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ABSTRACT

Hard and soft tissue repair and regeneration require multiple surgical interventions, as
very often-repeated clinical procedures are required. In addition, insufficient
vascularisation remains as the main challenge for bone repair and regeneration.
Therefore, bone regeneration via minimal invasive biomaterials promoting angiogenesis
by bioactive agents are very much considered at present. Hereof, among new generation
biomaterials, in-situ forming stimuli responsive injectable hydrogels have been of
interest both in clinical and non-clinical communities. In this study, novel pH and
thermosensitive in-situ formed injectable hydrogel compositions were developed by a
heparin (Hep) functionalised chitosan (CS) polymer matrix integrated with a non-
sintered hydroxyapatite (HA) system neutralised with sodium bicarbonate (NaHCO3).
Due to designed bioactive features, CS/HA/Hep hydrogels are desired to ensure strong
chemical anchorage and biological bridging by promoting vascular network formation
at bone tissue defects due to the potential binding capacity of Hep for endogenous
angiogenic growth factors and proteins. The production and optimisation of hydrogel
compositions and their modification for pre-sterile synthesis technique with glycerol
additive for enhancing mechanical properties meanwhile were investigated. The
versatile properties of hydrogels were investigated for many aspects, such as
injectability, gelation, rheology, mechanical properties, degradability, bioactivity,
biocompatibility and angiogenesis.

Hydrogel compositions showed facile injectability allowing suitable manual injection
by 21 gauge (G) minimum needle thickness, and fast gelation at average body
temperature (37 °C). In modified hydrogels, slight pH increment at solutions above 6.4
provided interpenetrating cross-linked morphology starting gelation in 2-3 minutes with
enhanced elasticity, and mechanical strength. Hydrogels showed great bioactivity
confirmed in Simulated Body Fluid (SBF) by forming mineralised carbonated apatite
layer. The gradual hydrogel degradation was confirmed over 6-weeks up to 60% and
70% in PBS and Lysozyme-PBS media respectively. All developed hydrogels were
cytocompatible and ensured proliferation of osteoblast-like cells. Optimal CS/HA/Hep
hydrogel compositions showed excellent pro-angiogenic capacity in ex-ovo chick
embryo’s CAM model. Novel tuneable injectable pH and thermosensitive hydrogels
(CS/HA/Hep) have tremendous clinical potential for minimal invasive surgery for bone

repair and regeneration and targeted drug delivery applications.
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PREFACE

This thesis is formed in six different chapters. The opening chapter of the thesis starts
with the Literature Review (See Chapter 1) and end with a final ‘Summary, Conclusions
and Future Works’ Chapter (See Chapter 6). The remaining chapters are inner
structured individually with titles of ‘Introduction, Materials and Methods, Results and

Discussion, and Summary and Conclusions’.

Chapter 1 involves a detailed fundamental knowledge of the subject area, e.g. bone
structure, bone failures and diseases. Then, a comprehensive literature review is
included related to bone repair and regeneration techniques, types of biomaterials used
in bone tissue engineering and different regenerative approaches, particularly minimal
invasive injectable hydrogels, as well as desired biomaterial properties including
bioactivity, osteoconductivity and vascularisation were dealt with in details.
Furthermore, the main characterisation techniques which are commonly used to analyse
the chemical, physical and biological properties of injectable materials are elaborated
in detail. Following this literature review, in the last section of this chapter the project

aims, and objectives are identified comprehensively.

In Chapter 2, Hydroxyapatite (HA) synthesis by sol-gel technique, physical and
chemical characterisation of HA and its comparison with commercial HA are described.
The effect of synthesis parameters e.g., initial pH and heat treatment parameters on HA
properties including particle size, shape and formation of different phases and their
attribution to crystallinity are investigated. The investigated chemical and physical
properties of HA by various characterisation techniques are elaborated including
chemical analyses: functional group analyses by FTIR-ATR and Raman spectroscopy;
chemical phase and crystallinity evaluation by X-Ray Diffraction (XRD); and
elemental analysis by Energy Dispersive X-Ray Spectroscopy (EDS), Morphological
analyses by Scanning Electron Microscopy (SEM); and BET (Brunauer, Emmett and
Teller), and thermal analyses by Simultaneous Thermal Gravimetric Analyses &
Differential Scanning Calorimetry (TGA&DSC). The pure HA with small carbonate
content and biphasic HA (B-TCP) were obtained with at varying pH conditions. A HA
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composition (HA-5D) obtained with small carbonate content in non-sintered form was
chosen as optimal because of its rough surface features with high surface area which is
expected to enhance bioresorbability and bioactivity. This HA (HA-5D) compound was
employed in synthesis of modified hydrogel.

Chapter 3 deals with synthesis and optimisation of pH and thermo-sensitive injectable
hydrogels (CS/HA/Hep) by using a sol-gel method, and their main characterisations. In
this chapter, synthesis and characterisation of initial hydrogels and their modification
denoted as modified hydrogels are discussed. Modified hydrogels were produced with
total sterile preparation technique that involve additionally heat sterilisation of pre-
synthesised HA powders (HAS5-D) and CS dispersions with the glycerol additive as heat
protective agent and for enhancing mechanical properties. The various characterisations
techniques used to investigate properties of injectable solutions and hydrogels including
physical, chemical and mechanical analyses for initial and modified hydrogel
formulations, comparatively. These involve physical characterisations by injectability
analyses (qualitative and quantitative), gelation and viscoelastic behaviour analyses by
rheology, and morphology analyses by SEM; thermal analyses by TGA/DSC; chemical
analyses by FTIR-ATR and FT-Raman spectroscopy, and XRD analyses; and
mechanical characterisations by compressive strength tests. The results gained from the
synthesis works and characterisations are evaluated in ‘Results’ section and discussed
in the light of literature in ‘Discussion’ section. The summary of the overall chapter and
remaining challenges are outlined in ‘Summary and Conclusions’ section. Further
characterisations of injectable hydrogel compositions are dealt with in the following two

chapters.

Chapter 4 involves biochemical characterisations of mainly modified hydrogels
including bioactivity tests performed by Simulated Body Fluid (SBF), liquid absorption
(swelling) capacity, in-vitro degradation tests performed comparatively in the presence
or absence of an enzyme (Lysozyme) in Phosphate Buffer Saline (PBS) media. These
tests include other associated analyses, such as, pH and weight measurements, chemical
analyses by FTIR-ATR and EDS, and morphological characterisations by SEM. In
addition, drug release studies of Hep and local Hep determination by a colorimetric

Toluidine Blue assay are dealt with in Chapter 4.
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In the following Chapter of the thesis (See Chapter 5), biocompatibility and
angiogenesis assessments of hydrogels are dealt with. Cell culture studies performed
with initial hydrogels include in-vitro cell cytocompatibility tests by cell attachment and
proliferation tests with osteoblast-like cell (MG-63) are discussed. In addition, cell
differentiation experiments including Calcium and Collagen deposition analyses by
Alizarin-Red and Sirius-Red assays results are assessed. The evaluation of angiogenesis
for initial and modified hydrogels via the ex-ovo CAM assay, and quantification of
angiogenesis via vascular index method and qualitative assessment of angiogenesis by

histology studies are included.

Following this chapter, an overall ‘Summary, Conclusions and Future Works’ is
described in Chapter 6, outlining all major results explicitly and future studies including
non-conclusive experimental studies which were hindered due to COVID-19 pandemic
and additional beneficial works related to the aims and objectives of this project.
Finally, an Appendix section is given to cover some additional experimental studies
performed but which were required as a learning process but are not directly related to
the project or partially completed. Some additional images and the Abstract of a
published article are also included in this section of the thesis. Subsequently, all

references used and cited in this thesis are listed in bibliography.
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1 LITERATURE REVIEW

1.1 Introduction

Bone is a tissue that forms the skeleton of animal and human bodies which have
substantial roles in preserving tissues and organs, providing motion, and generation and
hosting of blood and minerals. Bone tissues damage in daily life due to injuries, diseases
or innate abnormalities. Current bone repair and regeneration methods mainly rely on
grafting techniques, such as autografts, allografts, xenografts. Despite the vital benefits
of these methods, they involve some restrictions, such as donor supply, immune
reactions and surgical drawbacks. Alternative regenerative therapies by 3D tissue
engineered implantable scaffolds also comprise undesired severe surgical outcomes,
such as tissue damage, blood loss, pain and trauma leading patient discomfort, long
healing time, high cost etc. (He et al., 2013). In this regard, in-situ forming injectable
hydrogels offer regenerative treatments to targeted tissues by minimally invasive
methods. Liquid regenerative solutions can be injected at targeted tissue defects on
which crosslinked hydrogels were formed in-situ by the effect of a stimuli, such as
temperature, light and pH. Injectable thermosensitive liquids can form physically
crosslinked hydrogels in-situ by moulding complex shaped voids due to the natural
body temperature. The pH and thermosensitive injectable hydrogels are excellent tools
for site specific drug delivery of desired therapeutic agents (e.g. medicines, cells,
growth factors, and genes) which also allow their in-situ encapsulation upon fast
gelation in body. Furthermore, extracellular matrix (ECM) mimetic structure of
hydrogels increase cytocompatibility and reduce immune reactions (Klouda, 2015;

Naahidi et al., 2017; Nguyen & Lee, 2010; Radivojsa Matanovic¢ et al., 2015).

Bone treatments often fail due to insufficient vascularisation during healing phase. The
regeneration of critical bone fractures strongly relies on swift invasion of vascular
network to the defect site via branching from the existing vessels, termed as

‘angiogenesis’(Grosso et al., 2017; Risau, 1997). Therefore, there is a significant need

1



for functional biomaterials not only providing ionic binding between bone defects but
also ensuring biological bridging by promoting angiogenesis. The aim of this study was
to develop proangiogenic, biodegradable and bioactive, pH and thermosensitive
injectable hydrogels for minimal invasive and vascularised bone regeneration. In this
study, novel hybrid injectable hydrogels are developed from biodegradable CS polymer
matrix integrated with inorganic HA mineral and a highly anionic glycosaminoglycan
Hep which are aimed to be proangiogenic and bioactive biomaterials stimulating bone

regeneration.

1.2 Bone

Bone is a skeletal tissue of the body providing constructional support having versatile
functions, including; conserving organs, ensuring motions along with muscles, carrying

mineral sources and participating in generation of blood cells (Dorozhkin, 2016).

1.2.1 Bone Structure and Properties

1.2.1.1 Chemical Structure of Bone

Bone is a composite material consisting of organic and inorganic compounds. Bone has
a wonderful hierarchical architecture consist of various substructures from macro to
nano sizes. In the molecular level of this hierarchy, bone is composed of proteins,
mainly collagen, biological apatite and water (Dorozhkin, 2016) (Figure 1.1). The most
essential organic component of bone is Type-I collagen (amounting to 95%) and other
proteins and proteoglycans. Inorganic matrix of bone composed of a calcium phosphate
compound, hydroxyapatite with diverse ionic substitutions, and this mineral formed by
cells are aligned among fibrillar collagens (Katsimbri, 2017;Liu et al., 2016; Marks &
Odgren, 2002).
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Figure 1. 1 Hierarchical structure of human bone densely packed compact bone and porous spongy
bone structures in macro scale; parallel collagen fibrils and hydroxyapatite among them circular
lamellar structure surrounding blood vessels and nerves in Haversian channels. figure was
reproduced with kind permission: © 2015 by Springer Nature Publishing group (Wegst et al.,
2015).

Three types of main bone cells are located in bone and involve to bone remodelling

process which are osteoblasts, osteoclasts and osteocytes (Katsimbri, 2017).

Osteoblasts are known as bone forming cells which is a type of mesenchymal stem cells
and capable of differentiation to other cells; osteoblasts, chondrocytes, and adipocytes
etc. Osteoblasts generate Type-I collagen which is the main bone organic compound.
In addition, osteoblast-based matrix cavities in young bones (osteoid) include phosphate

which forms hydroxyapatite mineral when it contacts to calcium in body fluid.

Osteoclasts are the cells which provide bone resorption. Osteoclasts are generated
particularly in the inflammatory regions by differentiating from dendritic cells.
Osteoblasts are also differentiated into osteocytes which are initially embedded into
newly formed bones and it takes its last shape after bone mineralisation and located in

bone lacunae.

Osteocytes with branched shaped form 95% of all bone cells, and they provide
communication between lacunae and canaliculi by signalling. Osteocytes discern the
bone fractures and react with motional and metabolism signals to launch the bone

regeneration process (Katsimbri, 2017).



1.2.1.2 Classification and Architecture of Bone

Bones are classified as compact and spongy bones, and their portions range according
to the function of the bones in specific parts of the body. When the osteons are tightly
packed the bone is referred to as compact or cortical bone. On the other hand, bone
which is characteristically less dense and weaker in strength in the microporous
structure is named as cancellous, spongy or trabecular bone (Currey, 2012; Olszta et al.,

2007).

1.2.1.2.1 Cortical Bone

Cortical bones provide mechanical support in skeleton. Compact bones construct the
outside of bones while spongy bones build interior sites of bones depending on bone
types. Cortical bones particularly locate at crusts of bones beneath the periosteum (the
exterior fibrous film covering bones), long bones shafts, and spine. The horizontally
sectioned compact bone with its components are illustrated in Figure 1.2. Cortical bone
is comprised from osteons, interstitial tissue, lacunae and cement lines. Osteons, are
also known as Haversian system, consist of concentric mineralized lamellas which
surround the Haversian (central) channel hosting blood vessels, nerves (~50 pm) and
lymphatic vessels. Interstitial tissues are separated from osteons by the cement lines

(Wang et al. 2010, p.16-18; Marks and Odgren, 2002).
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Figure 1. 2 The demonstration of a bone horizontal section involving cortical and trabecular bone
including osteons composed of a central channel hosting blood vessels, nerves, and lymphatic
vessels (branch through the perforating channels) and surrounding mineralised concentric
lamellas. Interstitial lamellae locating between osteons and circumferential lamellae laying under
periosteum that has periosteal artery and veins. This used figure licensed under ©CC BY 4.0
by Rice University “Anatomi and physiology textbook, 6.3. Bone structure”.

Cortical bone has the porosity of 5-10% which is provided by Haversian channel and
connective canals between them known as Volkmann’s (perforating) canal which blood
vessels and nerves branch through. There are also Lacunae; spaces which contain
osteocytes that generate small channels called canaliculi, and temporary resorption
channels formed by osteoclasts (bone eating cells) during the first step of bone

remodelling (Wang et al. 2010, p.16-18).

1.2.1.2.2 Trabecular Bone

Cancellous or spongy bone is found in the short bones, as with vertebral bones and
medullar channels at the tips of long bones and it has a role in metabolism. Cancellous
bone has a trabecula structure comprising from interconnected layers and rods at the
thickness around 200 um. Trabecular bone has high pores ratio accounting for 75-90%,
and these pores are stuffed with medulla (Wang et al. 2010, p.16-18).
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1.2.1.3 Mechanical Properties of Bone

Bone, despite its high stiffness, due to its elasticity, can undergo various stresses, such
as, compression, strain, bending and shear forces. The resistance of the bone against
these stresses is affected by multiple factors, e.g. manner, orientation and intensity of
loading in addition to bone type and age. For instance, as reported strength of bone
samples ranges between 79 to 151 MPa longwise, whereas 51 to 56 MPa in crosswise.
The anticipated values of elastic modulus of bones vary from 17 to 20 GPa
longitudinally, which change between 6-13 GPa transversally. It is considered that
having lower elastic modulus in transversal direction is stemmed from the isotropic
nature, which includes parallel orientation of osteons (Wang et al. 2010 p.43, 83;
Dorozhkin 2015). Another factor impacting on mechanical aspects is the degree of
mineralization. To exemplify, as the calcium ratio of bone surges, elastic modulus raises
and failure strength declines. In Table 1.1, contrastive mechanical and mineralogical
properties of bone samples of different species were presented (Rogers & Zioupos,

1999).

Table 1. 1 Mechanical and mineralogical properties of bone samples from different species. Table
was adapted with kind permission from Springer Nature (Rogers & Zioupos, 1999).

Young’s Bending Vickers Approximate
modulus Strength Hardness Mineral Fraction

Species

(GPa) (MPa) (VHN) % (wtiwet wt)
Human femur 16-18 200-220 40-60 55
Bovine femur 18-22 220-240 50-70 65
Whale tympanic bulla 26-32 45-55 150-170 83
M. rostrum 40-42 50-60 200-220 96

1.3 Bone Remodelling and Growth

Bone remodelling is a lifelong renewal process of bone to ensure its biomechanical
function and mineral balance. In addition, bone remodelling is also necessary for repair
of bone defects. During bone remodelling, new bones are generated while the old bones
are exposed to resorption at the same rate. Otherwise, bone diseases occur due to the

generation of bone deficiency (osteoporosis) or outgrowth (osteopetrosis). The new



bone generation and extension of bones take place more in early age of human beings

rather than bone remodelling which is more common in adults (Katsimbri, 2017).

Bone generation include primary and secondary osteogenesis (ossification). Primary
bone formation takes place in epiphyseal cartilage zones which consist of ‘ground
substance’, and weak and tiny collagen fibril clusters. Due to fast mineralization, a
randomly arranged ‘woven’ bone microstructure occurs whereby collagen cannot be
arranged in a lamellar structure, and its connection with hydroxyapatite spheres is weak
(Olszta et al., 2007). Secondary bone formation occurs via realignment of woven bones.
It entails arrangement of hydroxyapatite sheets in the collagen fibrils which are ordered
as parallel-lamellar fibre layers encircling the blood vessels and nerves to construct

osteons in the human Haversian canal (Currey, 2012; Olszta et al., 2007).

Bone remodelling takes place in five steps; activation, resorption, reversal, formation
and termination. In the activation step, bone remodelling begins with the signal
detection by bone arising from hormones and mechanical alterations. Then, in the
second step, osteoclasts are activated after withdrawal of the osteocyte cells and the
removal of the endosteal membrane by enzymes. Bone resorption occurs via the
polarization of osteoclasts once they link to the bone matrix leading to actin ring
formation. Osteoclasts differentiate into a large osteoclast population; they adhere to
bone tissues, secrete enzymes and hydrogen ions, decreasing pH to disintegrate bone

mineral and organic phases (Katsimbri, 2017).

