at 1250 °C.
It was reported that apatite phase converts to whitlockite above 1100 °C [106]. Therefore, it
was assumed that the two crystallisation peaks observed on the DTA could correspond to

apatite and wollastonite.
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Figure 7.8: XRD of semi-crystalline AW powder and crystalized AWS after the heat treatment
7.2.4 Scanning electron microscopy of apatite-wollastonite scaffolds coated with the hydrogel

The AWS scaffolds were coated with the hydrogel as described in the Section 3.1.5.
Figure 7.9 shows SEM images of AWS scaffolds with different times of immersion in the
hydrogel solution (15 min, 30 min and 1 h), followed by polymerisation. The samples were
freeze-dried prior to SEM imaging. It seems that the hydrogel penetrates the scaffolds,

covering the pores. Freeze-drying is considered to have an effect on the hydrogel coating and
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blockage of the pores, and will be discussed in Section 8.2. According to the SEM images, time
did not have a significant role on the final structure of the composite scaffolds. Since the time
of immersion in the hydrogel solution was not crucial for the final structure of the hydrogel
coated scaffolds, 30 min was considered sufficient for the AWS, likewise for BGS (see Section

6.3, Figure 6.6).
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Figure 7.9: SEM images of AWS immersed in the hydrogel solution for different times, at
magnification x100: a) 15 min, b) 30 min and c) 1 h, and x1000 d) 15 min, e) 30 min and f) 1 h

(30 min chosen as the optimal time)

In comparison to the BGS scaffolds, the hydrogel coating on the AWS scaffolds looks
different. While the hydrogel in case of BGS scaffolds seems to be in a form of threads/fibres
(Figure 6.6), the hydrogel in the structure of AWS scaffolds is firmer, thicker and denser.
Furthermore, these different gel structures are not dependant on the time of immersion in
the Cht-Gen hydrogel, but only on the type of the scaffold (BGS or AWS). There could be a few
reasons for this behaviour. Firstly, as observed in the Figure 6.4 and Figure 7.7, the surface
roughness seemed greater for AWS scaffolds (possibly due to poor sintering), and that could
allow more hydrogel to adhere on the surface and subsequently form a thicker layer. Secondly,
the hydrophilicity of the BG scaffolds is reported to be greater than for AW scaffolds [282,
283]. That could lead to the reaction of BGS scaffolds and the hydrogel, possibly dissolving the

124



scaffold and making a thinner, fibre-looking layer, while the hydrogel would form a separate
layer on AWS scaffolds. Finally, BG is more reactive and raises the pH of the surrounding
solution more than AW (experimental study, Section 8.2). Hence, it could be considered that
the hydrogel is formed at basic pH conditions (above 8) in case of BGS, and at neutral pH
(around 7) conditions in case of AWS. It was previously reported that the cross-linking of
chitosan and genipin greatly depends on the pH conditions [142]. At neutral pH, more chitosan
and genipin cross-links will be formed to make a stronger hydrogel. When the pH is basic,
more genipin self-crosslinking will take place, reducing number of chitosan-genipin bonds,

which would then lead to a less cross-linked and weaker gel.

Furthermore, the colour of the hydrogel coated BGS and AWS scaffolds is different
(Figure 7.10). BGS and AWS scaffolds were cut in half (transversely) for the purposes of
imaging. As it can be seen in the Figure 7.10, both coatings on the BGS and AWS scaffolds look
homogenous judging by the uniform colours. After the polymerization of the coating is
complete (24 h) BGS scaffold has a pale blue colour, while AWS scaffold has a darker blue
colour. It was observed that, after 3-4 h of polymerization of the hydrogel coating, BGS
scaffolds had a darker blue colour. This might be due to fast genipin self-crosslinking together
with the deprotonisation of NH3* groups of chitosan at higher pH, allowing cross-linking; as a
result, BGS scaffolds had a darker blue colour, at the beginning of hydrogel polymerisation. As
seen in the Section 5.2, FI measurements showed that increasing the amount of BG in the
hydrogel (higher pH), the Fl values were higher in the first few hours of polymerization (3-6 h),
but lower at the end of polymerisation (24 h). The hydrogel coating on AWS had a higher
amount of final cross-linking (after 24 h) and therefore a darker colour. Mi et al. reported that
a darker colour is connected to a higher cross-linking degree [142]. As mentioned before in
Section 2.5.2.2, the blue colour is a result of forming both genipin self-crosslinks and chitosan-
genipin bonds. In addition, the darker colour is an indicator of a more cross-linked and
stronger/stiffer gel [143, 146]. Although the hydrogel composition (concentration of genipin)
and time of polymerization were the same for BG and AW scaffolds, the colour of the coatings
was different (Figure 7.10). As previous studies showed that darker colour means more cross-
linked gel, it was concluded that the gel on the AW scaffold was more cross-linked and thus