The Howship’s lacunae channels forms and the resorption process is completed with
the death of osteoclasts. Bone resorption takes 2-4 weeks. The remaining bone cells;
monocytes, osteocytes and pre-osteoblasts with the help of signalling factors are the
basis for new bone formation. . New bones (osteoids) are produced by osteoblast cells
to fill the holes formed by osteoclasts until they become passive bone lining cells.
Eventually, following osteoid generation, about a month later, they are exposed to
mineralisation as hydroxyapatite with some ions e.g. carbonate and magnesium. The
knowledge of natural bone remodelling has also contributed to development of tissue
engineering strategies to repair and regeneration of bone tissues by employing

biomarkers and active agents (Katsimbri, 2017).
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1.3.1 Bone Fracture Healing and Role of Blood Vessels

Blood vessels have significant role to ensure metabolic activity of organisms by
providing oxygen, nutrients and minerals, and carrying the metabolism products. Blood
vessels in bone marrow is also a zone for blood generating hemopoietic stem cells and

other bone cells (Hankenson et al., 2011).

Bone fracture healing strongly depends on the resorption of destroyed tissue debris and
sufficient vascular bridge formation. The most challenging circumstances for repair are
the insufficient blood supply to the defect sites due to the blood vessel deficiency
(Hankenson et al., 2011; Stegen et al., 2015). As reported, a blood vessel should present
in each 100-200 pm distance to be able to maintain both metabolic activity and

reconstruction of tissues (Bienert, 2018; R. K. Jain et al., 2005).

Blood vessel formation is related to two different terms; vascularisation and
angiogenesis. During vasculogenesis, mesodermal cells known as angioblasts
differentiate into endothelial cells resulting in the generation of vascular plexus which
give rise to the formation of primary blood vessels. Following this, formation of further
endothelial cells leads to the occurrence of new blood vessels through sprouting or
splitting from primitive vessels. This process is referred to as angiogenesis (Risau,

1997).

Bone fracture repairs follow three main overlapping stages including (i) inflammation,
(ii) repair and (iii) remodelling (see Figure 1.3). In the inflammation stage, an injury
site is occupied by blood which is encapsulated by soft tissue, and hematomas form.
Then, inflammatory cells (such as macrophages monocytes, granulocytes, and
lymphocytes), while secreting growth factors and cytokines, invade and penetrate
hematoma towards fracture pieces and lead to further fibrous thrombus formation.
Blood vessel ingrowth through clots leads to granulation tissue development. In
addition, mesenchymal stem cells, derived from bone marrow, periosteum and soft

tissue, are employed and subsequently differentiate into osteoblasts (Schindeler et al.,

2008; Zhao, 2010).
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Figure 1. 3 The schematic diagram of bone fracture healing which involve three main stages
namely (i) inflammation (ii) repair and (iii) remodelling stages. This figure was adapted from
(Anatomy & Physiology (Biga et al., n.d.) licensed under ©CC BY 4.0 https://open.oregonstate.
education/aandp/chapter/6-5-fractures-bone-repair/)

During the bone repair stage, via chondrocyte and fibroblast activity, a fibrous and
granulation tissue designated as soft callus, forms a mineralised fibrocartilage zone that
eventually fixes the defective site. The unstable soft callus is then resorbed. Meanwhile,
revascularization progresses to form hard callus which has a mineralised but non-
uniform structure. Microvascular transformation into soft callus is stimulated by
angiogenic growth factors, e.g. VEGF, FGF and TGF. At mechanically stronger sites
or at the borders of pre-mineralised zones, primary bone can be produced through
intermembranous ossification. However, most cases also involve endochondral
osteogenesis. Vascularisation has significant importance in woven bone development,
providing oxygen supply that ensures osteoblast differentiation from osteoprogenitor

cells which construct mineralised ECM with proteins (Schindeler et al., 2008).

The repair stage is followed by remodelling; it involves rearrangement of disorganised
woven bone to lamellar (secondary) bone, which ultimately transforms into a compact
structure. As discussed previously in Section 1.3, remodelling involves breaking down
of old bone components, draining of degradation products through the vascular network
and the synthesis of osteoid as units of young bones which are subsequently mineralised

while microvascularity is ensured (Schindeler et al., 2008).
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1.4 Bone Health and Fractures

Bone may damage due to numerous factors, such as injuries, infection, trauma, tumour
or genetic diseases etc. (Chen et al. 2015). Minor damages in a human body can be
reconstructed and healed by the body itself. However, the repair of major injuries
remains a challenge which researchers have been trying to address with different

approaches.

Prior to dealing with bone diseases, the factors affecting bone health need to be
addressed. There are numerous factors that have an impact on bone health. The genetic
and environmental parameters, such as nourishment and physical motion play a
significant role in bone healthiness. For instance, congenital bone disorders can be
caused by the wrong signalling of genes, and insufficient nourishment might lead to
decrease in bone minerals and strength of bones (US Department of Health and Human

Services, 2004 p.16).

1.4.1 The Role of Hormones in Bone Health

One of the important factors that has an impact on bone functions is hormones. There
are three essential hormones that modulate calcium including parathyroid hormone
(PTH), calcitriol and calcitonin. The PTH helps bone resorption and regeneration as
well as calcium balancing; calcitriol, a derivative of vitamin D, ensures gastral
absorption of calcium and phosphorous; and calcitonin balances the amount of calcium

in blood and prevent bone fraction.

Among the sex hormones, oestrogen contributes to the extension of bones in childhood
and early puberty, reaching its highest level at the end of puberty at which cessation of
bone growth starts. In addition, oestrogen impacts on osteoclasts and osteoblasts to
prevent bone fractions and to provide for regeneration of bones. Its deficiency causes
bone deprivations during menopause. The hormone testosterone, which also comprises
oestrogen by transformation in adipocytes, has an effect on the growth of muscles,

inducing stress on the bones triggering bone formation or vice versa.
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Growth hormone, thyroid hormones (Triiodothyronine, thyroxine and Calcitonin ),
cortisol, insulin and leptin also affect bone. Growth hormone which is secreted by the
pituitary gland triggers the growth of bones at puberty, and its deficiency impairs bone
formation following resorption in the elderly. Thyroid hormones stimulate energy
supply to the cells as well as bone resorption and regeneration. In addition, cortisol,
produced by the adrenal gland is a hormone that modulates the metabolism and ability
of organism to defeat deformation forces (US Department of Health and Human

Services, 2004 p.26-29).

1.4.2 Common Bone Diseases

Bone tissue become more sensitive to breakdown in the absence of a balanced bone
resorption and regeneration process; leading to the alteration of bone weight, hardness
and structure. Osteoporosis, osteopetrosis, osteogenesis imperfecta and bone tumours
are among common bone diseases. However, common bone diseases relevant to this

project including Paget’s disease, rickets and osteomalacia are discussed below.

1.4.2.1 Paget’s disease

Paget’s disease is the second most frequent bone disease after osteoporosis. This is an
disease that can lead to bone fragility, deformation and pain as well as the risk of
osteoarthritis at connected joints. This disease results from intense osteoclast activity
leading to rapid bone resorption and over formation of disorganised new bones. In
addition, it may result in the generation of excess vascularized tissue in the bone marrow
space and compressive force exposure to nerve tissues. Paget’s disease which is
commonly associated with environmental conditions rather than genetic, may also be
caused by viral infections. Significant amounts of alkaline phosphatase production,
curved legs and joint defects are the primary indicators of this disease. Bisphosphonates
can be utilized to treat this disease (US Department of Health and Human Services,

2004, p.55).
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1.4.2.2 Rickets and Osteomalacia

The malformation of bones such as curved legs due to the slow mineralisation of bones
leading to deformations during bone development in children are called rickets. On the
other hand, osteomalacia is the same version of this disease in adults, leading to
fractures at load-bearing bones such as the hips, pelvis and feet. Both diseases generally
occur due to external factors such as vitamin D deficiency. Cases based on genetic

factors are very rare (US Department of Health and Human Services, 2004, p.54).

1.5 Bone Repair and Regeneration

1.5.1 Transplantation Techniques

Traditional grafting methods have been utilized for bone repair and regeneration, such
as autografts, allografts, and xenografts. However, a number of challenges can be
encountered in the application of these methods. For instance problems with donor
supply, disease transformation, tissue incompatibility and adverse immune reactions
(He et al., 2013). Due to these limitations, some successful artificial implants and
prosthesis have been developed together with operational enhancements. These include;
orthopaedic vehicles ensuring long usage time with pain mitigation, heart valves and
heart-pacers. However, they also have led to some issues with the lack of viability and
self-repair capacity of implants in comparison with that of native tissue and their

incongruence with biological tissue (Hench and Jones, 2005 p.88-89).

The drawbacks of the aforementioned treatments eventually give rise to development
of regenerative medicine strategies that trigger cell activity, and the natural regeneration

and recovery of tissues (Hench and Jones, 2005 p.88-89).

1.5.2 Bone Tissue Engineering

In bone tissue engineering, scaffolds are used as a model on which cell communications
and generation of extra cellular matrix occur (Karageorgiou & Kaplan, 2005). These
3D scaffolds might be harvested with certain cells, growth factors or cytokines to
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promote self-repair of tissues (Swetha et al., 2010). Cells can be cultured in vitro by
seeding isolated cells provided by a certain tissue biopsy belonging to the patient. These
cultured cells are assembled into the scaffolds which are comparable with ECMs (Lee
& Mooney, 2001). In addition, it is possible to insert scaffolds straight into the defected
areas in the body. This is referred to as in-vivo regeneration (O’Brien, 2011). Having
injectable and implantable forms, scaffolds are also useful for drug delivery and

transmission of bioactive agents (Edgar et al., 2016).

1.6 Biomaterials

Historically, biomaterials are divided into three groups:, the first generation which
consists of bioinert materials that minimise immune reactions, second generation
bioactive and degradable materials enabling interaction with tissues and the triggering
of regeneration and third generation biomaterials targeting desired cell and gene

activities via atomic alterations in materials (Hench & Polak, 2002).

1.6.1 Required Properties of Biomaterials for Bone Repair and Regeneration

Numerous parameters should be considered for manufacturing an ideal scaffold for a
certain function, region and patient due to the mechanical, biological, and structural
properties of complicated bones, as well as personal factors such as age, diet and
mobility etc. (Karageorgiou & Kaplan, 2005). Hench and Jones (2005, p.202) have
pointed out that the explicit requirement of scaffolds is their biomimetic construction

modelled on natural tissues.

1.6.1.1 Biocompatibility

The recent definition of biocompatibility has been reported by Zhang & Williams,
(2019) as following:

“The ability of a material to perform with an appropriate host response in a

specific application”.

13



In addition, biocompatibility as a term specific to scaffolds has been defined by

Williams, (2008) as following:

““The biocompatibility of a scaffold or a matrix for a tissue engineering product
refers to the ability to perform as a substrate that will support the appropriate
cellular activity including the facilitation of molecular and mechanical signalling
systems, in order to optimize tissue regeneration, without eliciting any

undesirable local or systemic responses in the eventual host’.

It is crucial that an ideal scaffold should be biocompatible. That is, being in harmony

with

a body chemically, biologically, physically and mechanically. In biological

aspects, they need to provide adhesion, migration and proliferation of cells without

immunogenic and cytotoxic effects (Edgar et al., 2016; O’Brien, 2011; Scholz et al.,
2011).

1.6.1.2 Bioactivity

The scope of bioactivity first described by Hench et al., (1971):

“A bioactive material is one that elicits a specific biological response at the
interface of the material which results in the formation of a bond between the

tissues and the material”.

In addition, in the classification of biomaterials according to their bonding properties

with native tissues, bioactive materials are characterized between inert and resorbable

materials as follows (Cao & Hench, 1996):

.

iii.

iv.

almost inert materials that provide only a morphological bonding

porous materials enabling tissue ingrowth through the pores which is a
biological bonding

bioactive materials that involve bioactive bonding at the tissue-matter interface
bioresorbable materials that can degrade in time and be replaced with

regenerated host tissue
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Bioactivity in relation with bone refers to the ability of a biomaterial to have anchorage
with the native bone tissue at the interface. The term ‘bioactivity’ for biomaterials used
in bone tissue repair or regeneration has also been defined as the deposition of a
mineralized hydroxyl carbonated apatite layer on the surface of the biomaterial in vitro
in simulated body fluid or in-vivo body fluid tissue without isolation by a fibrous tissue

(Kokubo, 1991; LeGeros & Ben-nissan, 2014).

The bioactivity index (Ig) has been defined by Hench, (1988) as a constant that has
reciprocal proportion with the required time for bonding covering 50% of an interfacial
area to.sob (Is= 100/ to.s6). The amount of bioactivity alters according to various factors,

such as type of material, and the anchorage dimensions, type and strength. (Cao &

Hench, 1996).

A range of biomaterials, including and particularly bioceramics, possess bioactivity.
Examples are bioglasses e.g. Bioglass®, A-W glass ceramics or Ceravital®, calcium
phosphates including hydroxyapatite, and composites of bioactive materials including
coatings (Cao & Hench, 1996). Although bioactive bone tissue engineering materials
show carbonated hydroxyl apatite layer formation on the surface, according to their
biochemical interactions, bioactive materials are divided into two groups,
osteoproductive and osteoconductive. Osteoconductive materials facilitate a
biocompatible interface where the region is only exposed to extracellular response,
promoting bone formation on its porous surface However, osteoproductive materials
promote both an extracellular and intracellular response. Here osteoprogenitor cells
lead to a swift osteoid and mineralised bone production without fibrous tissue
formation. This course of action is named osteoproduction or osteostimulation (Cao &
Hench, 1996; LeGeros & Ben-nissan, 2014, p. 54; Nicholson, 2020, pp. 61-62). The
bioactive materials showing both osteoproductive and osteoconductive features are
designated Class A while materials having only osteoconductivity are categorised as
Class B materials. 45S5 Bioglass® and synthetic hydroxyapatite are examples of Class
A and Class B materials, respectively. Class A materials provide bonding not only with

bone but also with soft tissues (Cao & Hench, 1996).
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The chemical modification of hydroxyapatite, involving ionic substitutions to mimic
biological apatite in hydroxyapatite crystal lattice, and morphological modifications
lead to better resorbability and bioactivity. For instance, carbonate substituted in
hydroxyapatite has showed major impacts in-vivo on enhancing osteointegration,
bioresorbability and biocompatibility (Landi et al., 2003); silicon contributes to
production of collagen (type 1), differentiation of osteoblasts leading to osteogenesis;
strontium has an effect on stimulating osteoblast formation while preventing osteoclast
generation and the expression of angiogenic and vascular endothelial growth factors

(VEGF) (Lin & Chang, 2015; Lin et al., 2013).

1.6.1.3 Osteoinduction, Osteoconduction and Osteointegration

Osteoinduction is a process of generation pre-osteoblast cells from the premature cells
(undifferentiated and pluripotent cells) that are required for bone regeneration.
Osteoinduction has a major role in bone fracture repair. Osteoinduction can be provided
by using a stimuli that enables conversion of undifferentiated cells to osteogenic cells.
For example, using demineralised bone or bone morphogenetic proteins as a stimulus
(BMP) (Urist, 1965; Urist et al., 1979). Osteoinductive materials are described as
materials which promote differentiation of progenitor cells to osteoblasts leading to

formation of new bone (Nicholson, 2020, p. 62).

Osteoconduction describes the capacity for bone growth through the porous pathways
inside tissue engineered scaffolds. Osteointegration is designated as the strong bonding
between biomaterial and bone tissue. In addition, osteointegration is also attributed to
the generation of bone like tissue at the vicinity of the biomaterial and an absence of
fibrous layer development at the place where biomaterial and tissue contact takes place.
Some definitions of osteointegration also cover the biomechanical attachment of
biomaterial to natural tissue, which involve sufficient strength of the material against

mechanical forces (Albrektsson & Johansson, 2001).
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1.6.1.4 Biodegradability

Biodegradability is one of the significant parameters in tissue engineering since
scaffolds provide temporary support and have to substitute with natural ECM generated
by cells over time in the body (Babensee et al., 1998). However, degradation products
should have no immunological or inflammatory effects, and leave the body with no
deleterious effect on other organs (O’Brien, 2011). The rate of biodegradation depends
on the function of the biomaterial, for instance, for long-period purposes, gradual
degradation is preferable while fast degradation is suitable once regeneration of tissues
are required (Edgar et al., 2016). As reported by Hutmacher (2000) biodegradable
scaffolds should maintain their physical characteristics for up to a minimum of 6
months; covering 4 months of cell-culture process and 2 months upon implantation into
the body. Following this, it is expected that they need to start degradation and be

excreted from the body with no adverse effects within the required period of time.

1.6.1.5 Architecture and Porosity

Constructive properties of scaffolds that can be controlled through fabrication processes
are also very important. These structural properties involve porosity, pore size, range of
pores, surface morphology and geometry (2D or 3D) (Edgar et al., 2016; Karageorgiou
& Kaplan, 2005; O’Brien, 2011). These scaffolds should have enough porosity to
promote tissue growth through the pores. Furthermore, they have to ensure conveying

of nutriments, oxygen, growth factors and wastages (Holzwarth & Ma, 2011).

According to a report by Hulbert et al. (1970) in bone tissue engineering, the lowest
pore size of scaffolds should be 75 to 100 um to maintain cell activities and diffusion.
However, other later studies have shown that (Gotz et al., 2004; Karageorgiou &
Kaplan, 2005) the suggested particle size should be at least 300 pm since larger pores
result in more vascular structure promoting osteogenesis, generation of young bones.
Moreover, scaffolds with small pore sizes are exposed to chondrogenesis ahead of
ossification, indicating eligibility for anaerobic tissue regenerations such as cartilage.
However, wide pore sized scaffolds give rise to straightforward ossification

(Karageorgiou & Kaplan, 2005). In relation to the mechanical necessities of scaffolds,
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their properties should be comparable with the natural bone tissues in which they will

be implanted (O’Brien, 2011).

For bone regeneration applications, as well as porosity, permeability of the materials is
also crucial. The permeability can be associated with the interconnectivity between the
pores that provide transfer of the liquids through the scaffold for sufficient
angiogenesis, osteoinductivity and osteoconductivity (Forrest, 2005; Shalaby & Salz,
2007). It was reported that permeability of scaffolds can be enhanced by the presence
of the micropores accompanying macropores (Hing et al., 2003, 2005). This study
comparing HA scaffolds having 10% and 20% microporosity in total pore volume (the
pores range from macro (>50 um) to micro scale (<20 um)) has shown that significantly
increased and rapid bone ingrowth was achieved with the higher microporosity that
increases nutrient diffusion and angiogenesis leading to enhanced bioactivity and

osteointegration. Angiogenesis will be covered in detail in Section 1.7.3.

1.6.2 Classification of Biomaterials Used for Bone Repair and Regeneration

In terms of the biomaterial classes; metals, ceramics, polymers and their composites are

utilized in bone tissue engineering (Stevens et al., 2008).

1.6.2.1 Metals

Among the biomaterials, metals are convenient for load-bearing bone implants due to
their high durability, malleability and abrasion strength (Ba'rtolo & Bidanda, 2008).
Some instances of metal alloys that have been harnessed in orthopaedic field are
aluminium, stainless steel, cobalt chromium alloys, and titanium alloys. Even though
metal alloys ensure to increase biocompatibility and toughness, and decrease in mass,
metals may have some issues in rooting from their fracturing, stress shielding, chemical
abrasions which may cause inflammation, inhibit bone generation and increase tissue
deprivation. Furthermore, metals which are bioinert and deprived of tissue interactions
can only be harnessed as long-lasting implants rather than for bone regeneration

(Ba'rtolo & Bidanda, 2008; Stevens et al., 2008).
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1.6.2.2 Ceramics

Bioceramics can be bioinert, bioactive, bioresorbable and/or porous materials
accordingly with their binding types with host tissues (Hench, 1991). The utilisations
of bioceramics cover healing and rebuilding skeletal destructions and damage from
diseases. These include; hip, knee, dental and joint implants, as well as periodontal and
orthopaedic treatments. Compact bioinert materials such as alumina and zirconia
provide an anchorage with tissues physically from the surface by filling the injured bone
parts. This is referred to as morphological fixation. However, in porous bioinert
compounds mechanical bonding with tissues occur (biological fixation). These involve
porous multi-crystal alumina and metal coating with HA. As for bioresorbable ceramics
e.g. tricalcium phosphate, such compositions are compact ceramics which may be either
porous or solid. They are exposed to a gradual, eventual dissolution and substitution by

host tissues.

Regarding bioactive ceramics, glasses and glass-ceramics, these enable a chemical
binding with tissues because of their active surface structures. This attachment is called
bioactive fixation. Despite their compact and solid nature, their attachment occurs
because of their surface modification and the generation of a carbonated hydroxyapatite
(CHA) sheet. Since the composition of this layer is identical to bone mineral in terms
of chemistry and construction, they can form strong anchorage with tissues. Moreover,
this layer which binds at the interface with natural tissues, can have a protective role

against mechanical loads (Hench, 1991).

1.6.2.2.1 Bioglass and Glass Ceramics

Certain bioactive glasses do possess good bioactivity and cell attachment that encourage
bone growth. In comparison with ordinary glass formulations, bioactive glasses contain
less than 60% silicon oxide and more alkali oxides with a higher proportion of CaO to
P>Os (Hench, 1991). The first bioactive glass with the tradename of Bioglass © was
developed by Professor Larry Hench in 1969 and was named as 45S5 (45% of SiO; and

the proportion of Ca/P is equal to 5). This composition has found different clinical
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applications, such as in periodontics, middle ear operations, and orthopaedics (denoted

as NovaBone") (Juhasz & Best, 2012).

Glass-ceramics are crystallised from glass phase and they differ from bioactive glasses
with their low percentage of alkali oxides. One of the glass ceramics, apatite-
wollastonite (A-W) (Cerabone®™) have better mechanical characteristics than bioglass
with regard to toughness, strength and Young’s modulus. This makes them applicable
for load bearing applications, such as iliac crests, spine and bone filler (Juhasz & Best,

2012).

1.6.2.2.2 Calcium Phosphates

Calcium phosphates consist of anhydrous or hydrated CaO and P>,Os compounds.
Calcium orthophosphates are significant to life in terms of their ample amount in the
earth and being part of creatures such as in bones, teeth, and antlers. They can be found
in a variety of chemical forms including; acidic (compounds with HoPO4 or HPO4%),
hydrate (CaHPO4.2H>0) and hydroxide (Caio(PO4)s(OH)>). Because of their structural
stability, all calcium orthophosphates have quite low water solubility and do not
dissolve in bases. However, they are soluble in acidic mediums. In nature, they are

found as transparent crystals and are white in powder form (Dorozhkin, 2016).

Among the calcium phosphates except hydroxyapatite, two polymorphs of tricalcium
phosphates (TCP) are well known for biomedical utilisations; namely a-TCP and B-
TCP having the chemical formula of Ca3(POs), (Dorozhkin, 2016; Sheikh et al., 2017,
Tamimi et al., 2006). a-TCP, the high temperature form of B-TCP (>1125), is more
soluble than B-TCP. Although it is more reactive than 3-TCP, fast resorption of a-TCP
restricts its utilisations. It has been reported that B-TCP is utilised in bone grafts, dental
materials and self-setting Ca(PO4)2 compositions. However, a-TCP is generally utilized
as biphasic, together with HA or the silica stabilised form in the compositions of bone

scaffolds requiring bioresorbability and porosity, (Dorozhkin, 2016).
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1.6.2.2.3 Hydroxyapatite (HA)

Hydroxyapatite or hydroxylapatite is an assortment of apatite minerals and its
stoichiometric formula is Caio(PO4)s(OH)2 (Ca to P ratio of 1.67) (Okada & Furuzono,
2012). Hydroxyapatite has two distinct crystal structures including hexagonal and
monoclinic. Whereas hexagonal structure has the following lattice parameters;
a=b=9.432 A, ¢=6.881 A and y=120°, in monoclinic structure; a= 9.421 A, b=2a, c=
6.881 A, and y=120°. Differentiation between two crystal system results from the

positions of hydroxyl ions in the molecular structure (Liu et al., 2013).

It is a well-established fact that hydroxyapatite has significant impact on bone
regeneration owing to its unique controllable bioactive properties (Liu et al., 2013).
Incrementation in bioactivity enhances cell adhesion and osteoconductivity and
provides proliferation and alkaline phosphate secretion of osteoblasts, which
contributes to early healing of bones (Arun Kumar et al., 2015) and biocompatibility
(Zakaria et al., 2013). Therefore, HA has a wide range of applications as a biomaterial,
including; bone fillers (Higashi et al., 1986), glass ionomer cements (Najeeb et al.,
2016), implant coatings (Darr et al., 2004), in addition to being a delivery agent for
drugs and growth factors (Matsumoto et al., 2004) (Okada & Furuzono, 2012).

1.6.2.2.4 The Impacts of Structural Features on HA Properties

There are a number of factors determining final properties of HA and their successful
utilization for different biomedical applications. These factors inevitably involve
morphology, crystallinity, shape, size, particle distribution, which might be controlled

by synthesis methods and synthesis conditions.
Crystallinity
The harnessing of crystalline or amorphous HA strongly depend on its application.

Crystalline stochiometric HA with favourable shapes are preferred for mechanical

strengthening while more amorphous, ionically substituted HA with small particle size

21



(nano HA), is more suitable in terms of resorbability of biomaterial (Lin & Chang,

2015).

Crystal Size and Distribution

Size is one of the most crucial factors affecting HA behaviour for related applications.
For instance, the use of nano-sized HA powder would be the perfect choice to achieve
mechanically strengthened final material with good sintering due to large surface area
(Lin, Kaili et al., 2012). In addition, nano HA give rise to enhancements at bioactive
and resorbable features in comparison to micro sizes. Moreover, it is reported that nano
sized HA stimulates better cellular performance e.g. cell adhesion, proliferation,
differentiation which might be associated with their rough surfaces with a wider area.
Furthermore, hybrid micro/nano sized HA crystals give the best biological results when
compared with sole micro or nano-sized counterparts due to enhanced surface energy
that enable binding with targeted proteins and help provide stem cell differentiation for

fast bone reconstruction (Lin & Chang, 2015; Xia et al., 2013).

Crystal Shape

Crystal shape is also a significant factor affecting final biomaterial features such as
strength, resorbability and biocompatibility. The rod and wire shaped one dimensional,
and two-dimensional sheet shaped crystallized HA particles enhance material
toughness, while 3D porous clusters can be harnessed when drug loading and delivery

applications are required (Lin & Chang, 2015; Sadat-Shojai et al., 2013).

To summarize, the final biomaterial features of HA for specific applications are
correlated with its compositional and structural features that can be adjusted by
synthesis parameters. The size uniformity of particles is important especially for drug
loading applications. Surface topology of HA, for instance, micro-nano hybrid particle
structures, can lead to enhance osteoinductivity of biomaterials. Bioresorption of HA
needs to be monitored by controlling structural features of HA, e.g. the crystallinity,
size and shape of the crystals. This can be achieved by choosing suitable synthesis

methods and parameters of HA.
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1.6.2.2.5 Biomimetic lonic Substitutions of HA

It is reported that hydroxyapatite in hard tissues of vertebrates differs from
stoichiometric because biological apatite contains different substitute ions in trace
amounts. These substitutions include many ions: i.e. SiO4* ,CO3%>, Zn>*, Mg?>*, Na*, K*,
F~ and CI" (Chaudhry et al. 2012; Okada & Furuzono 2012; Bang et al. 2014). These
substitutions strongly affect physical, chemical and biological characteristics of
hydroxyapatite, such as crystallinity, thermal behaviour, solubility, cell activity and

osteointegration. (Juhasz & Best, 2012).

Carbonate

In human bone, among other substitutions, the biggest ionic concentration belongs to
carbonate (up to 8 wt%). Carbonate in the lattice structure of HA cause distortions that
increase HA solubility. This contributes to enhancement of bioresorption of HA and
better connection properties with tissue at the biomaterial surface (Chaudhry et al.

2012).

It has been reported by several researchers that carbonated hydroxyapatite (CHA) has
several crucial contributions to bone tissue engineering. Lee et al. (2008) reporte that
the carbonate substitution of HA causes more amorphous structures and weak linkages
that increase solubility and bioactivity of stable HA. Therefore, it leads to the release of
more calcium and phosphate ions, triggering the generation of young bones.
Furthermore, in comparison with HA, CHA has a higher amount of resorption by
osteoblasts (Bang et al., 2014). Overall, CHA has had great attention due to the effects

of CO372 anion on various tissues, such as in the case of dental applications.

There are three distinct variations of carbonate substitutions depending on the lattice
location of the carbonate in apatite. If carbonate ions substitute with hydroxyl ions, it
refers to A-type, whereas it is called B-type when it replaces with phosphate ions.
Additionally, an AB type occurs a simultaneous substitution of A and B types in bone
structure (Lee et al. 2008; Bang et al. 2014). An illustrative image of A- and B-type
CO;3* substituted HA lattice structure is given at Figure 1.4 (Markovi¢ et al., 2011). In
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human bone, carbonate anions position in the space of PO4>~ ions in crystal lattices that
are B-type. In addition, Lee et al. (2008) have stated that B type CHA has more
coherence with bone cells in terms of surface energy, thus, it promotes adherence of

cells and occurrence of collagenous matrixes.

As mentioned in the literature, the type of carbonated HA depends on synthesis methods
which are used. In sintered hydroxyapatites, generally A-type substitution is common.
On the other hand, B-type carbonate substituted apatite can be obtained in low
temperature synthesis methods although the substitution amount might be less than the
desired biological concentrations (Vallet-Regi & Gonzalez-Calbet, 2004). It is common
that A-type is produced in a solid-phase reaction requiring high temperature or pressure,
while B-type is synthesised via wet methods such as precipitation, hydrothermal and

sol-gel methods (Lee et al., 2008).
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Figure 1. 4 Crystal lattice structure illustration of A-type and B-type CHA (Different coloured
atoms represents following elements; O: red, Cal: light blue, Ca2: dark blue, P: yellow, OH: pink,
C: green) used with kind permission © 2011 Biomedical Materials (Markovi¢ et al., 2011) by IOP
Publishing Group.

Silicate

Pietak et al. (2007) have reported that silicon has significant effects on growing and
improvement of musculoskeletal systems. It has been known that it promotes cartilage
production and function of extra cellular matrix. Substitutions of silicon have good

impacts on biomineralisation, differentiation and proliferation which result in
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improving the osteoclastic resorption process. In addition, through the substitution of
SiO4* and PO4* ions, silicate can form a more electronegative surface, raising solubility
that promotes mineralisation. Furthermore, high amounts of silicon can bind the ECM
contents of connective tissues, such as hyaluronic acid, chondroitin sulphate and
heparan sulphate. Thus, it can act as a crosslinking agent that controls flexibility and
construction of connective tissues, bone and cartilage (Pietak et al., 2007; Schwarz,

1973).

Bang et al., (2014) has compared the properties of CHA and silicon-substituted
carbonated hydroxyapatite (Si-CHA). In a structure of Si-CHA, COs* and SiO4* ions
competed to replace PO4*~ leading to production of the favourable AB type carbonated
apatite. Because of co-substitution of silicate and carbonate ions, the particle size of Si-
CHA was smaller than CHA, which increased the dissolution of HA. Therefore, Si-

CHA provides sustained and increased distribution of Ca?* in comparison to CHA.

Magnesium

Magnesium (Mg) is an element that has an important role in bone health in spite of its
low amounts (approximately 0.5-1.5% in bone and teeth). Magnesium has an influence
on the metabolism of bone components. It has a role in calcium circulation by its
collaborative effect on hormones that adjust calcium consumption. Insufficient
magnesium reduces osteoblast and osteoclast function, impairs construction of bone and
leads to bone brittleness. Therefore, magnesium substitution in HA in trace amounts is
preferred in bone biomaterials. Magnesium cation surges the nucleation of HA particles
while preventing crystallisation. The exchange of calcium and magnesium ions in the
lattice structure of HA lead to increased deformations enabling enhancement of
amorphous structure and bioresorption of HA. Magnesium is also used with other
substitutions in HA, especially carbonate groups (Landi et al., 2006; Laurencin et al.,

2011; Percival, 1999).
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Fluoride

As it has been reported by Jha et al., (1997), fluoride in blood plasma and saliva is a
required element for bone health. The approximately 95 % of enamel is comprised from
apatite involving trace amount of fluoride (0.04-0.07 wt %). The favourable
concentrations of fluoride is able to protect tooth from decays. This might be due to the
fact that the substitute form, fluorapatite, is more stable against acids than normal
hydroxyapatite. F anion (fluoride ion) substitutes OH ions in an HA lattice
irreversibly and increases crystallinity and stability of HA (Jha et al., 1997). Moreover,
the biomineralisation process is accelerated by the presence of fluoride accompanied
with calcium and phosphate compounds. The amount of fluoride in different bones is
variable. For instance, the amount of fluoride in spongy bone is greater than in that of
cortical bone. The insufficiency of fluoride can cause developmental issues. On the
other hand, overconsumption of fluoride might also cause diseases such as acromegaly
and lead to toxicity (Ringe, 2004; Weatherell, 1966). It has been reported that the
optimal levels of fluoride (0.8-1.1 M) in HA coatings can induce biocompatibility, cell
differentiation with alkaline phosphate activity and osteocalcin level (Wang et al.,

2007).

Citrate

Citrate is found in most vertebrates including fish, birds and mammals, and
approximately 80 percent of citrate in the whole body is found in bone. Citrate forms
5.5% of the organic matrix of bone. It is found anchored with apatite crystals making
them more stable nanocrystals due to citrate’s hampering effect on crystal growth and
its triggering the nucleation process. There are some studies regarding beneficiary
effects of the citrate compound on biocompatibility and on the role of calcium citrate in
triggering the early stage of healing in bones. However, it should be noted that citrate
locates at the interfaces of apatite layers rather than being a substitution in the apatite

lattice due its big size. (Hu et al., 2010; Schneiders et al., 2007; Zhang et al., 2012).
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1.6.2.2.6 Hydroxyapatite Synthesis Methods

Due to high consumption rate of HA in various applications, there are efforts to provide
continuous production of HA in addition to batch processes. One of the major
requirements of these synthesis methods is reproducibility. The HA synthesis
techniques can be classified into two fundamental groups: solid-state synthesis and wet
synthesis. Solid-state synthesis methods have a number of limitations. lonic interactions
and chemical reaction speeds in dry synthesis methods are very low despite their
benefits for industrial batch production. However, the major concern is the fact that dry
synthesis methods do not comply with the in-vivo hydroxyapatite formation that occurs
upon contact with body fluids. On the other hand, wet synthesis methods are performed
with a biomimetic reaction performed at low temperatures by using a solvent. Wet
synthesis methods are more beneficial and are the preferred techniques in HA synthesis
since they allow monitoring of morphological features of particles. The main drawbacks
of wet synthesis are the decrease in crystallinity, second phase formation which might
occur due to low temperature processes and extraneous trace elements due to solvent
involvement (Sadat-Shojai et al., 2013). In the present work, only wet synthesis
techniques which are more suitable for biomedical applications were discussed. These

include the hydrothermal, chemical precipitation and sol-gel methods.

Hydrothermal Method

In the hydrothermal method, the reaction is carried out in hot pressurised water both in
stationary and mobile (flowing) states. When the mixture of precursors is heated, the
pressure surges automatically. In traditional batch hydrothermal methods, organic
surfactants are involved, HA synthesis occurs at the temperatures of 60-150 °C in
approximately 24 h. This method has some drawbacks due to; the long reaction time,
involving organic chemicals which can have adverse effects for biological applications,
and difficulties in monitoring. Therefore, continuous hydrothermal synthesis is
attractive owing to its small sized particle yield (less than 500 nm) in addition to its easy
control (Zakaria et al. 2013; Chaudhry et al. 2006). Recently, Chaudhry et al. (2006)
have improved on one stage of a novel rapid hydrothermal flow synthesis , decreasing

reaction time enormously, from 18 h to several seconds. This reaction occurred at 24
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MPa and below 400 °C. This method involved mixing of pumped reactant solutions in
a connected ‘Tee’ junction followed by flow of the mixture into overheated water in a
flow-meter reactor, leading to a fast aging process. After cooling and filtration at the
experimental setup, HA precipitates were obtained. It has been reported that pure,
crystalline nano-sized HA samples with ionic substitutions, such as, silicate and
carbonate were successfully synthesised with this continuous hydrothermal method

(Chaudhry et al., 2013).