stronger, which was also observed on SEM images.
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In summary, the hydrogel coating differs on BG and AW scaffolds by colour, observed
by the naked eye, and microstructure, as shown on SEM, likely due to different pH conditions.
The darker colour on synthesised AW scaffolds corresponds to more cross-linked and stronger
hydrogel. Although it is difficult to predict the exact pH values at the hydrogel-scaffolds
interface, it is suggested that the gel is formed at more basic conditions (above 8) in case of
BG scaffold. At higher pH genipin self-cross-links, which in turn leads to formation of less cross-

linked, weaker and more porous hydrogel.

Figure 7.10: Hydrogel coated a) BGS and b) AWS scaffolds showing different colours of the

coating after polymerization
Final comments

To sum up, AW scaffolds have been synthesized and coated with the chitosan hydrogel
cross-linked with genipin for the first time, to the best of our knowledge. Only few
AW/polymer compositions have been reported in the literature, and only without the use of
a cross-linker (Table 2.4). It should be noted that AW has the advantage over BG and other
glasses and glass-ceramic as it is considered stronger, due to wollastonite crystalline phase.
Here, a stable composite of AW scaffold coated with the chitosan-genipin hydrogel was
obtained and will be further assessed using the compression test and studies in SBF. It should
be mentioned that the hydrogel coating looks different on BG and AW due to different pH
conditions, which affect the cross-linking and the microstructure of the hydrogel. Moreover,
the sintering of AW in this work needs to be improved in order to obtain regular-shaped
samples. This could be achieved by using a single burning-out furnace which is stable at high
temperatures (instead of two furnaces, as mention in Section 3.1.4) and platinum moulds

during sintering that could preserve the shape of the samples.
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Chapter 8 Mechanical properties and in vitro bioactivity in SBF of Bioglass and

apatite-wollastonite scaffolds

8.1 Compression test of uncoated and coated Bioglass and apatite-wollastonite scaffolds

BGS and AWS scaffolds, uncoated as well as coated with the hydrogel (time of
immersion 30 min) were compressed as described in Section 3.7. An example of a stress-strain
curve for the uncoated AWS is shown in Figure 8.1. The serrated curve is typical for brittle and
porous glass-ceramic scaffolds, as the breaking of the scaffolds’ struts is gradual [171, 254,
265]. A maximum stress up to 10 % strain was determined and average values for the samples

were plotted (3 samples per composition were tested).
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Figure 8.1: Example of the stress-strain curve of uncoated AWS and determination of

maximum stress up to 10 % strain

As seen in Figure 8.2, AWS scaffolds are stronger than BGS scaffolds. This is in
agreement with the literature stating that wollastonite phase within the glassy matrix in AW
glass-ceramics increases the mechanical properties [104, 108]. For BGS scaffolds, compressive
stress is higher before the coating with the hydrogel, and the average compressive stress
decreases from 1.10 to 0.64 MPa (42 %) after the coating. This might be due to the reactivity
of the BG and partial dissolution and weakening of the BG scaffolds. In case of AWS scaffolds,

there were no significant differences between coated and uncoated samples. The values for

127



compressive stress varied from 1.19 to 4.09 MPa, with the average of approx. 2.6 MPa. Larger
error bars seen for AWS scaffolds are due to irregular shape of the AWS scaffolds, caused by
poor sintering elaborated in Section 7.2.1 (Figure 7.6). As the AWS samples were melted on
the bottom, the diameter of the samples differed from the bottom to the top. The top surface
was not flat, which greatly affected the measurement. However, as expected [104], both

coated and uncoated AWS scaffolds were on average stronger than BGS scaffolds.
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Figure 8.2: Maximum stress up to 10 % strain for BGS and AWS uncoated and coated (30
min) scaffolds