Chemical Precipitation Method

In this method, either aqueous solutions of precursors are mixed or a hydrolysis process
of calcium phosphate occurs (Zakaria et al. 2013). Precipitation includes nucleation
which consists of casually dispersed particles in the solution; generating clusters,
followed by crystal growth. The nucleation rate strongly depends on the
supersaturation, which means dissolution of more solids than required for the balanced
state of a solution. As the supersaturation increases, nucleation speed surges, which
leads to formation of thin particles both in the solution and final HA (Norton et al.,
2006). After precipitation of HA, byproducts are separated from the liquid phase.
Chemical precipitation methods have several drawbacks because of the heterogeneous
distribution of crystals with minor crystallinity and a low calcium ratio. However,
having been highly affected by the temperature and the speed of the reaction, wet
chemical methods can give a small sized pure product with high yield at low

temperatures. (Zakaria et al. (2013).

Sol-gel Method

The sol-gel method has been extensively reported in literature and it appears to be the
method most suited to the requirements of this project. This method offers several
advantages over other methods requiring high temperature or pressure, such as in solid
state reactions (Boyer et al., 1997), as well as in supercritical fluid and hydrothermal
methods (Norton et al., 2006). The first advantages of the sol-gel method is the fact that
it mixes reagents at the molecular level, leading to homogeneous particles that provide

good control over the size and shape of resulting particles. In the sol-gel process, a
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suspension of 1 to 100 nm sized particles in a solvent, referred to ‘sol’, transform into
a porous and solid gel. Sol-gel synthesis can be performed in the following main ways;
(a). gelation of a colloidal solution, (b). hydrolysis and polycondensation reactions
when alkoxides or nitrates are involved, followed by either hypercritical drying or (c).

drying at room temperature after aging (Norton et al., 2006).

Sol-gel synthesis results in homogeneous and pure products at relatively low
temperatures and pressures; and at lower calcination and sintering temperatures (under
1000 °C) (Kuriakose et al. 2004; Zakaria et al. 2013; Sadat-Shojai et al. 2013). In
addition, it is possible to obtain stoichiometric pure nano-sized crystalline structures by
utilizing ethanol instead of alkaline oxides at alkaline pH, also at respectively low
temperatures (85 °C ) (Kuriakose et al., 2004). Furthermore, Fathi et al. (2008) has
reported that sol gel synthesised HA has a relatively higher bioresorption ratio
resembling that of biological apatite. One drawback in the sol-gel method is that it is

time intensive requiring a long time for obtaining the product.

1.6.2.3 Polymers

Biodegradable polymers can be divided into two groups: natural and synthetic
polymers. In this thesis, only natural polymers and their properties will be addressed.
Natural polymers consist of proteins; e.g. collagen, silk, fibrin gels and soy,
polysaccharides; such as chitin and chitosan, alginate, hyaluronic acid and starch as well
as biofibres, including lignocellulose. Having super arranged network structures,
natural polymers sometimes include ligands which provide an extracellular structure
able to connect cell receptors. Natural polymers can also lead to the extension of cells.

They can also simultaneously induce an immunologic response (Swetha et al., 2010).

1.6.2.3.1 Collagen

Being the major connective tissue protein in animals, collagen comprises one quarter of
all proteins in vertebrate bodies (Stenzel et al., 1974). Collagen is utilised in tissue
engineering applications due to excellent biocompatibility, biodegradation, and good

inflammatory responses. Collagen has substantial contributions to osteogenic activity
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and bone formation. Furthermore, it has a strong binding capacity for proteoglycans and
glycosaminoglycans, which increases mechanical characteristics of newly formed

tissues (Jazayeri et al., 2016).

1.6.2.3.2 Gelatine

Gelatine consist of peptides and proteins, and it is obtained from collagen after its semi
hydrolysation. The water miscible gelatine can be obtained via its modification with
methacrylic anhydride leading to brittle hydrogel due to strong hydrogen bonds in its
structure. Therefore, some solvents are used to modify it in terms of elasticity. Gelatine
modified with methacrylate group (GelMA) forming UV crosslinked hydrogel is
utilized for functional vascular network formation, and as a drug delivery tool for
angiogenic and vascular growth factors. The protein binding capacity of gelatine results
from its capability to form polycomplexes with proteins due to its charged nature that

can be either positive or negative (Chen et al., 2012; Tabata & Ikada, 1998).

1.6.2.3.3 Cellulose

Nature is the richest source of cellulose and can be produced by plants and bacteria.
Cellulose includes inter and intra hydrogen linkages that give it strength, by forming
insoluble fibrous structures (Mischnick & Momcilovic, 2010). It has a wide range of
applications as a biomaterial including the healing of periodontal injury, in monitored
tissue reformation and in the use of hydrogels for bone regenerations (Fricain et al.,
2002; Jazayeri et al., 2016). A derivative of cellulose, carboxymethyl cellulose, has
combined with chitosan to form injectable biocompatible thermosensitive hydrogels
and has been reported useful in the application of cartilage generation (Chen & Fan,

2008).

1.6.2.3.4 Alginate

Alginate is a common natural anionic polysaccharide which is acquired from algae and
terra-bacteria. Being consumed as food, alginate has many nutrients e.g. vitamins,

iodine, sterols and salts. Chemically, alginate is a linear copolymer consisting of
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mannuronic and guluronic acid linkages. Due to its gelation, swelling, thickening and
stabilising capacities, alginate is utilised in a wide range of applications, e.g. paper,
textile and packaging. In addition, alginates have potential utility in biomedical
applications including drug and cell delivery, dentistry and wound healing. Alginates
have ability to form gels with mild sol-gel reaction with the additive of multivalent
cations, especially calcium, without temperature effect. In wound recovery, alginate

provides a moisturized surrounding and mitigate infections due to bacteria.

Alginate gels allow the delivery of various active agents (e.g. medicine, proteins and
cells) into the body in a sustainable way by ingestion or injection. However, alginate
gels are exposed to dissolution due to the diffusion of calcium ions into the
physiological environment which reduces the availability of gels in the body for a time.
Also excess calcium ions may lead to haemostasis, and due to the weak adhesion
property of alginate, its chemical modification with peptides may be required in some

regenerative medical applications (Lee & Mooney, 2012).

1.6.2.3.5 Silk

Taken from silk-worm specie, Bomboyx mori, silk has better mechanical strength and
toughness than most polymers due to involvement of crystallized structures (3 sheets).
The tensile strength and elastic modulus of a single fibroin are 610-690 MPa, and 15-
17 GPa, respectively. Moreover, silk has great biocompatibility, tuneable degradability,
minor response of inflammation and immunogenicity. Silk has been clinically used as
suture biomaterial (Rockwood et al., 2011). 3D printed silk fibroin and hydroxyapatite
composite scaffolds for bone fracture repair showed enhanced cell proliferation and

differentiation with increasing silk ratio in silk-HA composites (Huang et al., 2019).

1.6.2.3.6 Chitin and Chitosan

The second most frequent polymer in the planet is chitin. Chitosan has the chemical
formula of (C¢H1104N), and it is obtained from chitin as the end product of
deacetylation reaction (Nikpour et al., 2011). The main source of chitin is crustaceans

shells including shrimp ,crab, lobster, and oyster, many other sources are also available,
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such as insects, seaweeds, fungi and yeasts (Synowiecki & Al-Khateeb 2003;
Prabaharan 2012, p.13). CS is obtained after several chemical and heat treatments of
chitin including; deproteinisation, demineralisation, decolouration and deacetylation
(Jayakumar et al. 2012, p.31). Being biodegradable and biocompatible polysaccharide,
chitosan have long linear chains including irregular arrangements of B (1-4)-linked-D-
glucosamine (deacetylated) and N-acetyl-D-glucosamine (acetylated) units (Kim 2014,
p.3) (Figure 1.5).
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Figure 1. 5 Molecular structure of chitosan taken from the study by (Shahzad et al., 2015)

By the elimination of acetyl groups (CH3-CO), chitosan can be dissolved in diluted

acids, and amine (NH) units become free, leading to its cationic structure (Kim, 2014,

p. 3).

The insufficient solubility properties of CS leads to drawbacks for biomedical
applications, such as, drug delivery; leading quick water adsorption and fast drug
delivery (Jayakumar et al. 2012, p.32). Therefore, in recent years, researches have been
trying to overcome this by improving solubility by chemically modifying chitin and

producing chitosan derivatives.

Modifications of Chitosan

Through the modification process it is aimed to improve chitosan features
biochemically, physiochemically and biologically, especially solubility (Yar et al.,
2017). Amine and hydroxyl groups in the structure of chitosan enables its modifications
chemically. Chitosan modifications, especially organic solvent soluble ones, can be
used with other organic soluble synthetic polymers, making possible controlled

degradation time for different applications (Shahzad et al., 2016).
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These modified chitin derivatives have a wide range of applications owing to their
unique properties such as polyelectrolyte and reactive features, good adsorption ability,
biodegradability, gel forming capacity, antibacterial properties and tumour resistance
(Synowiecki & Al-Khateeb, 2003). To give some examples, they are widely used in
bone regeneration (Zhang et al., 2008), drug delivery and tissue engineering (Liu et al.,
2014), wound dressing (Shahzad et al., 2015), anti-tumor materials (Zheng et al., 2015)
and dental applications, such as anti-inflammatory root canal dressing materials for

periapical lesions (Jayakumar et al. 2012, p.37).

There are a variety of synthetic methods used to obtain different chitosan derivatives.
Some examples are: quaternization, deoxycholic acid derivation, galactosylation,
polyethylenimine (PEI) grafting and thiolation (Jayakumar et al. 2012, p.43). One of
these modification methods obtaining chitosan in the form of carboxylate salts i.e.
formate, acetate, lactate, malate, citrate, glyoxylate, pyruvate, glycolate, poly (ethylene
glycol) and ascorbate due to the high positive charge of CS (Kim, 2014, p. 7). Thiolated
chitosan, in particular, is a type of modification promoting the properties of chitosan in
terms of muco-adhesion and drug release, as well as in-situ gelation properties owing

to the generation of disulphide linkages (Jayakumar et al. 2012, p.45-46).

One method in chitosan modification is the Mannich reaction enabling the modification
of different amino groups on chitosan. The Mannich reaction is advantageous in terms
of affordability and it leads to occurrence of iminium ions providing substantial
reactivity against different nucleophiles. Thus, since chitosan includes amino sides, it
is possible to modify them via the Mannich reaction (Yar et al. (2017). In addition, it
has also been reported that Mannich base like dibasic chitosan derivatives were used
for heparin binding hydrogels promoting angiogenic activity (Yar, Gigliobianco, et al.,

2016).

Recently, Yar et al. (2017) has reported a method for chemical chitosan modification
with a Mannich reaction. They synthesised chitosan derivatives by using 2-
chloroaniline with formaldehyde. A chitosan and aniline reaction resulted in a novel
chemical group (-NH-CH>—NH-) approved by FTIR analysis. They synthesised
hydrogel films composed of chitosan and polyvinyl alcohol (PVA) both with and
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without heparin loading for wound healing applications by means of improving
vascularisation. Heparin loaded hydrogel films have shown greater angiogenic
efficiency compared to specimens without heparin. Synthesized hydrogels also ensured

good cell attachments.

The Effects of Molecular Weight and Degree of Deacetylation of Chitosan

Chitosan has diverse polymorphs with distinct molecular weight (Mw) and degree of
deacetylation (DDA). Because of treatments during deacetylation processes, mean Mw
and DDA of chitosan are measured. The DDA express the ration of primary amines as
a percent. Chitosan with the Mw from 10 to 1000 kDa and 66-95 % DDA are available
commercially (Jayakumar et al. 2012, p.32).

In comparison with lower Mw (500-800 kDa), high Mw chitosan (~1400 kDa) has more
mucoadhesive features due to its more viscous structure. In addition, higher DDA, the
proportion of chitosan in solutions, lower temperature and lower pH results in more
viscosity (Jayakumar et al. 2012, p.31-32). Due to the different properties of diverse
Mw and DDA, there are various papers in the literature dealing with their effects

(Jelvehgari et al. 2010; Jayakumar et al. 2012; Gupta and Jabrail, 2008).

It has been discussed by Gupta and Jabrail, (2008) that drug release characteristic of
chitosan is affected by its rheological features. Rheological features of chitosan are
altered by: Mw, DDA, arrangements of acetyl groups in chitosan, and pH. In addition,
the degree of crosslinking is affected by DDA, but not by Mw. In this respect,
monitoring the DDA of chitosan is important since high crosslinking provides a
hydrophobic network structure and low swelling. In addition, DDA has an impact on

the biodegradation, immunological, physical and chemical features of chitosan.

It has been reported that in drug delivery applications, optimum loading and sustainable
release properties have been achieved via high Mw and high DDA, whereas low-Mw
and low-DDA microspheres had burst release (Gupta and Jabrail, 2008). In addition,
Jelvehgari et al. (2010) has reported, regarding drug delivery, that high Mw of chitosan
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provided higher zeta potential providing electrostatically stable, good dispersed

nanoparticles in colloids.

It has been reported that antibacterial activity of chitosan decreases in neutral pH at
molecular weights bigger than 29.2 kDa, while it increases along with Mw in acidic pH.
Chang et al. (2015) explains that the pH effects depend on changes in water solubility
and the zeta potential properties of chitosan. It was also reported that immune response
properties of chitosan are more immediate with low Mw CS (12 weeks), while it took
24 weeks for high Mw chitosan (Jayakumar et al. 2012, p.127). In terms of gelation
properties, Chenite et al. (2000) has states that high DDA decreases gelation

temperature and that the effect of Mw in gelation was insignificant.

In the light of reported literature to date, DDA and Mw are two important parameters
affecting polymer properties in terms of drug release, mucoadhesiveness, viscosity,
gelation and antibacterial properties (Jayakumar et al. 2012, p.31-32; Jelvehgari et al.
2010; Chang et al. 2015). Therefore, it is indicated to select a chitosan with DDA and
Mw levels appropriate to the application. In this respect, chitosan with high DDA may
be useful, due to gelation, for drug delivery applications. In contrast to low Mw
chitosan, high Mw provides supreme drug delivery but shows slow immune response
and lower antibacterial properties. Therefore, in this project, the selection of Medium
Mw with high DDA is indicated in order to balance thermosensitive gelation features

and biological response for drug delivery and bone regeneration applications.

1.7 Advanced Regenerative Medicine Techniques

1.7.1 Drug Delivery Systems

As expressed, by Jain (2008, p.1.), a drug delivery system is a controlled mechanism or
tool for delivery of bioactive agents into a certain region of the body for treatment.
Biomaterial carriers enable the release of diverse cells and growth factors to stimulate
bone generation. In terms of cell therapies, adult stem cells such as mesenchymal stem
cells (MSCs), and embryonic stem cells (ES) have been utilised. Growth factors have a

capability of affecting cell activities by conveying signals by binding to cell receptors.
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Growth factors that are employed in bone regeneration include: osteogenic, angiogenic,
inflammatory and systemic factors. These growth factors can be used singly or in

combination (Vo et al., 2012).

Hydrogels are quite attractive tools for the encapsulation of therapeutic agents, and their
sustainable delivery can be monitored by their crosslink mechanisms. Stimuli
responsive hydrogels such as pH responsive hydrogels, have gelation above or below a
critical pH and can facilitate site specific delivery through a certain route. Drug release
through pH responsive hydrogel systems can occur via diffusion, swelling and
monitoring mechanisms chemically. The diffusion based drug delivery model is
associated with the Fick’s diffusion law. The diffusion coefficient of hydrogels depends
on the porosity and pore size of hydrogels. Drug delivery is monitored by swelling once
drug release is above the swelling rate. In this case the drug is desorbed upon absorption

of water (Lin & Metters, 2006; Rizwan et al., 2017).

The amount of hydrophobic parts resisting the absorption leads to shape and volume
change that determines the speed of drug delivery. Furthermore, delivery is associated
with the bonding strength of the hydrogel due to crosslinking and composition. The
forces by media lead to flexion of the polymer bonds that cause swelling and while drug
release is taking place. The large molecules entrapped into hydrogels, whose delivery
is not possible with diffusion mechanisms, are delivered by the degradation of polymers
via hydrolytic or enzymatic reactions involving the breakdown of polymer backbone

(Lin & Metters, 2006; Rizwan et al., 2017).

1.7.2  Growth Factors

Although growth factors have been employed in animal studies, their applications in
humans are restricted by cost and reliability concerns. The main problem in drug
delivery systems is the rapid delivery of growth factors; thus it is necessary to develop
effective delivery systems. Delivery of growth factors from an optimal carrier, occurs
in a programmed time and dosage, into a desired location and the carrier contributing
to ECM formation and vascularisation. It was reported that, ECM mimicking delivery

systems have improved monitoring of growth factor signalling. There are some growth

36



factors, such as, BMP-2, VEGF-A and platelet-derived growth factors PDGF-BB, are
able to bind heparan sulfate proteoglycans within the ECM, thus they are termed
‘heparin-binding growth factors’. Delivery of growth factors bound to ECM can be
controlled by the strength of these bonds and by protease activity (Martino et al., 2015).

Several growth factor delivery approaches in a natural ECM mimicking environment,
are summarised and illustrated in Figure 1.6. Heparin and heparin sulfate like
components can bond covalently or be co-delivered into matrix, to control growth factor
release (Figure 1.6.A). Engineering the signalling microenvironment method involve
forming molecular complexes between ECM components and growth factor receptors
(Figure 1.6.B). In addition, the engineering growth factors method, provides the
attraction between growth factors and a biomaterial matrix, by modifying growth
factors (Figure 1.6-C). Finally, Figure 1.6.D shows engineered growth factors enable
connection to ECM binding biomaterials, such as, collagen and fibrin (Martino et al.,

2015).

It should be noted that caution is required in using external growth factors alone or
within a scaffold, since they might induce severe side effects. For instance, BMP usage
in clinic was reported to cause toxicity, malformation of bones, immune reactions and
carcinogenesis, leading to recent restrictions in its clinical applications (Carragee et al.,

2011; Hustedt & Blizzard, 2014).
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Figure 1. 6 Growth factor release mechanisms mimicking the ECM-growth factors interactions.
A. Increasing the affinity of biomaterial matrix for growth factors B. Engineering the signalling
microenvironment of growth factors C. Engineering growth factors to interact with biomaterial
matrices D. Engineering growth factors to bind biomaterial/endogenous matrices. (This figure was
reused after obtaining permission for the study by Martino et al., (2015) from Elsevier publishing

group).