8.2 Studies of Bioglass and apatite-wollastonite uncoated and coated scaffolds in SBF - pH, SEM

and compression test

As the final application of these scaffolds is intended for bone regeration, the
behaviour in the body-like fluid is important. Hence, the scaffolds (BGS and AWS scaffolds,
uncoated and coated) were further tested in SBF for their behaviour in terms of pH of the SBF,
apatite formation and mechanical properties. Both BG and AW are considered bioactive and
the formation of an apatite layer on their surface was expected, which could further affect the
pH, their morphology and compressive stress values [102, 103, 108, 171, 214, 254, 265]. As
aforementioned, SBF can be used for in vitro testing of bioactivity, as it has a similar
composition to human body plasma. Figure 8.3 and Figure 8.4 show SEM images of the

scaffolds after immersion in SBF for 1 week, at lower and higher magnification, respectively.
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The samples were freeze-dried prior to SEM imaging. The SEM images of the samples after
the immersion in SBF look similar to those prior to immersion (Figure 6.4, Figure 6.6, Figure
7.7 and Figure 7.9). In some cases, in Figure 8.3 a, Figure 8.3 b and Figure 8.4 a, for uncoated
scaffolds, a structure similar to the gel coating in the form of fibres and threads can be noticed.
This is believed to be due to freeze-drying which is further discussed later in this section. No
layer or deposition of apatite crystals could be clearly observed on any of the samples. Both
BG and AW scaffolds have been reported to form an apatite layer within less than 1 week of
immersion in SBF [102, 108, 214, 265]. Therefore, the reasons that an apatite layer was not
detected might be that it was difficult to distinguish it on the scaffolds surface, as it looks
similar as glass-ceramic structures. High-resolution SEM could be used in the future in order
to get better images. Also, energy dispersive X-ray spectroscopy (EDS) could be utilized for
elemental analysis that would show increase in amount of calcium and phosphate for apatite

deposits.
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Figure 8.3: SEM images of freeze-dried samples after 1 week in SBF at lower magnification
(x100): a) BGS uncoated, b) AWS uncoated, c) BGS coated (30 min) and d) AWS coated
(30 min) scaffold
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Figure 8.4: SEM images of freeze-dried samples after 1 week in SBF at higher magnification
(x1000): a) BGS uncoated, b) AWS uncoated, c) BGS coated (30 min) and d) AWS coated
(30 min) scaffold

Similarly, SEM images of BGS and AWS uncoated and coated scaffolds after 2 weeks in
SBF are shown in Figure 8.5. The samples look similar as after 1 week in SBF (Figure 8.3). The
fibre-like structures on the uncoated samples are suggested to be due to freeze-drying.
However, at higher magnifications (x1000 in Figure 8.6, and x2000 and x5000 in Figure 8.7)
some deposits could be observed on uncoated BGS samples (Figure 8.6 a, Figure 8.7 a and
Figure 8.7 b), that look similar to hydroxyapatite crystals previously reported for BG scaffolds
[214]. In comparison, no deposits are detected on AWS scaffolds (Figure 8.7 c and Figure 8.7
d). BG is reported to be more bioactive so it is expected that more apatite layer is formed on

its surface [113].
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Figure 8.5: SEM images of freeze-dried samples after 2 weeks in SBF at lower magnification
(x100): a) BGS uncoated, b) AWS uncoated, c) BGS coated (30 min) and d) AWS coated
(30 min) scaffold
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Figure 8.6: SEM images of freeze-dried samples after 2 weeks in SBF at higher magnification
(x1000): a) BGS uncoated, b) AWS uncoated, c) BGS coated (30 min) and d) AWS coated
(30 min) scaffold
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Figure 8.7: Arrows pointing at deposited apatite on BGS uncoated scaffolds after 2 weeks of
SBF at a) x2000 and b) x5000, in comparison to no visible apatite crystals on AWS uncoated
scaffolds at c) x2000 and d) x5000

As unusual fibre-like structures were observed on uncoated BGS and AWS scaffolds
after immersion in SBF, it might be suggested that it is due to freeze-drying, when an apatite
layer which could be deposited during immersion in SBF, was peeled off the scaffolds surface
(Figure 8.3 aand b, Figure 8.4 a and b; Figure 8.5 a and b). Therefore, a set of samples kept in
SBF for 2 weeks was only air-dried and imaged using SEM (Figure 8.8 and Figure 8.9). For these
non-freeze-dried samples no fibres could be seen on uncoated scaffolds (Figure 8.8 a and b,
and Figure 8.9 a and b). However, no apatite deposition could be observed either. For the
coated samples, it could be noticed that as the hydrogel coating on scaffolds collapsed, we
can no longer see pores which were visible on SEM images for the hydrogels (Section 5.1,

Figure 5.1 and Figure 5.2). The hydrogel coating was attached to the scaffolds surface (Figure
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8.8 cand d, Figure 8.9 c and d), unlike for freeze-dried samples (Figure 8.5/Figure 8.6 c and d).
In case of the non-freeze-dried samples, as well as the freeze-dried, firmer/thicker coating on
AWS scaffolds could be seen than in the case of BGS scaffold. Therefore, it can be suggested
that the loose structure of the hydrogel coating on BGS (Section 6.3, Figure 6.6) and AWS
(Section 7.2.4, Figure 7.9) scaffolds was due to freeze-drying and that the hydrogel coating

firmly adheres to the scaffolds surface and does not block the pores.

Y.
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Figure 8.8: Non-freeze-dried samples after 2 weeks in SBF at lower magnification (x100): a)

BGS uncoated, b) AWS uncoated, c) BGS coated (30 min) and d) AWS coated (30 min) scaffold
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Figure 8.9: Non-freeze-dried samples after 2 weeks in SBF at higher magnification (x1000): a)
BGS uncoated, b) AWS uncoated, c) BGS coated (30 min) and d) AWS coated (30 min) scaffold

Next, pH measurements were performed using the procedure described in Section
3.11. pH values of the SBF soultions with uncoated and coated BGS and AWS scaffolds after 1
and 2 weeks of immersion are shown in Figure 8.10 and Figure 8.11, respectively. Three
samples per composition were tested. It should be noted that although samples were kept at
37 °Cin the oven during the tests and removed only to refresh the soultion, pH was measured
at 34 °C. The reason is the low outside temperature and the fact that the temperature of the
samples dropped as soon as they were taken out of the oven to take a pH reading. The pH of

the SBF solution was ~ 7.5 before adding the samples.

It could be observed that BGS scaffolds raised the pH from neutral ~ 7.5 to ~ 8.3, for

both uncoated and coated samples during 1 week of immersion in SBF. AWS scaffolds raised

135



the pH up to ~ 7.7. However, there was not a significant difference between uncoated and

coated samples, for both BGS and AWS scaffolds.

[ ]BGS uncoated
8.6 7 Z BGS coated
8.5 [[__]AWS uncoated

AWS coated

Time (day)

Figure 8.10: pH values for uncoated and coated (30 min) BGS and AWS scaffolds immersed in

SBF for 1 week, as well as for the SBF before immersion of the samples

During 2 weeks of immersion in SBF (Figure 8.11), the pH for BGS both uncoated and
coated scaffolds was ~ 8.3 on days 3 and 7. On both day 10 and day 14, the average pH values
slightly dropped to 8.25 for uncoated BGS scaffolds and to 8.19 (day 10) and 8.16 (day 14) for
coated BGS scaffolds. Coated and uncoated AWS scaffolds during 2 weeks of immersion in SBF
had pH values in the range between 7.56 and 7.77. There was no a significant difference

between coated and uncoated AWS.
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Figure 8.11: pH values for uncoated and coated (30 min) BGS and AWS scaffolds immersed in
SBF for 2 weeks, as well as for the SBF before adding the samples

Figure 8.12 shows calculated maximum stress up to 10 % strain for uncoated and
coated BGS and AWS scaffolds after immersion in SBF for 1 week. Three samples were tested
for each composition. Independent of the coating, BGS scaffolds have shown lower stress (up
to ~1.05 MPa) in comparison to AWS scaffolds (ranging from ~ 1.35 to ~ 5.68 MPa). The
coated BGS scaffolds had slightly higher stress after 1 week in SBF than uncoated samples.
Similarly, the average value of maximum stress increases after coating of AWS with hydrogel,
from 2.08 to 3.89 MPa. The big error bars observed on AWS scaffolds are due to irregular

shape of the samples.
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Figure 8.12: Maximum stress up to 10 % strain for BGS and AWS uncoated and coated