1.7.3 Angiogenesis, Growth Factors and Heparin

During vasculogenesis endothelial cells known as angioblasts differentiate into
mesoderm and result in generation of vascular plexius which gives rise to the formation
of primary blood vessels. The generation of new blood vessels through sprouting or
splitting from primitive vessels via endothelial cell activities, is referred to angiogenesis
(Risau, 1997). As it has been stated that angiogenesis is necessary not only for bone
formation and but also during healing, this shows the importance in osteogenesis

(Forrest, 2005).

When tissue engineered biomaterials are implanted into large-scaled bone defects, the
tissue healing, strongly rely on keeping cells alive by swift branching of present blood

vessels occupying the defect site. In case of deficient blood supply, cells cannot survive
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since their metabolic activities are impaired because of insufficient nourishment,
oxygen, and insufficient transfer of metabolic by-products. The sufficiently grown
microvascular structure also maintains the regulation of the various cells that participate
in the remodelling and reconstruction of tissue, including hematopoietic stem cells,

osteoprogenitor and immune cells (Grosso et al., 2017).

Vascular endothelial growth factor (VEGF), which is an endothelial cell related mitogen
that takes a critical role in regulating angiogenesis, which is associated with its ability
to provide transfer and proliferation of endothelial and progenitor cells. The VEGF is
expressed by the hypertrophic chondrocyte region in the epiphyseal growth region, and
it has role on modulating remodelling of cartilage. In addition, VEGF has a role in
generation of endochondral bone by monitoring apoptosis of chondrocytes and
employing chondroclast activates leading the resorption of cartilage tissue that is then
replaced by bone. The occupation of blood vessels through the metaphysis bone region
concurrently occur with; mineralisation of ECM, death of chondrocytes, resorption of
ECM and generation of bone. In addition, VEGF is generated by osteoblasts and
regulates the osteogenic growth factors. As reported, the absence of VEGF that
postpones bone formation from the callus, shows the impact of VEGF on osteogenesis
as well. An impairment of a natural blood vessel network in the epiphyseal growth
region, due to inactivation of VEGF, has been reported (Gerber et al., 1999; Raftery et
al., 2017). Therefore, VEGF has been investigated to promote angiogenesis by

combining it with biomaterials.

Along with VEGF, a number of growth factors have been investigated as to stimulating
angiogenesis, comprising basic fibroblast growth factor (bFGF), and transforming
growth factor beta (TGFB) (Fujita et al., 2004; Oliviero et al., 2012). However, growth
factor delivery involves many challenges, such as their instability due to their high
solubility that reduce their performance and activation time. This becomes more
challenging upon fractures in tough conditions. To combat their instability, the
approach to utilise a high level of growth factors also leads to toxic effects and
malformation of bones. In addition, regional inflammatory reactions, adverse effects on
nerves and risk of malignant tissue formations have been reported (Carragee et al.,

2011; Raftery et al., 2017).
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Due to the instability issues of growth factors, they are usually harnessed by their
immobilisation in a scaffold matrix, thus providing for their controlled delivery. One
approach is to bind these growth factors with heparin and heparan sulphate
proteoglycans (HPSGs) that, due to their highly anionic nature, have great binding
capacity with proteins involving growth factors (Tae et al. 2007). Heparin and HPSGs
are proficient at binding pro-angiogenic receptors with the majority of angiogenic
growth factors, comprising VEGF, bFGF, and TGFB (Chiodelli et al., 2015; Oliviero et
al., 2012).

Heparin (Hep), consisting of glucosamines and residuals of uronic acid, is an anionic
and sulphated polysaccharide. Heparin, is important because of its high anticoagulant
capacity due to its anti-thrombin III binding property via a penta-saccharide and array.
Oliviero et al. (2012) has pointed out that this physical binding efficiency of heparin
can monitor the cells thanks to its molecular orientation, which results in angiogenesis.
The binding heparin with pro-angiogenic factors provides proliferation, generation of
protease and migration of endothelial cells, as well as leading cells in blood vessel

formation (Oliviero et al., 2012; Yar et al., 2017).

As Chiodelli et al. (2015) reported that heparin or HPSG has a regulatory role in
angiogenesis. This is determined by their linkages, especially sulfate bonds, with
angiogenic growth factors, proangiogenic recipients, antiangiogenic agents and
angiogenic effectors. There is a huge number of molecules that monitor angiogenic
activity because of their linkages with heparin and HSPGs. Angiogenic or
antiangiogenic effects are based on the molecular properties of protein and the

interactions of heparin and HSPGs with cells or ECM.

In a recent research (Shahzadi et al., 2016), heparin has incorporated in composite
hydrogels in order to evaluate its potential to induce angiogenesis. It has been
investigated via chick Chorioallantoic Membrane (CAM) assay to evaluate the potential
attachment of physiologically available angiogenic growth factors to pro-angiogenic
receptors by using heparin bonded chemically crosslinked chitosan poly-vinyl alcohol
(PVA) hydrogels. Triethyl-orthoformate (TEOF) crosslinked and heparin bonded

hydrogels led to more blood vessel generation when compared with heparin-free control
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samples (Shahzadi et al., 2016). In addition, direct mixing of heparin in chitosan-PVA-
poycaprolactone (PCL) hydrogels in the absence of any growth factors has been
investigated for angiogenesis on chick embryo’s CAM tissues. It was found that heparin
bonded chitosan-PVA-PCL hydrogels led to significantly more angiogenesis than the
sole collagen control gels (Yar, Gigliobianco, et al., 2016).

Therefore, the functionalisation of scaffolds or hydrogels with heparin for its potential
physiological binding activity can provide advantages by avoiding utilisation of
angiogenic growth factors and their non-foreseeable adverse effects, such as instability
and the risk of malformed or carcinogenic tissue formation. Thus, in this study, heparin
functionalised injectable hydrogel compositions that are based on hydroxyapatite
dispersed chitosan matrixed thermosensitive hydrogels are investigated for

angiogenesis by utilization of the in-vivo CAM assay model.

1.8 Injectable Biomaterials for Minimal Invasive Surgery

There are several challenges in conventional cell-scaffolds techniques requiring
invasive surgery that may lead to casualty of bones, devastation of vicinal tissues and
traumas. There are also difficulties in their production and in cell seeding to inner
cavities. Thus, in-situ forming gels have attracted attention since these can be applied
to the body via minimally invasive endoscopic and transdermal surgical methods

(Amini & Nair, 2012;He et al., 2013).

1.8.1 Hydrogels

Hydrogels are polymer based crosslinked porous structures which resemble native
ECM in terms of their high water content, due to their water absorption and swelling
capacity, and their elasticity (Amini & Nair, 2012; Klouda, 2015). Due to the
constructional analogy between body constituents and hydrogels, they are quite

beneficial for tissue engineering and drug delivery applications (Lee & Mooney, 2001).
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1.8.1.1 Classification of Hydrogels

A number of elements can that be considered to categorize hydrogels, depend on
crosslinking mechanism, biodegradability, synthesis methods, physical features, ionic
charge etc. In the literature, diverse categorisations of hydrogels are present (Rizwan et
al., 2017; Ullah et al., 2015). In terms of crosslinking mechanisms, hydrogels are
divided into two groups: chemically and physically crosslinked hydrogels. The physical
hydrogels occur due to the crosslinking based physical interactions, such as hydrogen
bonding, crystallisation, and hydrophobic interactions. On the other hand, the chemical
crosslinked hydrogel formation occurs via chemical polymerisation reactions leading
to covalent bonds between molecules. The physical hydrogels are reversible while

chemical hydrogels have irreversible, persistent bonds (Ullah et al., 2015).

Chemical crosslinking involves the chemical reactions of reactive functional groups of
materials. The small molecules as crosslinker, or a different polymer reacting with a
base polymer, can provide crosslinked-polymer network-structures. Although the
chemical crosslinking can provide mechanically strengthened hydrogel structures,
biocompatibility issues arise from crosslinker leftovers that require strict
decontamination of acquired hydrogels. Furthermore, the excess crosslinker linkages
can limit drug delivery processes. For instance, chitosan -crosslinking with
glutaraldehyde can cause toxicity, the utilisation of genipin was found more
biocompatible in comparison to glutaraldehyde. However, undesired drug-genipin

interactions might occur (Bhattarai et al., 2010;Chen et al., 2004).

To avoid using crosslinkers, different polymers can be crosslinked by increasing their
reactivity via modification reactions such as Shift base and Michael addition reactions.
However, these methods require a very tedious processing and purification processes,
and the possible toxicity of crosslinked final products should be also considered.
(Bhattarai et al., 2010). Although the material toxicity in chemically crosslinked
hydrogels is a big concern, there are in-situ formed injectable hydrogel types that can
reduce the toxicity. Examples are photo-crosslinked and enzymatically crosslinked
hydrogels since they form in the mild body environment. In this thesis, two types of in-

situ formed, chemically crosslinked hydrogels will be identified. Being the subject of
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this thesis, these physically formed injectable pH and/or thermosensitive hydrogels will

be discussed in more detail in the following sections.

1.8.1.1.1 Stimuli Responsive Hydrogels

Hydrogels having responses in the presence of a certain surrounding stimuli, known as
smart hydrogels, have the ability to alter their structural integrity, strength, and swelling
capacity in association with a particular stimulus (Ullah et al., 2015). According to
stimuli types, hydrogels are divided into three main groups by Rizwan et al., (2017):
physical (light, temperature, electrical and magnetic fields etc.), chemical (e.g. pH, ionic
elements, chemical agents) and biological stimuli (such as, enzymes, antigen, and

DNA).

1.8.2  In-situ Formed Injectable Hydrogels

Prepared liquid hydrogel formulations are injected into to tissue defects, and form gel
in-situ by filling and moulding injured sites with complex architecture. /n-situ formation
of injectable hydrogels via a stimuli make them superior in terms of their applicability
without, or by minimal surgical intervention (Amini & Nair, 2012). Furthermore, since
their gelation occurs in moderate conditions in the body, they promote encapsulation of
cells, proteins and peptides. In addition, hydrogels may be assigned as an artificial extra
cellular matrix in cartilage. They promote reconstruction of durable and complicated
bone systems as a delivery vehicle for cells and growth factors. Hydrogels are quite
transitable, particularly for filling complex craniofacial bone defects and enabling repair
via sustainable delivery of specifically targeted regenerative agents, such as growth

factors and cells (He et al., 2013).

Among in-situ formed injectable hydrogels, chemically crosslinked UV or enzyme
stimulated hydrogels and physically crosslinked pH and thermosensitive hydrogels are

discussed in the following sections.
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1.8.2.1.1 Light Sensitive Hydrogels

Photon reactive chemical groups can be used to modify materials that provide
crosslinking upon exposure to UV light. This is very practical and cost available
chemical crosslinking mechanism. UV crosslinked methacrylated gelatine (GeIMA)
with methacrylated hyaluronic acid (HAMA) hydrogels for wound healing (Eke et al.,
2017) along with photo-crosslinked GeIMA and poly(ethylene glycol)diacrylate
(PEGDA) for bone healing applications (Wang et al., 2018) have been reported. The
chitosan-pluronic hydrogels were photo-crosslinked at 37 °C by functionalisation of
precursors with photo-responsive acrylate groups, and were integrated with plasmid
DNA for local gene transfer investigation (Lee et al., 2009). Although functional, the
main drawback of photo-crosslinking is that the extended time of exposure to irradiation

may threaten the living adjacent tissues and organisms (Bhattarai et al., 2010).

1.8.2.1.2 Enzyme-crosslinked Hydrogels

Having an in-situ crosslinking mechanism, the enzyme initiated crosslinked hydrogels
occur at respectively mild conditions out of chemically crosslinked hydrogels. Different
enzymes including tyrosinase, transferase, lysyl oxidase and horseradish peroxidase can
be utilized as catalysts for crosslinking. Enzymes can have a role in increasing the
mechanical strength of the polymers as well as in integration. However the reported
instability and short activation time of enzymes lead some limitations in application of

enzymatically produced hydrogels (Moreira Teixeira et al., 2012).

The crosslinking of gelatine and chitosan by tyrosinase enzyme that oxidize tyrosine in
protein and form o-quinone reactive groups were explored for increasing gel
mechanical strength. This was inspired by the sclerotization process (shell hardening)
in insects including the polymer polysaccharide entanglement mechanism (Chen et al.,
2002). In another study, elastic and stable dextran and tyramine hydrogels were
obtained by using horseradish peroxidase enzyme with hydrogen peroxide. The
crosslinked hydrogels were provided by binding them with either the urethane or
diglycolic group involving esters. The second group, anchored by ester group, has

showed quick degradation, 4-10 days, whereas the urethane group hydrogels led to
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much more stable hydrogels losing just nearly one quarter of their weight in 5 months

(Jin et al., 2007).

1.8.2.1.3 pH Sensitive Hydrogels

pH sensitivity is a factor providing the acquisition of reversible sol-gel hydrogels. The
pH dependent ionic interactions leading to proton loss or gain, provides phase
alterations in polymers (Liu et al., 2016). As reported by Ullah et al., (2015) in pH
responsive hydrogels, swelling occurs due to the abrupt alteration of the electrostatic
net charge at the ionised pendant sites that leads to electrostatic repulsion and associated

sudden volume change, due to the osmatic swelling potency.

pH sensitive hydrogels having anionic pendent groups e.g. carboxylic and sulphated
groups are termed anionic hydrogels whereas cationic pendent groups (for instance,
amine) involved hydrogels are designated as cationic hydrogels. Anionic hydrogels
(such as carboxymethyl chitosan) swell when pH is raised above pK.and are feasible
for drug delivery at high pH levels (e.g. intestine possess pH 7.4). On the other hand,
cationic hydrogels (such as chitosan) swell in low pH under the pKs once ionisation
occurs, and are beneficial for drug delivery in acidic pH, such as in the stomach (Rizwan

etal., 2017; Ullah et al., 2015).

The delivery of pH sensitive formulations is affected by the conditions of the targeted
delivery route in the body, such as acidity and presence of enzyme activities. The
gastrointestinal route for drug delivery is the most common way involving a wide pH
range in different regions: in saliva between 5 and 6; stomach: 1-3; small intestine 6.6.-

7.5; and colon: 6.4-7 (Bhattarai et al., 2010).

Being the subject of this study, chitosan-based solutions require pH neutralisation in
order to be used in the body since chitosan is soluble in only acid media. Chitosan based
hydrogels neutralised by weak base NaHCO3 or Na>COs is based on the reactions of
either bicarbonate or carbonate anion with hydrogen cation, leading to the release of

carbon dioxide that causes the increase in pH leading to gelation (Liu et al., 2016).
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In this study, sodium bicarbonate (NaHCO3) salt which is a weak base has been used as
a neutralising agent due to its cost effectiveness compared to other salts, e.g. beta-
glycerol phosphate. It also enables slower neutralisation in comparison to strong bases,
such as NaOH. Having a gradual ionic reaction between chitosan and NaHCO3 ensures
a slow release of carbon dioxide during the reaction (Equation 1.1-1.3) (Liu et al.,
2011). Thus, performing neutralisation reactions in sealed flasks at low temperature also
protects the solutions from sudden gelation resulting in heterogeneity. Therefore, in this
project, experiments were performed by using a dropping funnel fitted flask placed in

an ice bath.

Protonation and deprotonation of amine groups in chitosan with the action of HCO;3™ in
NaHCOsand H" ions in the acidic environment provide an ionic crosslinking of chitosan
with neutral NH linkages. The reaction product, carbon dioxide, is non-toxic and can

easily be metabolically released from the body (Liu et al., 2011)

NH; + H* & NH3" (1. 1)
H"+ HCO; = H.CO3; = H0+COx N (1.2)

NH;"+ HCO3" & NH:+ H,0 + CO, N (1.3)

Therefore, keeping solutions closed at all time and storing them in low temperatures
extends solution stability to facilitate injection. Upon injection into a body, hydrogels
are constituted in-situ, in consideration of the two driving forces, pH and temperature

(due to hydrophobic interactions).

1.8.2.1.4 Thermosensitive (Sol-gel) Hydrogels

Thermo-responsive hydrogels have a unique in-situ phase transition in the body that
makes them quite a useful tool for injectable pharmaceuticals and therapeutic agents by
in-situ encapsulation (due to quick gelation). Since they are natural, and no-crosslinker
is used for their formation, this makes them biocompatible and very beneficial for tissue
engineering and drug delivery applications. Their mechanical properties can be

strengthened by producing composite materials such as with inorganic compounds or
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making them polycomplex by adding oppositely charged natural compounds such as
heparin. Accordingly, heparin was involved in the chitosan-based composite hydrogels
produced in this project. Also polyol additives were utilised to contributed to

mechanical enhancement by avoiding any other toxic crosslinker or synthetic material.

Thermosensitive polymer hydrogels undergo a phase alteration owing to the presence
of similar amounts of hydrophobic and hydrophilic groups in their networks (Radivojsa
Matanovi¢ et al., 2015). As Klouda (2015) has reported that these thermosensitive
hydrogels can be produced by sol gel process via either heating or cooling methods.
Mostly, thermally responsive hydrogels are soluble below a certain temperature,
(known as lower critical solution temperature (LCST)) whereas they form insoluble gels
above this temperature in a body. On the other hand, some others can become gels via
cooling under the upper critical solution temperature (UCST) (Klouda, 2015; Radivojsa
Matanovi¢ et al., 2015).

In drug delivery applications, a drug is loaded into thermosensitive polymer
formulations at room temperature and administrated to the body via injection. Upon
injection, hydrogel shrinks and forms a protective layer, and the dimension of pores
decreases, providing for encapsulation of drugs and their sustainable delivery. One very
common thermosensitive polymer employed in biomedical application is Poly(N-
isopropylacrylamide) (PNIPAAm) which has an LCST at the vicinity of physiological
temperature (Kondiah et al., 2016). Recently, thermosensitive elastic PNIPAAm
hydrogels were integrated with cardiac stem cells for heart regeneration in static and
heart mimic dynamic stretching culture conditions to stimulate cardiac differentiation
(Li et al.,, 2016). The hyaluronic acid/PNIPAAm injectable porous hydrogels
synthesised by the thermo-radical copolymerisation technique, formed hydrogels at
nearly 30 °C. Adipose derived stem cell encapsulated hydrogels were found to be non-
cytotoxic and were found beneficial for drug delivery and tissue engineering

applications (Tan et al., 2009).