scaffolds after 1 week of immersion in SBF

Figure 8.13 shows maximum stress up to 10 % strain for BGS and AWS uncoated and
coated scaffolds, as synthesised (without SBF) and after 1 week of immersion in SBF for
comparison. When compared to the samples without SBF, BGS scaffolds show an interesting
feature: while average stress decreases after immersion in SBF for uncoated BGS scaffolds
(from 1.10 to 0.69 MPa), in case of coated BGS scaffolds, average stress increases after being
kept in SBF (from 0.64 to 0.95 MPa). Therefore, coated BGS scaffolds have higher stress of
0.95 MPa after immersion in SBF for 1 week than uncoated BGS scaffolds with 0.69 MPa. It
appears that the hydrogel coating hinders the dissolution of the BGS scaffold which leads to a
higher stress for coated BGS; however, pH values are almost identical for both samples with
or without the coating (Figure 8.10). It is also possible that the coating acts like a glue holding
the structure firmer. When it comes to AWS scaffolds, due to the large fluctuations between
analysed samples, no firm comparison could be drawn but it seems that the trend is similar to
BGS. The average stress for uncoated AWS decreases, while the stress for coated AWS
increases after immersion in SBF. The average stress after 1 week in SBF is higher for the
coated AWS than for the uncoated AWS. In general, BGS scaffolds have lower stress than AWS

scaffolds without SBF and after 1 week in SBF.
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Figure 8.13: Maximum stress up to 10 % strain for BGS and AWS uncoated and coated

(30 min) scaffolds, as synthesised (without SBF) and after 1 week of immersion in SBF

Comparison of BGS and AWS compression tests after immersion in SBF for 2 weeks is
given in Figure 8.14. The coated BGS scaffolds have higher average stress than the uncoated
samples (0.95 MPa compared to 0.61 MPa). BGS scaffolds have lower stress (ranging from
0.46 to 1.12 MPa) than AWS scaffolds altogether (ranging from 1.39 to 3.65 MPa). While the
results for AWS scaffolds have a wide error bars, the average values show that the coating on
AWS scaffolds decreases the stress from approx. 2.52 MPa (uncoated AWS) to 1.83 MPa
(coated AWS).
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Figure 8.14: Maximum stress up to 10 % strain for BGS and AWS uncoated and coated

(30 min) scaffolds after 2 weeks of immersion in SBF

Average values of the maximum compressive stress up to 10 % strain for BGS and AWS
uncoated and coated scaffolds without SBF and after immersion in SBF for 1 and 2 weeks are
recapped in Table 8.1. Figure 8.15 presents the maximum stress values for BGS and AWS
uncoated and coated scaffolds tested without SBF, after immersion in SBF for 1 week and after
immersion in SBF for 2 weeks. It could be concluded that BGS scaffolds have lower stress
(ranging from 0.46 to 1.20 MPa) than AWS scaffolds (ranging from 1.19 to 5.68 MPa),
independent of the coating or testing conditions (without SBF and after being kept in SBF).
The stress for uncoated BGS scaffolds decreased after immersion in SBF, while the stress for
coated BGS scaffolds increased after immersion in SBF. There are no solid conclusions for AWS
scaffolds as the values vary extremely because of their irregular shape and uneven surface.
Looking at the average values, the stress for uncoated AWS decreases after immersion in SBF
while for the coated AWS the stress increases after 1 week in SBF, reaching the highest value
overall for all tested samples. However, after 2 weeks in SBF the stress decreases to a value

below that of the coated AWS before immersion in SBF.
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Table 8.1: Average values of maximum stress up to 10 % strain for BGS and AWS uncoated

and coated scaffolds before SBF and after immersion in SBF for 1 and 2 weeks

Maximum stress up to 10 % strain (MPa)
Scaffold Without SBF 1 week in SBF 2 weeks in SBF
Uncoated BGS 1.10+£0.10 0.69 + 0.07 0.61+0.15
Coated BGS 0.64+0.10 0.95+0.11 0.95+0.17
Uncoated AWS 2.68+0.99 2.08+0.73 2.52+1.13
Coated AWS 2.64+1.45 3.89+1.79 1.83+0.42
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Figure 8.15: Maximum stress up to 10 % strain for BGS and AWS uncoated and coated

scaffolds, as synthesised (without SBF), and after 1 week and 2 weeks of immersion in SBF