Pluronic® and Tetronic® thermosensitive hydrogels which are amphiphilic copolymers
that generate micelles in water, were approved by the FDA and EP and are

commercially available (Fernandez-Tarrio et al., 2008; Ullah et al., 2015). Pluronics are
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polyethylene oxide based triblock copolymers and are known for their bioadhesion,
stability and thermosensitive gel forming capacity at almost 30 °C, and are commonly
used for injectable pharmaceutical delivery (Shriky et al., 2020). Another example of
thermosensitive hydrogels are elastin-like polymers which mimic animal elastin and are
composed of polypeptides. This polymer type is soluble in water containing media
below a certain temperature (~10 °C) while it forms self-assembled hydrogel networks
above the critical temperature (~30 °C). The elastin like hydrogels are used in

biosensors, drug delivery and biomaterials applications (Bessa et al., 2010).

1.9 pH and Thermo-sensitive Injectable Chitosan/Hydroxyapatite/Heparin Hydrogels

1.9.1 pH and Thermosensitive Chitosan Hydrogels

In this project, a natural polysaccharide chitosan (CS) was employed as a pH and
thermosensitive injectable hydrogel matrix. CS was used due to its unique features,
involving biocompatibility, biodegradability, antibacterial properties and in-situ
gelation at the region of normal body temperature. Chitosan based neutralised solutions
are found as liquid at room temperature and upon injection they can form naturally,
physically crosslinked hydrogels at body temperature. Thus, the toxicity that results
from utilisation of any crosslinker or synthetic materials can be avoided. Therefore, as
previously discussed, chitosan has been utilised for numerous applications in drug

delivery and tissue engineering applications.

Chitosan hydrogels include strong and weak water bonds, and thus can swell and
dehydrate in certain surrounding circumstances (Kim, 2014, p. 27). Thermoresponsive
chitosan hydrogels neutralised by a polyol, B-glycerophosphate disodium (3-GP) has
been first reported by Chenite et al. (2000). Chitosan has been kept as liquid above the
critical pH 6.2 where chitosan is stable by the neutralization with 3-GP up to pH 7.15,
while crosslinked hydrogels formed upon elevating temperature close to 37 °C. Thus,
thermoreversible, pH-dependent gel formation occurred in the absence of any
crosslinking and chemical modifying agents. At lower pH values between 6.8-6.9, the
gelation point surged to 45 °C, which was considered to be more due to electrostatic

repulsion and less to hydrogen bonding at lower pH. Cytotoxicity assays showed a cell
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viability above 80%. The sol-gel transition in this CS-8-GP system occurs due to the
fact that 3-GP increases intra-hydrogen binding of chitosan because of a decrease in
repulsive forces via basicity of salt as well as surging ammonium and phosphate group
attractions. Moreover, hydrophobic interactions in chitosan can be improved by
glycerol-water interactions since it gives rise to gel formation as temperature increases

(Chenite et al., 2000).

In addition, Hoemann et al. (2005), utilised chitosan-8-GP hydrogels in the presence of
a crosslinker, hydroxyethyl cellulose, for cartilage healing. They have used highly
cationic chitosan with high DDA, including 84% and 90% with final pH at
approximately 6.8. When sterile chitosan solution was injected into rabbits for both
chondral and osteochondral defects, in-sifu gelation occurred within 5-10 minutes.
Chitosan hydrogels have showed great adhesion in healing adult articular cartilage. /n-
vitro and in-vivo tests showed that chitosan-8-GP hydrogels had good histological,
biological and mechanical properties. They achieved more than 90% cell viability of
chondrocytes in chitosan matrix during an all in-vitro cultured period. The chitosan-83-
GP hydrogels have been already used in clinic for cartilage replacement with a

commercial product (BTS-CarGel®) (Méthot et al., 2016; Shive et al., 2006, 2015).

Some researchers have investigated alternative neutralising agents to B3-GP, such as
magnesium glycerol phosphate (Liskova et al., 2015) and calcium glycerol phosphate
(Kami et al., 2017) Recently, other neutralizing agents were harnessed including easily
available weak base di-sodium carbonate (Na,COs3) (Li et al., 2014), and sodium bi-
carbonate (NaHCO3) (Rogina et al., 2017).

The use of sodium bicarbonate to neutralize thermosensitive chitosan hydrogel system
was first reported by Liu et al. (2011). Physically crosslinked gel formations with this
system occur gradually from the surface to bulk, driven by hydrogen bonds, CO»
evaporation, and hydrophobic forces due to NH bonds becoming neutral. Sodium
bicarbonate has also been investigated for its mechanical strengthening and gelation
properties. Furthermore, the addition of sodium bicarbonate led to better cell

cytocompatibility than hydrogels with sole 3-GP (Deng et al., 2017).

49



1.9.2  Chitosan- Hydroxyapatite Hydrogels

The combination of CS with HA has utmost importance for bone regeneration
applications, since it provides a bioactive composite with excellent bioactivity and
biocompatibility, enormously contributing to osteointegration, cell adhesion,
osteoconductivity and proliferation. However, use of monolithic hydroxyapatite or
calcium sulphate in bone filling applications leads to shrinkage and brittleness.
Therefore, it is sensible to use polymer/ceramic systems. Taking into account these
properties, chitosan and hydroxyapatite hydrogels have been well investigated by
researchers (Yar, Farooq, et al. 2016; Shahzad et al. 2015; Arun Kumar et al. 2015).

Shahzad et al. (2015) have produced antibacterial wound dressing hydrogel from CS,
HA and PVA. These hydrogels have shown high antibacterial capacity, great
interconnected porous structure, high swelling capacity and sustainable drug release in
addition to enabling cell growth. In another study performed by (Yar, et al. 2016), anti-
inflammatory hydrogels have been improved based use of CS, HA and PVA, ensuring
drug (meloxicam) delivery for periodontal treatments. In addition to swelling and
sustainable drug release, these hydrogels were cytocompatible and improved cell

proliferation with anti-inflammatory properties.

In another study, reported by Liu et al. (2014), thermosensitive hydrogels were
produced from the combination of water soluble thiolated CS (chitosan-4-thio-
butylamidine or CS-TBA) and HA neutralised by B-GP at 37 °C. In these hydrogels,
nano-sized HA particles were dispersed homogeneously, and produced better
mechanical properties and the sustainable release of bovine serum albumin (BSA),
compared to the hydrogels with unmodified CS. These gel compositions had suitable
biodegradation rates after 28 days for unmodified and modified CS amounting to ~49

%wt and ~52 % wt, respectively.

In addition, CS/HA thermosensitive hydrogels with gentamicin were harnessed to
increase porosity of bone cement polymethyl methacrylate (PMMA). This led to
enhancement of eventual features of composite with better mineralization and cell

viability (Sa et al., 2015). Recently, chitosan/hydroxyapatite hydrogels neutralised by
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sodium bicarbonate has been also investigated by in-situ synthesis of hydroxyapatite
that contributes to increment in pH (2017). This hydrogel system enabled good cell

viability and proliferation in encapsulated cells (Rogina et al., 2017).

1.9.3 Heparin Incorporated Chitosan Hydrogels

Regarding chitosan (CS) and heparin (Hep) composite hydrogels, in one study, UV
stimulated CS matrixed hydrogels in which Hep was used to bind growth factors was
investigated. The composition of hydrogels was formed from CS with azide groups
(light reactive) and lactose (Az-CS-LA) crosslinked with UV light (Hattori et al., 2013;
Ishihara et al., 2003). The results showed that heparin could be bound electrostatically
in the CS hydrogel structure with sustainable release of various growth factors achieved
simultaneously. The in-vivo studies with mice showed that the addition of Hep to the
FGF-1 or FGF-2 provided their sustainable release via degradation of CS, and this
stimulated substantial vascularisation as well as surging haemoglobin in tissue

(Ishihara et al. 2003).

1.9.4 Sterilization of Thermosensitive Chitosan Solutions

It is nesessary to identify a suitable sterilization method for thermosensitive solutions,
comprising biodegradable polymers including chitosan, to avoid major alterations in
the physiochemical and gelation properties of polymers. Sterilization is necessary for
elimination of pathogens, e.g. bacteria, fungi and viruses, in biomaterials. Among the
main sterilization techniques in clinic, heat sterilisation, y-irradiation, ethylene oxide
and plasma are well accepted. However, these techniques have limitations in the case
of degradable polymers, which are more susceptible to degradation and morphological
deterioration. Therefore, some aseptic techniques and other alternative methods have
been recently employed for sterilisation, e.g. iodine, peracetic acid, supercritical COx,
UV, freeze-drying and filtering. The efficiency of these methods differ based on
assortment and type of pathogens. (Dai et al., 2016).

Among these techniques, heat, ethylene oxide and plasma have the highest inactivation

ability against all pathogens including prions, myobacteria, vegetative bacteria,
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enveloped and non-enveloped viruses, bacteria spores and fungi. Gamma and electron
beam sterilization with high efficiency has the same ability except for prions. Peracetic
acid has also high deactivation capacity for microorganisms except myobacteria (Dai et

al., 2016).

Among the methods mentioned medium inactivation capacity, iodine is effective to
deactivate all pathogens except myobacteria. Although ethanol has ability for
myobacteria deactivation, it is not efficient for deactivation of bacteria spores, non-
enveloped viruses and prions. As for UV at medium efficiency, it has the ability to
inactivate only vegetative bacteria and enveloped viruses among all previously

mentioned pathogens (Dai et al., 2016).

Respectively new sterilisation techniques, including supercritical carbon dioxide,
antibiotics and freeze-drying, take place in the low deactivation category. While
supercritical carbon dioxide is efficient to kill vegetative bacteria, bacteria spores, non-
enveloped and enveloped viruses, antibiotics and freeze drying methods only have the

ability to inactivate vegetative bacteria (Dai et al., 2016).

As reported, gamma irradiation of thermosensitive chitosan-polyol systems causes
occurrence of agglomerates in suspension, substantial polymer degradation,
discoloration and significant decrease in viscosity compromising thermogelling
properties (Jarry et al., 2002). Galante et al., (2016) has reported the protective effects
of sugar additives, e.g. mannitol and glucose, on chitosan nano particle suspension, by
decreasing agglomerate formation and zeta potential during sterilisation via gamma
irradiation. However, Jarry et al., (2002) has reported that gamma irradiation has led to
a large viscosity decrease in spite of polyol additives having been used before exposure

to the sterilisation at -80 °C.

Although ethylene oxide treatment has a high efficiency of and relatively low process
temperature, it has the risks of chemical toxicity and ignition (Marreco et al., 2004).
Another recent method approved for sterilization of medical tools (ISO 14937) is ozone
treatment, providing sterilization via oxidation and destruction of living organisms in

materials. As Galante et al. 2016, has reported, ozonisation did not cause any physical
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change in chitosan hydrogel nanoparticles but it has shown a slight toxicity which can
be prevented by utilizing sugar components. These sugar additives caused formation of

new chemical bonds but did not affect cytotoxicity.

Ultraviolet irradiation has recently been used for sterilization of biodegradable
materials. UV is generally preferred for sterilization of surfaces and transparent
materials. UV leads to impulse of photons leading to the destruction of the DNA of
pathogens. The impact of UV varies depends on the microorganism types, exposure

time and the wavelength of the UV(Dai et al., 2016).

Ethanol which is a disinfectant rather than a sterilisation agent. A 60-80% concentration
of ethanol ensures protein denaturation and break down of lipids in pathogens.
However, some virus types and bacterial spores cannot be eliminated by ethanol.
Therefore, it might be used only in surface sterilisation (Dai et al., 2016; Galante et al.,
2016). In addition, it has been reported that 70% ethanol sterilisation led to more than
30% reduction in tensile strength as well as morphological deterioration in sole chitosan
membranes. However, glycerol as an additive before sterilisation, prevented these

impairments (Galante et al., 2016).

The utilisation of freeze-drying for sterilization of biodegradable materials has also
been reported. During lyophilisation, low temperature ensures denaturation of proteins
and enzymes, and water removal leads to the destruction and deactivation of pathogen
membranes. Lyophilisation can be used as a sterilization technique with the

accompaniment of other techniques (Dai et al., 2016).

Finally, recently improved non-thermal plasma technique may be suitable for
thermosensitive liquid formulations due to eliminating thermal, chemical, radiation and
pressure effects. The plasma technique uses the dielectric barrier discharge principle at
normal room conditions. It provides antimicrobial features in sterilized solutions over a
long period of time. It is quite efficient to destroy multi-drug resistant bacteria, fungus,
spores and prions in an affordable way and in short time such as 3 minutes (Albala et

al., 2015).
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For thermosensitive materials sterilization, instead of using a terminal sterilization
method, alternatively, each component can be sterilised individually prior to synthesis
of final formulations under sterile conditions. This strategy has been recently
standardized by the FDA (US Food and Drug Administration) for injectable
formulations. This technique protects liquid phase features but requires strict cleanroom
synthesis methods along with current good manufacturing practice (cGMP), and
standards (e.g. ISO 14644 and 14698) against airborne contamination. This technique
includes many requirements including large set up facilities, education, permissions and
has high costs (US Food and Drug Administration, 2004; Albala et al., 2015). Prior to
synthesis of thermosensitive solutions, reagent solutions, except for polymer solutions
with high viscosity, can be filter sterilized with 0.2 p or smaller filter membranes
(Munarin et al., 2013; U.S. Department of Health and Human Services Food and Drug
Administration Center, 2004).

Among sterilization techniques, heat treatments including steam and dry autoclaving
are the most efficient methods to discard living organisms from the materials. Their
simplicity, affordability and non-toxicity are the reasons for this preference. However,
high process temperatures reaching up to 160 °C during autoclaving process lead to
deterioration of the chemical and mechanical properties of materials. It has been
reported that steam autoclaving of biodegradable materials having low glass transition
temperature, causes a major decrease in molecular weight, and in mechanical and

rheological properties (Dai et al., 2016; Jarry et al., 2002).

Jarry et al. (2002) investigated the impact of steam and dry autoclaving on chitosan
solutions for thermosensitive hydrogel formulations. In the case of dry autoclaving of
chitosan, polymer bonds exposed to cleavage and cross-linkage resulted in less
solubility and high increase in viscosity after autoclaving, indicating unsuitability for
injectable formulations. On the other hand, steam autoclaving also leads to a significant
molecular weight lost in the first 10 minutes, during which, the highest decline of up to
30% occurred. There was as well, a 3 to 5-fold loss of viscosity. However, after steam
autoclaving, gelation properties were still preserved, and 10 min was found sufficient
in terms of sterility. To mitigate adverse effects of steam autoclaving, the effects of

diverse sugars in chitosan solutions such as glucose, glycerol, mannitol, sorbitol and
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polyethylene glycol have been investigated. It has been seen that with polyol additives
prior to autoclaving, chitosan solutions were able to minimize the decrease of molecular
weight and compressive strength. Polyol additives also improved temperature-sensitive
gelation behaviour. The stabilizing effects of polyols on polymers is considered due to
their impact on alterations in water structure and the hydrophobic interactions that
protect polymers from degradation. Although there was minor increase in viscosity after
sugar additives in comparison to the control, there was still a high decrease in viscosity

of between 20 and 50 % that occurred after autoclaving (Jarry et al., 2001, 2002).

Overall, there is no perfect method available for sterilization of thermosensitive
injectable solutions; particularly those, such as chitosan, that consist of biodegradable
polymers. Most current sterilisation techniques can cause alterations in structural and
morphological properties as well as in the temperature dependent gelation features of
polymers. Non-thermal plasma techniques can be a preference for sterilisation of
injectable formulations depending on the availability such systems. Individual
sterilisation of each component before the application of thermosensitive solutions
might be the best choice by providing aseptic synthesis conditions. This may possibly
be followed by an additional terminal sterilisation by UV or lyophilization. Reactant
solutions might be sterilised by using filter sterilisation while high viscosity involved
polymer suspensions can be sterilised by using an autoclave, due to its safety. However,
heat induced viscosity deterioration can be prevented or mitigated by autoclaving CS in
the form of water dispersions along with sugar additives, e.g. glycerol, glucose, and
mannitol, as reported by Yen and Sou, (1998) for thermosensitive and stable chitosan

hydrogel solutions.

In this study, the pre-sterilisation of reagents ensured in modified sterile hydrogel
formulations. Chitosan dispersion in water-glycerol media, and hydroxyapatite powders
were autoclaved individually while all the remaining liquid reagent solutions, including
sodium bicarbonate and heparin solutions, were filter sterilised. Prior to biological
studies, the terminal UV treatment has been applied to avoid airborne contamination

during storage.
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1.10 Main Characterisation Techniques Used for Thermosensitive Injectable

Hydrogels

1.10.1 Physical Analyses

1.10.1.1 Injectability and Syringability

Both injectability and syringability strongly depend on viscosity, rheology and the
density of the formulations that are subject to injection. In addition, the injection
apparatus and needle geometry, (shape, size, bore diameter etc.) play important roles
during injection (Zhang et al., 2018). The needle gauge sizes required for injections
during orthopaedic and dental applications are in the range of 10-16 G and 16-25 G,
respectively (Burguera et al., 2007).

The term syringability, refers to the flow capability of a pharmaceutical solution
through a needle, into a container. It covers the following factors; solution drawing
capacity into the syringe, needle blocking and bubbling in solution, and dosage
adjustment. Injectability consists of the required force for injection, as well as flow
uniformity or blockage parameters which cover the injection period (Cilurzo et al.,

2011).

Cilurzo et al., (2011) has reported a qualitative injectability test, which was performed
by trained observers on both air and a human tissue model, referred to as a panel test,
is based on scoring the injection capacity of a solution from 1 to 4. In addition,
quantitative analyses were performed based on the force measurements during this
injection. However, many researchers perform injectability tests by injecting the
solution into open air in the absence of a tissue model for injection (Alves et al., 2008;
Moreira et al., 2018; Zhang et al., 2018). Also, some researchers use the term
‘syringability’ when analysis is based on the weighing of solutions expelled from a
syringe using consistent force and time. However, injectability tests involved measuring
the force required for the displacement of a syringe plunger while a solution flows
through a needle. The Equation 1.4 gives the formula for syringability (Moreira et al.,
2018).
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) __weight of expelled solution from syringe

Syringability (% * 100 (1. 4)

weight of solution before injection

Both tests can be carried out by using a texture analyser or a universal testing machine
in compression mode. A syringe filled with a certain volume of the solution is fixed
downwards into a syringe rig. In injectability tests, the machine loading cell is lowered
at a certain speed close to the manual injection speed (1 mm/s) and frequency. The
required forces against displacement of the syringe plunger is measured and plotted via
software. From these experiments, three different forces can be determined after data
analyses: initial glide force (IGF): the loading force to initiate movement of syringe
plunger; dynamic glide force (DGF): the force to sustain syringe movement; and the

maximum force during injection (Fmax) (Cilurzo et al., 2011; Moreira et al., 2018).