Final comments

From the compression tests in SBF, it can be concluded that the coating of the BGS

increases the stress, while inconclusive results are obtained for AWS. However, all AWS

showed average stress values above 2 MPa, which is reported to be the lower limit for the

human cancellous bone [24, 30]. The values of compression stress obtained here are

comparable to the values from the literature for similar scaffolds (Table 2.4). In order to

increase the mechanical properties of AWS scaffolds, sintering process needs to be improved

to yield uniform and well-sintered samples. Using platinum moulds during sintering could
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preserve the shape of the samples. Since the coated BGS scaffolds have higher stress after
immersion in SBF for 1 or 2 weeks than uncoated BGS scaffolds, additional tests in SBF for
longer periods of time (up to 6 months) would show if the coating has lasting impact on the
mechanical properties during prolonged time. Possible outcome is that the coating slows
down the degradation of the scaffolds and thus maintain their mechanical stability for longer.
According to the literature, it isimportant that the implanted scaffold maintains its mechanical
properties for longer time conferring enough support for the new bone to form [4, 24]. Even
though the obtained BG and AW scaffolds could be considered for the low load-bearing bone
tissue applications, their mechanical properties could still be improved. It is suggested that
better mechanical properties for the composite scaffolds could be achieved by using novel
methods, such as 3D printing or formation of multi-layered composites, such as type 4
described in Section 2.6.1. Another option could be seeding the cells on the scaffolds, which
would lead to the formation of the ECM, before implantation in the body (type 5, Section
2.6.1). Also, the addition of a cross-linking agent and formation of a hybrid (similar to Section
2.6.2) could improve the bonding between the glass-ceramic and the polymer and therefore,

enhance the mechanical properties.
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Chapter 9 Conclusions and recommendations for future work

The aim of this PhD research was to develop and analyse chitosan-Bioglass 45S5 (BG)
and chitosan-apatite-wollastonite (AW) composites for applications in bone tissue
engineering. Two methods were used for the fabrication of these composites. In the first
method BG particles were added to the chitosan hydrogels. For the second method BG and
AW glass-ceramic scaffolds were fabricated using the replication method and then coated
with the chitosan hydrogel. Genipin was used as a natural, low toxicity cross-linker, in order
to improve stability of the chitosan hydrogels. The microstructure and mechanical properties
of these composites were investigated. The effect of the BG particles on the hydrogels, as well

as the effect of the hydrogel coating on BG and AW scaffolds, were examined.

Genipin-cross-linked chitosan hydrogels with and without BG particles were
synthesised. The BG particles were used to reinforce the hydrogels. According to scanning
electron microscopy (SEM) images, BG particles did not affect the porous structure and
gelation, since the pore size seemed similar before and after addition of BG (10-35 pum) and
the hydrogel structure remains uniform. FTIR confirmed the cross-linking reaction between
chitosan and genipin, and indicated a hydrogen bonding between the gels and BG. BG particles
improved the mechanical properties of the hydrogels, as expected, but affected the
fluorescence intensity (FI) measurements. The average compressive stress and modulus
increased from 0.69 + 0.11 kPa and 3.41 + 0.59 kPa, respectively, for the hydrogels without
BG, to 1.07 £ 0.11 kPa and 5.23 + 0.66 kPa, respectively, for the hydrogels with 5 mg/ml BG.
Similar average values for compressive stress and modulus were achieved for the hydrogel
with 3 mg/ml BG- 1.06 + 0.11 kPa and 5.22 + 0.45 kPa, respectively. Even if the addition of BG
lowered the final Fl values, the samples were mechanically more stable. Thus, it is considered
that Fl values to do not correspond to the actual cross-linking in the hydrogels. Therefore, FI
does not seem to be a suitable method for following the cross-linking reaction of the hydrogels

containing BG.

The hydrogels were consequently immersed in simulated body fluid (SBF) for 1 week
with the goal to investigate their properties in the body-like environment for bone engineering
applications. It was observed that the hydrogels shrank to 30-40 % of their initial volume after

1 week of immersion in SBF, which should be considered for their applications in vivo.
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However, the BG hydrogels were mechanically stronger after immersion in SBF. Their
mechanical properties improved with the increase of BG content- the average compressive
stress increased from 2.40 + 0.40 kPa for the hydrogel without BG to 3.45 + 0.15 kPa for the
hydrogel with 5 mg/ml BG, while the average compressive modulus increased form 11.24 +
1.75 kPa for chitosan-genipin gel to 17.00 + 1.00 kPa for the hydrogel with 5 mg/ml BG after
1 week in SBF. Even though BG particles reinforced the hydrogels both before and after
immersion in SBF, their compressive stress and modulus were up to ~ 3.60 kPa and ~ 18.0 kPa
respectively for hydrogels containing 5 mg/ml BG, well below the range of mechanical

properties of the human bone.