Furthermore, Zhang et al., (2018), has also counted the ‘total work’ parameter which
refers to the required work for whole injection process. This is measured by counting
the area below the curve in a force vs displacement graph. Total work is expressed by
the given formula at Equation 1.5 where WT, D, and F symbolise: total work, distance,

and force, respectively.

Dmax
WT = [} ooy F *dD (1.5)

The correlation between needle size, syringe volume, and solution viscosity factors and
injectability have also been investigated. It has been found that when the solution
concentration increases, the total work of injection surges more disproportionately
when the inner diameter of the needle reduced. The total work is increased with an
increase of syringe volume, but disproportionate increase occurs when the needle
diameter is reduced. In addition, during the solution injections, various non-Newtonian
flow features were encountered. Injectability performance is strongly depend on
material features, such as particle size and distribution, zeta potential, viscosity etc.
Solution concentration affects the rheological and injection performance enormously,
hence such formulations need to be investigated more methodically while assessing the

functionality of these products before commercialization (Zhang et al., 2018).
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In this study, injectability performance of liquid hydrogels were assessed by both
qualitative and quantitative methods. These, in repeated experiments, involved manual
flow rating for a range of needle thicknesses, and quantitative force-displacement
measurements performed by UTM in compression mode in which IGF, DGF and Fmax

forces were counted for each set of hydrogel groups (See Chapter 3).

1.10.1.2 Sol-gel Transition and Rheology

1.10.1.2.1 Turbidity via Light Scattering

Sol gel transition of solutions might be determined by using different methods. One
method involves the measurement of turbidity via light scattering. This method is based
on the increase in scattered light due to the heterogeneity of the solution showing sol-
gel transitions that can be detected as optical density values by using a microplate reader
in visible light. The average of multiple measurements of sol specimens in well plates
that are incubated at 37 °C are obtained in different time intervals to signify gelation

(Matsumoto et al., 2006).

1.10.1.2.2 Test Tube Invert Method

This method is very simple semi-quantitative measurement of the gelation speed of
thermosensitive solutions. This involves placing a 1 or 2 mL of a thermosensitive
solution into a glass test tube with a cap and leaving it in a water bath at 37 °C for
gelation. The tube is inverted once every minute. This is repeated until the flow of the
solution against gravity stops. This flow ending point is considered the indicator of
initiation of gelation, and the time recorded as the incipient gelation time of the solution
(Li et al., 2014;Wu et al., 2016). Due to its simplicity and being a very efficient
technique, this technique is used to determine the incipient gelation time of liquid

hydrogels in this study (See Chapter 3).
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1.10.1.2.3 Rheology Measurements

Rheological dynamic mechanical analyses entail inducing an oscillatory stress (or
strain) onto the material and the measurement of the remaining strain (or stress) on the
material at certain frequencies and temperatures. The oscillatory measurements give a
storage (elastic) and loss (viscous) modulus, and the modulus obtained from their
combination is expressed as complex modulus which represents the resistance of
material against deformation. The correlation between the elastic (G”) and viscous (G””)
modulus and phase angle (8) is expressed in Equation 1.6. where 0 signify the angle of
the curves of these moduli versus time or frequency. In the viscoelastic region, 9 is
between 0 (for elastic solids) and 90° (for Newtonian fluids). When the phase angle
equal to 45° (tan J: 1 (max)), it means that the storage and elastic moduli become equal.
This point is called the gelation point. After this point, the elastic properties of the

material dominate its viscous features (Rafipoor et al., 2014).

14

tanazi—, (1. 6)

Rheology measurements are found to be very beneficial and are utilised in this
study to determine sol-gel transition times, temperature of liquid hydrogels and

viscoelastic change in hydrogel over time at body temperature (See Chapter 3).
1.10.1.3 Gel Morphology

1.10.1.3.1 Scanning Electron Microscopy (SEM)

SEM works by electron beam irradiation on a solid sample and the interpretation of the
signal formation from a raster scan of the electron beam gathered by a detector (Luo,
2016). The electrons are scattered in elastic and inelastic ways due to interactions with
atoms of the material. Secondary electrons (SE) form due to emittance of the valence
electrons of the atom in an inelastic manner while backscattered electrons (BE) occur

due to elastic scattering of the electrons (Michio & Feiyu, 2016).
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Most energy that produced by SE is taken into the sample except for a small portion
that is close to the material surface and can be transmitted out of the sample allowing
for imaging of the topological features of a material. In contrast, BE have high energy
that cause surplus electron dispersal, allowing for bulk compositional analysis. SEM
does not require thin transparent sample preparation and allows for thick sample
analysis, but the sample material should be water free, and a metal coating is required
if material is not conductive (Luo, 2016; Michio & Feiyu, 2016). SEM coupled with
energy dispersive X-ray (EDS) can provide elemental analysis in addition to the

morphology of the materials.

In this project, SEM analyses were performed to study morphological structural features
of freeze-dried hydrogels. Mineralisation of hydrogels incubated in SBF were studied
with elemental analyses by EDS.

1.10.1.3.2 Transmission Electron Microscopy (TEM)

TEM is a high-resolution imaging technique that gives chemical and structural details
of materials. In TEM, materials can be imaged at the angstrom level via electron beam
activity and involving as well, sample electrons. Following electron penetration, the
image exposed is magnified via objective and projector lenses, and final images are
obtained in 2D form. TEM involve analysis of very thin samples under a hundred nm,
to provide penetration of electrons through the samples. Therefore, there are various
sample preparation techniques prior to TEM imaging that include, ion milling,
polishing, sectioning etc. For imaging of light delicate biological samples, low dose

imaging techniques can be utilized (Luo, 2016).
Both SEM and TEM imaging techniques require dehydration of wet samples such as

hydrogels and biological samples, thus there are diverse sample preparation techniques

that are discussed below.
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1.10.1.3.3 Preparation of Hydrogels for SEM and TEM

Prior to imaging with SEM or TEM, hydrogels require to be totally dehydrated as they
have abundant water in their structures. There are different processes for dehydration
of hydrogels in the literature involving, freeze drying, vacuum drying, critical point
drying and cryo specimen preparation techniques etc. (Hawkins et al., 2007;Zhang &
Peppas, 2002).

Freeze-drying involves the treatment of materials at low temperatures below their
freezing point. After material is frozen, the lyophilisation process takes place that
involves the gradual sublimation of water found as ice crystals in the material, in a
vacuum. The freeze drying method is one of the practical methods used to dry swollen
hydrogels since it enables conservation of fundamental structural properties of materials
such as porosity (Lin, Meyers and Olevsky, 2012; Luo, 2016). For better protection of
morphology, hydrogels can be exposed to instantaneous freezing in liquid nitrogen or
ethane (-196 C°), and the fractured hydrogels are subsequently lyophilised at -80 C°
under vacuum before SEM or FESEM imaging (Matzelle et al., 2002; Zheng, Zhang
and Cheng, 2016).

Cryo preparation is considered a convenient method particularly for hydrogels or the
fixation of organisms, such as cell, protein, yeast etc. before their imaging. These cryo
techniques involve the sudden freezing and immobilization of these active agents, and
thus prevent the ice crystal formation that can destroy morphological structure.
Although some antifreeze sugar compounds such as glycerol and sucrose have also been
employed for preserving structure from ice formation, they were found insufficient for
the desired fixation of biological organisms. Cryo imaging systems such as cryo-TEM,
and high resolution imaging scanning electron microscopy HRSEM integrated with
high pressure freezing (HPF) systems allow cryopreservation in large scale and imaging
at nanoscale reaching up to 200,000 magnifications with topographical information

(Apkarian et al., 1999, 2003).

A typical process for a thermosensitive hydrogel imaging with cryo techniques includes

heating (>32 °C) of small amount of hydrogel solution (5-10 pl) on gold plaque for
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hydrogel formation and introduction of hydrogels into either HPF or by plunging into
liquid ethane for freezing (-183 °C). Then frozen hydrogels are fractured in the cryo
stage by using a pre-cooled blade. Subsequently specimens are rinsed with liquid
nitrogen and etched in vacuum and at low temperature. Subsequently, samples are
coated with chromium and imaged by in-lens field emission SEM at -115 °C under

vacuum (Apkarian et al., 2003).

In the critical point drying (CPD) method, after immersion in a graded alcohol series,
hydrogels are treated with liquid carbon dioxide at low temperature and high-pressure
in a critical drying machine. This is followed by the increase of temperature up to a
critical point which is about 31 °C; this provides the evaporation of carbon dioxide that
previously substituted with ethanol. Then, samples can be coated by gold prior to SEM
imaging. The CPD method is advantageous since it can eliminate surface tension that
is a detriment to the materials as it inhibits the contact between liquid and gas phases

(Hawkins et al., 2007; Zhang & Peppas, 2002).

In order to eliminate complex tool and equipment necessities that CPD methods and
other cryo-imaging techniques require, Hawkins et al., (2007) have developed a
chemical CPD technique which is based on utilizing highly effective hexamethyl
disilizane (HMDS) prior to TEM imaging of hydrogels. As a summary, hydrogels
placed on a TEM grid were exposed to instant freezing by immersion into liquid
nitrogen while being shaken for 30 seconds. The frozen hydrogels were then plunged
sequentially into absolute methanol and HMDS, again while being shaken for some
seconds. Following these steps, hydrogels were placed into fume cupboards to provide
evaporation of the HMDS content. This process made hydrogels ready for the TEM
analyses. Similarly HMDS has been used to replace the CPD process for preparation of
samples for electron microscopy imaging of, for example, sinusoidal endothelial cells
(Braet et al., 1997), and micro animal specimens, such as gastrotricha (Hochberg &

Litvaitis, 2000) and tardigrades (Shively & Miller, 2009).

The protective impacts of HMDS on wet sample specimens results from its diminishing
effect at the surface tension and protein binding capacity that prevents destruction of

samples by eliminating meniscus formation during air contact (of wet samples).
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Furthermore, it facilitates rapid drying in minutes, which is very promising compared

to other techniques (Braet et al., 1997).

In this study, hydrogels were freeze-dried prior to SEM imaging due to its easy
availability and its protection of the main morphological structure of porous hydrogels.
To observe cell attachment on the surface of hydrogels, it would be useful to choose a
protocol that involve drying via HMDS utilization due to its simple processing that does
not require complex tools and equipment and is suitable for the dehydration of
biological specimens, resulting in quality imaging with the available SEM. However,

these experiments could not be performed due to the COVID 19 lock down period.

1.10.1.4 Thermal Analysis by TGA/DSC

Thermal analyses of materials involve thermal gravimetric analysis (TGA), differential
thermal analysis (DTA) and differential scanning calorimetry (DSC). In TGA, samples
are heated in a specific atmosphere such as argon, nitrogen or air, and the weight
changes in specimens are measured. TGA provide detection of temperature dependent
changes in material including dehydration, calcination, and disintegration. DTA
analyses are carried out by the simultaneous heating of both an inert sample and the
specimen. Their comparison gives specific reaction temperatures, such as oxidation,
melting, and different phase formations (King, 2002). Regarding DSC, it measures the
energy changes in samples, such as heath capacity and enthalpy at increasing
temperatures that are measured by calorimetry. DSC provides extensive information
about materials, e.g. glass transition temperature, crystallisation and melting point. DSC
is also performed by heating both the specimen and a reference inert sample (Schick,
2009). In this project, simultaneous TGA/DSC measurements were performed for
thermal analysis of hydroxyapatite particles in high temperatures up to 1500 °C (See
Chapter 2). In addition, the reagents used in the hydrogel synthesis including CS, HA,
Hep and NaHCO3 were analysed by using the TGA/DSC technique, heating specimens
up to 700 °C (See Chapter 3).
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1.10.1.5 Surface Area Measurement - Brunauer-Emmett-Teller (BET)

BET method consists of outgassing a small amount of sample in vacuum environment.
Then, the surface of the specimen is saturated by single-layer N2, and the consumed N>
amount is calculated as representative of the surface area of the specimen (King, 2002).
In this project, this technique was utilized to measure the surface area of produced

hydroxyapatite particles (See Chapter 2).

1.10.1.6 Swelling (Liquid Absorption Capacity)

Swelling or liquid absorption capacity is a very important parameter in regard to
hydrogels. Their swelling behaviour have direct effects on drug loading and delivery
applications. For instance, chitosan based cationic hydrogels swell in low pH under the
pKs once ionisation occurs, and thus are beneficial for drug delivery in acidic pH e.g.

in the stomach (Rizwan et al., 2017; Ullah et al., 2015).

As reported by Ullah et al., (2015), in pH responsive hydrogels, swelling occurs due to
the abrupt alteration of degree of ionization leading to electrostatic repulsion causing a
change in volume due to osmotic swelling. The swelling ratio of the hydrogels depends
on two main factors (i). polymer features: e.g. such as ionisation degree, pKa and pKoy,
the rate of crosslinking, concentration, the rate of hydrophobic and hydrophilic groups,
electrostatic charge, and (ii). properties of absorption medium: pH, ionic strength

neutralising agent and its valence (Gupta et al., 2002; Ullah et al., 2015).

In this study, swelling capacity of hydrogels were tested by immersing hydrogels in
Phosphate Buffer Saline (PBS) media up to 72 h. In different intervals. Weight
measurements of hydrogels were performed after washing and removal of surface
water. In addition, the pH of the media has been recorded at regular time points (See

Chapter 4).
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1.10.2 Chemical Analyses

Spectroscopic techniques are routinely used for the chemical structural characterisation
of materials. Spectroscopy exploits the electromagnetic radiation engaged with atoms
inside the materials. This then leads to energy acquisition and loss, and alterations of
atom energy states due to vibration, rotation, and electron motion in atoms. The
classifying of the harvested energies and motions enables the characterisation of
materials. Utilizing the absorption and scattering modes of light, vibrational
spectroscopy techniques are non-invasive and used particularly to study material
chemistry in a range of specific applications from the pharmaceutical industry to clinical
research (Rehman, Movasaghi and Rehman, 2012, p.1-3;Swarbrick, 2014). The
differentiation of healthy and tumorous tissues and diagnosis of various cancer types by
using in-vivo non-invasive Raman or IR spectroscopy techniques have been extensively

reported (Huang et al., 2003; Shafer-Peltier et al., 2002; Stone et al., 2002).

1.10.2.1 FTIR Spectroscopy

Electromagnetic radiation of light in the infrared region that is associated with light
absorption is referred to as infrared (IR) spectroscopy. IR light hitting a sample can
cause an excitation of the molecules towards an upper vibrational stage that give rise to
absorption of the light in specific wavelengths. The atomic bonding and interactions
contribute to identification of molecules using the absorption spectrum in a specific
wavelength as a fingerprint. IR spectroscopy investigates the alteration at dipole
moment of the molecules due to the oscillation of molecules that occur in all organic
compounds and particularly materials having covalent bond characteristics. FTIR and
Raman spectroscopy are generally used as supplementary techniques for each other in
completing chemical characterisations (Baker et al., 2008; Rehman, Movasaghi and
Rehman, 2012 p.8-10). The main drawbacks of the FTIR technique, are the
requirements of sample preparation and its non-suitability for aqueous sample analyses.
The FTIR analysis in direct transmission in the mid-infrared region is challenged with
opaque and thick materials. Therefore, it obligates complex sample preparations that

may also cause some changes to the materials. Therefore, other techniques such
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as diffuse reflectance (DRIFT) and attenuated total reflectance (ATR) can be suitable

for such materials.

1.10.2.1.1 FTIR-Attenuated Total Reflectance (ATR)

ATR is a sampling technique that is used in conjunction with FTIR. A sample is
analysed in close contact with a crystal (ZnSe, Diamond. Germanium etc.) surface that
possess a higher refractive index than that of the specimen. The total reflection of IR
light through the crystal leads to generation of a special wave that reach through the
sample; a small amount of energy is absorbed by the sample and the attenuation of the
ephemeral wave occurs. The energy is transmitted back, and the light that is reflected
from the other side of the crystal forms the spectrum collected by a detector (Baker,

Hughes and Hollywood, 2016, p.2-12).

In this work, the ATR technique was used for chemical characterisations due to its
simplicity and ability to identify chemical functional groups that were envisaged to be
present in the bulk and surface of the material. Mostly, it is a surface technique and
functional groups that are orientating on the surface are easily analysed. ATR was used
to analyse HA samples, normal dried hydrogels (See Chapter 3) and freeze-dried
hydrogels after being treated in SBF for bioactivity tests, or in PBS or Lysozyme/PBS

solutions for degradation studies (See Chapter 4).

1.10.2.1.2 FTIR-Photo-Acoustic Sampling (PAS)

Due to the high optical density of solid materials, analysing chemical properties of
opaque materials in the mid-infrared region requires special sample preparation
including chemical treatment which can interfere with analysed specimens. Also,
difficult and time-consuming size reductions may be required. On the other hand, in the
FTIR-PAS technique, the IR beam is absorbed by the specimen and it is converted to
heat which conveys towards the surface of the sample and generates a gas that leads to
PAS signal formation. The gas formed due to a thermal dilation affecting a fine layer
of the surface; providing sufficient optical density for the measurement of the

absorbance spectrum. Therefore, this FTIR-PAS technique is a very suitable method for
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the characterisation of solid samples in the mid-IR region with minimal or no sample
preparation requirement (Rehman & Bonfield, 1997). Therefore, in this study, the
FTIR-PAS technique has been employed to identify chemical composition of
hydroxyapatites that were either synthesised in our laboratories or commercially

acquired. (See Chapter 2).

1.10.2.2 Raman Spectroscopy

Raman spectroscopy utilizes the scattering of the light provided by a laser to detect
polarisation of the molecules upon photon exposure and molecular vibrations. The
lasers employed in Raman spectroscopy involve the visible, near infrared and near
ultraviolet regions of light. Once the light impacts on the interatomic bonds and
electrons in the molecules, molecules can be excited by a photon to another energy
level, it obtains a diverse oscillatory state that upon relaxation disperses a photon. After
scattering a molecule, if the photon preserves its energy with unaltered frequency it is
referred as elastic (Rayleigh) scattering whereas the situation that the photon has gained
or lost the energy upon interaction with molecule, is defined as inelastic (Raman)

scattering (Rehman, Movasaghi and Rehman, 2012a, p.4-6).