To sum up, the addition of BG powder to the hydrogels improves the mechanical
properties of the chitosan-genipin to some extent, as hypothesized. Fluorescence intensity
measurement is not suitable for the investigation of the cross-linking process as the end of
the cross-linking and the effect of BG cannot be clearly distinguished. The hydrogels with BG
powder did not disintegrate in the SBF for the time measured (1 week), while exhibiting
shrinkage as the reaction to the basic pH and subsequent increase in mechanical properties,
dependent on the BG content. It is recommended that a cross-linking agent between inorganic
and organic parts is used, such as GPTMS, in order to further improve the mechanical

properties of the composites.

BG and AW scaffolds were coated with genipin-cross-linked chitosan hydrogels in
order to improve their mechanical properties and slow down their degradation in SBF. The
results showed that both freeze-drying and air-drying prior to SEM affected the hydrogel
coating on the scaffolds. However, since the images of air-dried samples showed collapsed
but uniform and adherent coating, it is believed that the hydrogel coating did not significantly
hinder the open porosity of the scaffolds (pore range of 100-300 um before the coating).
Furthermore, the morphology and colour of hydrogel coating differed on BG and AW scaffolds
mainly because the gelation of the coating was affected by different pH conditions. After

immersion in SBF some apatite deposition on uncoated BG scaffolds was detected.

As expected, AW scaffolds had a higher compressive stress than BG scaffolds,
independent of the coating or testing conditions, with the compressive stress ranging from

0.46 to 1.20 MPa for BG and from 1.19 to 5.68 MPa for AW scaffolds, reaching the lower limit
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of the cancellous bone (2-20 MPa). Inconclusive results were obtained for AW samples due to
non-homogeneous sintering. The hydrogel coating did not improve the mechanical properties
of either BG or AW scaffolds before SBF immersion. Uncoated BG scaffolds had an average
compressive stress of 1.10 + 0.10 MPa in comparison to 0.64 + 0.10 MPa for coated BG
scaffolds, while uncoated AW scaffolds had an average compressive stress of 2.68 £ 0.99 MPa,
compared to 2.64 + 1.45 MPa for coated AW scaffolds. Nevertheless, coating of BG scaffolds
improved the compressive stress after immersion in SBF. After 2 weeks in SBF, the average
compressive stress of coated BG scaffolds increased from 0.64 £ 0.10 MPa to 0.95+0.17 MPa,
while the average compressive stress of uncoated BG scaffolds decreased from 1.10 +
0.10 MPa to 0.61 + 0.15 MPa. Furthermore, the highest average value recorded for AW
scaffolds was 3.89 + 1.79 MPa for coated AW scaffold after 1 week in SBF. It would be
interesting to assess the mechanical properties of coated BG and AW scaffolds after longer

immersion time in SBF (up to 6 months).

In case of BG and AW scaffolds coated with the hydrogel, it can be concluded that the
samples showed similar microstructural and mechanical properties as reported in the
literature. Interestingly, gelation of the hydrogel coating was influenced by the pH conditions
on the BG and AW contact surfaces and therefore the morphology and the colour of the
hydrogel coating were different on these two types of scaffolds. In accordance with the initial
research hypothesis, AW scaffolds demonstrated higher compressive strength than BG
scaffolds and the coating with the hydrogel has shown significant influence on mechanical
properties of the samples after immersion in SBF, suggesting that it can hinder the dissolution

of the BG and maintain mechanical stability over time.

Ultimately, chitosan-genipin hydrogels with the BG particles do not seem adequate for
the applications in bone tissue engineering due to low mechanical properties, rejecting the
research hypothesis. BG and AW scaffolds show potential as their compressive stress was
close to/within the range of that of the cancellous bone, confirming our hypothesis. Although
chitosan- BG and AW scaffolds are not appropriate for high load-bearing applications, they
could be applied for low load-bearing sites as alternative materials to hydroxyapatite and

collagen, which are commonly used for commercially available inorganic-organic composites.
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Novel methods for synthesis of scaffolds, such as 3D printing to control the pore size
and distribution, and fabrication of bi- or multi-layered composites, could significantly
improve mechanical properties. Additionally, formation of hybrids by using a cross-linking
agent, such as GPTMS or APS, could enhance the bonding between the phases which would
enhance the mechanical properties. Further investigation of AW composites is recommended
as AW scaffolds are rarely explored in the literature even though they show improved

mechanical properties compared to other glasses and glass-ceramics, such as Bioglass.

Immediate future work should involve several experiments that were not carried out
due to the laboratory closure, such as SEM imaging of hydrogels after SBF and energy
dispersive X-ray spectroscopy (EDS), as well as the improvement of the sintering of AW
scaffolds and long-term SBF tests (up to 6 months) for BG and AW scaffolds, which would give
additional information about the materials and contribute to the results gathered so far in this

thesis.

SEM imaging of hydrogels afterimmersion in SBF should be conducted to observe their
structure in a simulated physiological environment. As the gels shrink in this basic
environment, smaller pores are expected. However, it is important that the hydrogels remain
highly porous, which enables the blood and nutrient flow, necessary for the formation of the
new tissue. It is expected that apatite will form on the hydrogels containing BG particles over

time, which can enhance the bone formation in vivo.

Both AW and BG are reported to be highly bioactive materials, able to form an apatite
layer within 1 week of immersion in SBF, which is vital for the cell attachment and subsequent
bone formation. Using the scanning electron microscope available in this thesis, an apatite
layer was observed on uncoated BG scaffolds after 2 weeks in SBF. As apatite has a similar
appearance as the glass-ceramic scaffolds, it was difficult to distinguish it. It is proposed that
high-resolution SEM and energy dispersive X-ray spectroscopy (EDS) are used for detection of

apatite formation on BG and AW scaffolds.

Due to non-homogeneous sintering, AW scaffolds had irregular shape and
microstructure, which affected their mechanical properties and reproducibility of the results,
yielding large standard deviations. A better sintering of AW scaffolds is needed in the future

which can be achieved by using a single furnace, stable at high temperatures (1300-1400 °C).
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Also, cylindrical moulds made of platinum can be used to preserve the shape of the scaffolds

inside the furnace, during the sintering process.

As the hydrogel coated BG scaffolds showed improved mechanical properties in
comparison to the uncoated BG scaffolds after immersion in SBF for up to 2 weeks, a longer
period of immersion (up to 6 months) is recommended to understand if the hydrogel coating
hinders the dissolution of scaffolds and maintain their mechanical stability for prolonged time.
Additionally, studies involving different hydrogel compositions with different concentrations
of the cross-linker, and thicker coatings of the scaffolds, obtained by coating the scaffolds with
the hydrogel 2 or 3 times, can be performed to investigate their effect on the dissolution and
mechanical properties of the coated scaffolds. The time of the degradation of the implants
usually varies between 3 to 12 months and it is crucial to understand how the degradation

time can be controlled by varying hydrogel composition and the thickness of the coating.

Since the current study shows that the chitosan- BG and AW scaffolds have potential
for use in tissue engineering, further experiments are recommended to enable progression

towards in vitro and in vivo studies.

As antibacterial properties have been previously reported for both BG and chitosan,
future tests should be conducted in order to explore this antibacterial effect. Additionally,
both BG and AW showed to increase the pH of SBF, which is reported to be beneficial for the

antibacterial activity of the glasses and glass-ceramics.

Further on, in vitro biocompatibility tests are recommended to investigate the

potential of these composites for bone engineering applications.
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Appendix A

Differential thermal analysis

Differential thermal analysis was done for BG (Section 4.3) and AW (Section 7.1.3)
powders. A test without a crucible (Figure A1) was performed in order to show that the peak

at ~ 250 °C occurs due to an error of the instrument and not the samples.
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Figure A1: Measurement without a crucible (heating rate 20 °C/min)
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Appendix B

Fluorescence intensity measurement

Average values of fluorescence intensity are shown in Section 5.2. Figures B1-B3 show
fluorescence intensity values over 24 h for chitosan-genipin and chitosan-genipin-BG gels,

recorded for 3 individual tests.
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Figure B1: Fluorescence intensity during polymerisation over 24 h for chitosan-genipin and

chitosan-genipin-BG gels (test 1)
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Figure B2: Fluorescence intensity during polymerisation over 24 h for chitosan-genipin and

chitosan-genipin-BG gels (test 2)
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Figure B3: Fluorescence intensity during polymerisation over 24 h for chitosan-genipin and

chitosan-genipin-BG gels (test 3)
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