Raman scattering exposure occurs in very small segment of light in comparison with
elastic scattering. When a photon reaches an upper energy level, the frequency of the
dispersed photon is shifted to a lower frequency to balance energy. This energy shift is
termed Stokes shift or red-shift; in the opposite situation where incident photon loses
energy is known as anti-Stokes shift or blue-shift. These Raman shifts that result from
frequency differences between initial and emitted light, cause changes in wavelength
(cm™) that can identify the molecules (Mahadevan-Jansen and Richards-Kortum, 1997,
Rehman, Movasaghi and Rehman, 2012a, p.4-6). There are two main vibrational modes
of molecules: stretching and bending , and are based on the changes in length and angle
of the molecular bonds, respectively. There are in total, six vibrational modes involving
sub-types of stretching (symmetric and asymmetric); and bending (scissoring, twisting,

wagging, and rocking) (Rehman, Movasaghi and Rehman, 2012a, p.4-6).
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Both Raman and Infrared spectroscopy techniques are non-invasive complementary
techniques for chemical characterisation. Raman has advantages over FTIR due to
minimal or no sample preparation requirement, allowance of liquid sample analysis and
having a wider wavelength from 4000 to 50 cm™!. FTIR is more suitable for organic
material analysis while Raman is suitable for almost all samples. Raman has higher
resolution, lateral: 1-2 um and confocal: 2.5 um, than FTIR which has 10-20 um
laterally. The main disadvantages of Raman spectroscopy, to be discussed later,
involves the problems of fluorescence and glass peak interference (Rehman,
Movasaghi and Rehman, 2012a, p.12). In this study, dispersive Raman was used to
characterise chemical groups in HA samples as a complementary technique to FTIR

(See Chapter 2).

1.10.2.2.1 Confocal Raman

The confocal micro-spectroscopy technique of Raman is a quite useful technique for
three-dimensional imaging of biological specimens, e.g. cells and tissues in multiple
directions and amplitudes (Baker, Hughes and Hollywood, 2016, p.2-12). Confocal
Raman imaging provide extensive applications in the biomedical field including cancer
diagnosis, differentiation between healthy and malignant cells (Shafer-Peltier et al.,
2002; Terentis et al., 2013), and tracking drug delivery systems developed against
biofilm formation (Takahashi et al., 2017), the compositional analysis of compact

human bone at osteonal and interstitial sites (Nyman et al., 2011).

1.10.2.2.2 FT-Raman

In Raman, the main challenges are the interference or noise of laser induced
fluorescence and of glass peaks from substrates in the spectra (Rehman, Movasaghi and
Rehman, 2012 p.8-10). The problem of high fluorescence in some samples can be
prevented by harnessing the FT-Raman technique. In the utilisation of lasers in the
visible light spectrum, fluorescence can be an issue. In the FT-Raman technique, by
using a near-infrared laser (Nd:YVO4), the fluorescent effect on natural samples can be
avoided. Thus, FT-Raman technique is able to eliminate the deproteination process of

biological tissues that is a common method used in other techniques to avoid
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fluorescence; but that leads to chemical alteration of tissue. The non-invasive analysis
with only a small amount of specimen, and minimal sample preparation requirements
make FT-Raman a useful technique, especially for the characterisation of fluorescent

samples (Smith & Rehman, 1994).

In this study, the FT-Raman technique was used to characterise hydrogel samples to
avoid fluorescence as this was not possible with the dispersive Raman technique due to
the intense fluorescence problems faced particularly, in chitosan hydrogels (See

Chapter 3).

1.10.2.2.3 X-Ray Diffraction (XRD)

Being a non-destructive technique, X-ray diffraction provides efficient study of the
chemical, structural, physical, and crystallographic properties of materials including
phase and component analysis, crystallinity, thickness, density, porosity, atomic texture
etc. X-rays which are a radiation source having electromagnetic waves in the angstrom
level (0.01-1 nm), diffract the electrons of the material depending upon electron
arrangements (Luger, 2014). X-ray diffraction may require sample preparation. For
example, powder specimens might need grinding and pressing to obtain fine smooth
surface features. The crystallinity and particle size alterations due to heat processes on
the materials can be differentiated by diffraction patterns with different peak shapes and
intensities. For instance, the annealing process binds the granules enhancing
crystallinity. The nano sized particles with less crystal planes lead to widening of peak
area by lowering peak intensities whereas bulk substances give sharp peaks with high
intensities (Sharma et al., 2012). XRD is a powerful tool to evaluate crystalline material
structures, especially polymorphs at molecular grade. In this respect, powder X-ray

diffraction is utilised for stability analysis of pharmaceuticals (Thakral et al., 2018).

Recently, Zeller-Plumhoff et al., (2019) have reported the investigation of bone
generation at the interface of several biodegradable or non-biodegradable implants with
quantitative analysis, by using two dimensional XRD and X-ray scattering (SAXS)
techniques. These analyses can give information of bone ultrastructure involving its

apatite layer formation, thickness and texture. In addition, the quantification of each
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component in multiphase materials, such as ionic substitutions in hydroxyapatite crystal
lattices can be carried out by the by using Rietveld refinement analysis based on phase

density comparison from XRD patterns (Kannan et al., 2008; McCusker et al., 1999).

In this study, XRD analysis has been carried out for raw and sintered hydroxyapatites
as supplementary chemical analysis to FTIR and Raman techniques. XRD analysis
helped to identify different phases in biphasic hydroxyapatites, and carbonate
substitutions in some compositions (See Chapter 2). In addition, a hydrogel sample
and reagents including CS, HA, NaHCO; and Hep were also analysed by using the XRD
technique (See Chapter 3).

1.10.2.2.4 Evaluation of Bioactivity by Simulated Body Fluid (SBF) Test

Bioactivity evaluation in the SBF is based on a chemical reaction between the
biomaterial surface and a liquid, facilitating formation of a hydroxy carbonate apatite
layer (Ohtsuki et al., 2009). SBF, first developed by Kokubo (1991), is an ionic solution
that mimics the composition of blood plasma. This composition has slight concentration
changes some of the ions for better representation of the blood plasma, and to obtain a
stable reproducible solution (Kokubo & Takadama, 2006). In the preparation of SBF,
the main procedure involves dissolution of various salts in ion-exchanged distilled

water and pH adjustment to obtain a final pH of 7.4 at 37 °C.

After certain incubation intervals, samples of SBF immersion medium is taken for
different quantitative or qualitative analyses including chemical and morphological
analyses. The dissolved calcium ion concentration released into SBF media can be
detected quantitatively by using atomic absorption spectrometer technique (Fathi et al.,
2008), or using elemental calcium and phosphorous detection kits, and analysis of liquid

specimens via a spectrometer (Borkowski et al., 2016).

Another quantitative technique is the weight gain and/or loss analyses during the
incubation intervals in SBF indicating mineralisation or degradation. On the other,
carbonated apatite layer formation on the surface and their crystal structures can be

investigated by using SEM technique coupled with the EDS for performing proportional
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elemental analysis to detect Ca, O, P and C percentage in the compositions. In addition,
chemical analyses of mineralised samples can be performed by using FTIR, Raman and

XRD techniques (Borkowski et al., 2016; Kokubo, 1990).

In this study, bioactivity tests were performed via SBF tests over 3-weeks. The
associated analyses that were carried out, in different intervals, covered weight
gain/decrease analyses, pH measurements of the media, morphological analyses by

SEM, chemical analyses by FTIR-ATR and EDS (See Chapter 4).

1.10.3 Biological Analyses

1.10.3.1 Evaluation of Biodegradation

Degradation mechanisms of polymers involve mechanical, thermal, photo and chemical
degradation. The biodegradation of polymers commonly occurs via chemical pathway
based on hydrolysis, either in the presence or absence of an enzyme as a catalyser.
During hydrolysis, a polymer is exposed to swelling. Then, due to water invasion
leading to destruction in the network, polymer cleavage occurs by forming oligomers
and monomers. The released polymer components during degradation cause formation
of cracks and porosity, effect the surrounding pH and lead to reduction in the polymer
mass. The speed of hydrolysis depends on chemical bonding, molecular weight, pH,
and crystallinity. These parameters can also be used to measure the degree of
degradation. In addition, in natural based polymers, enzymes accelerate the speed of

biodegrading hydrolysis reactions (Gopferich, 1996).

Polymers are degradable in different enzyme media according to their types. For
instance, elastin like polypeptides (ELP) are degradable in the presence of trypsin,
elastase, or collagenase (Li et al., 2012; Ong et al., 2006). In addition, enzyme-
crosslinked hyaluronic acid based hydrogels are suspected to be degradable by
hyaluronidase enzymes (Lee et al., 2009) and fibrin gels are degradable via activated

plasmin (Li et al., 2012).
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Ong et al, (2006) has reported a quantification of trypsin enzyme stimulated
degradation of elastin like polypeptides (ELP) by immuno-labelling of proteins
involving utilisation of special tagging that involves a genetical approach. This allowed
tracking/detection of enzymatically degraded ELP residues in both in-vitro and in-vivo
degradation tests, by using a quantitative ELISA analyses that involve specific protocols

including optical density measurements.

In a study, degradation of thermosensitive and chemically crosslinked poly
(organophosphazenes) hydrogels was investigated in-vivo in mice. The degradation
was analysed by using the FE-SEM imaging technique and fluoresceinamine tagging
for the thiol groups of crosslinked polymers which were photographed by a camera

(Potta et al., 2009).

Degradation mechanisms of chitosan involves hydrolytic, enzymatic and oxidative
degradation. Hydrolysis reactions, which are relatively slow and less effective, provide
degradation of glycosidic linkages in chitosan. Hydrolytic degradation might be suitable
for water-soluble chitosan derivatives, low molecular weight chitosan or polyelectrolyte

complexes with weak bonding (Jennings, 2017).

Chitosan degradation by enzymatic reactions involve recruitment of lysozyme,
chitinase B-or glucosidase enzymes in the body. Lysozyme is found in different parts of
the body, e.g. serum at ranging quantities between 1-14 pg/ml. However, in tissue
defect sites, lysozyme is secreted by macrophages and neutrophils. Degradation of
chitosan by lysozyme includes the breakage of glycosidic linkages, reduction in
molecular weight and dissolution. Chitosan fragments after cleavage include saccharide
and glucosamine side-products, which are either utilised with proteoglycans or removed
from the body as metabolic by-products. Another enzyme that has a role in chitosan
degradation is chitosanase or chitinase, which is particular to chitin. The human body
is poor in these enzymes and are found as chitotriosidase and acid mammalian chitinase.
In addition, intestinal depolymerisation of chitosan also occur due to B-glucosidase

enzymes secreted by bacteria (Jennings, 2017).
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Oxidative degradation based on free-radical formation by macrophages, which is not
very common, leads to breakdown of polymers, crosslinking, decrease of molecular
weight and the opening of rings. This might be caused by irradiation by UV and gamma
light. Alternatively, local oxidative degradation might occur between the biomaterial
and tissue surface which is raised from the formation of hydrogen peroxide and

superoxide secreted by phagocytic cells (Jennings, 2017).

It is a common approach to use lysozyme for in-vitro degradation studies of
biomaterials including hydrogels. For in-vitro degradation studies, the samples are
weighted and immersed in a certain volume of lysozyme media prepared in PBS, and
incubated at 37 °C (Aleem et al., 2017; Jin et al., 2009; Qasim et al., 2017). Qasim et
al., (2017) has reported for both in-vitro and in-vivo degradation studies for chitosan-
hydroxyapatite porous scaffolds. The measurements of in-vitro degradation of samples,
incubated in lysozyme media was evaluated chemically by the FTIR-PAS technique,
and the analysis of liquid degradation media by pH analyses and UV-vis spectroscopy.
Degradation of samples were evaluated morphologically by using the SEM technique.
On the other hand, in-vivo degradation was determined by histological examination of

degradation and morphometric analysis of histology slides via an optical microscope.

In this study, in-vitro biodegradation tests were performed over a 6-week period that
involved using both PBS and Lysozyme added PBS solution as immersion media for
comparison. At different intervals, degradation was analysed by weight measurements
of hydrogels, pH measurements of the media, morphological analyses by SEM, and
chemical analyses by FTIR-ATR (See Chapter 4).

1.10.3.2 Evaluation of Biocompatibility

Biocompatibility investigation includes in-vitro analyses covering various types of cell
culture studies, e.g. cell cytotoxicity, proliferation, adhesion and differentiation, and in
in-vivo animal studies. For studying bone formation in-vitro with cells, osteoblasts,
osteosarcoma, and mesenchymal stem cells or human osteoblasts from peripheral blood
can be recruited. The osteosarcoma cells (e.g. MG-63, SaOS-2, and TES8S) are

commonly used as they are practically immortal and grow fast (Dillon et al., 2012).
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1.10.3.2.1 Cell Cytotoxicity and Proliferation Assays

To quantify cell cytotoxicity and proliferation, cell counting can be performed manually
in different intervals. Some dyes which reacts with the cell components can be
harnessed as indicators of viability. The two most common dyes involved are 3-(4,5-
Dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) and Resazurin (Alamar
blue).

MTT Assay

MTT plasma is a water-soluble dye that can go through cell membranes and is exposed
to reduction by healthy cells, due to the action of dehydrogenase compounds. During
the reduction reaction, formation of formazan occurs, leading to a colour change to
purple. The amount of dissolved formazan is detected by optical density (OD)
measurements that represents the quantity of live cells by a microplate reader in the

visible range (Burton, 2005).

Alamar Blue (Resazurin)

Likewise, MTT, Alamar Blue dye is also used to measure cell viability and proliferation
with similar principles. Resazurin which is a non-fluorescent dye, is reduced by
enzymes, by cell metabolic activity, to fluorescent pink coloured resorufin. In contrast
to MTT, resazurin is advantageous in terms of enabling reutilisation of cells in
proceeding experiments due to its non-toxicity. This provides cost and time efficiency,
particularly when primary cells are in question. Resazurin is added into cell media in
the proportion of one to ten, and cell metabolic activity can be measured by using a

fluorescent reader or a colorimeter (Brien et al., 2000).
In this project, due the benefits of Alamar Blue assays in terms of cytocompatibility that

allows reuse of cells during all culture periods, it has been used for analysis of cell

attachment, cytotoxicity and in proliferation assays (See Chapter 5).

74



1.10.3.2.2 Cell Adhesion and Morphology Imaging by SEM

Cell morphology analysis of cultured cells after they proliferate can be performed by
SEM. As described, in the SEM characterisation technique, wet cells and tissues are
required to be fixed in place and totally dehydrated prior to electron microscopy
imaging. As an example of the preparation process reported by Braet et al., (1997) cells
are fixed by using glutaraldehyde (2%) and preferentially with post fixative osmium
(1%). Then, this is followed by the dehydration process with sequential ethanol
treatments (70%, 80%, 90%, 100%, 100%, 100%) at 10 min intervals. Then, samples
are dried via HMDS chemicals for three minutes, and then dried a desiccator for about
25 min. By increasing the HMDS immersion time to 5 minutes, samples can simply be
dried in a fume cupboard for evaporation of HMDS for 30 min. Dried samples are then

imaged upon gold coating by using SEM (Braet et al., 1997; Shively & Miller, 2009).

For morphological analyses of cells and their adhesion onto hydrogels, SEM is a very
efficient and available technique. However, hydrogels include abundant water content
in their structure that requires a full dehydration process prior to imaging. Given the
complexity of most drying processes for hydrogels or tissues, HMDS as chemical
drying agent offers a very simple technique with efficient outcomes that can be
employed in this study for sample preparation for SEM. However, these could not be

performed due to a covid 19 lockdown period.

1.10.3.2.3 Cell Differentiation Analyses

Osteoblast cells either root from mesenchymal progenitor cells during intramembranous
ossification, or they differentiate through osteochondral progenitor cells in
endochondral ossification. The differentiation of osteoblasts are affected by diverse
stimuli including physical, mechanical and biological signalling factors (Rutkovskiy et
al., 2016). The whole differentiation process takes a whole month. ALP secretion,
collagen type transformation and ECM production are provided by downregulation of
DNA which occurs in the first week of differentiation. Then, formation of osteocalcin,
osteonectin, osteopontin and sialoprotein biomarkers occur, and the differentiation

process is finalised with the apatite layer deposition starting after two weeks.
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Differentiation can be tested via detection of different biomarkers such as ECM
components (proteins such as fibronectin, vitronectin, osteopontin, laminin,
osteonectin), alkaline phosphatase (ALP), collagen, and calcium phosphate. The
determination of these markers can be done by performing different assays, such as
mineralisation by Alizarin-Red assay; collagen detection by Sirius-Red assay, or ECM

protein formation by ELISA (Hanna et al., 2018).

Alkaline Phosphatase (ALP) Assay

Alkaline phosphatase enzyme is one of the osteogenic biomarkers that facilitate the
hydrolysis process of phosphomonoesters (such as inorganic pyrophosphate, 3-glycerol
phosphate, and ATP) to inorganic phosphates and alcohol during mineralisation. ALP
stimulates mineralisation by breaking down inorganic pyrophosphate that is responsible
for inhibiting hydroxyapatite formation (Balcerzak et al., 2003; Orriss et al., 2007). The
ALP enzyme activities of cells can be determined by using a commercial kit with the
basis of transformation of p-nitrophenyl phosphate substrate into yellow chromogen p-
nitrophenyl with the ALP. In different time points of a cell culture ALP activities can
be determined by absorbance measurements of ALP treated cell media via a microplate

reader at 405 nm (Cui et al., 2010; Orriss et al., 2007).

Alizarin Red Assay for Calcium Deposition Analysis

Alizarin Red-S (ARS) dye has an ability to form a chelate by binding to Ca®* ions. By
harnessing this feature, ARS is utilised in staining of tissues involving bone and
cartilage, and for calcium detection in joint liquid. In addition, formation of mineralised
extracellular matrix in cell-seeded biomaterials can be effectively determined by this
staining technique. By utilisation of ARS and Von Koska staining techniques, it is
possible to determine mineralised components locally via phase contrast imaging of
stained tissues or organisms. Due to the limitations of this technique, colorimetric
measurement of calcium can be carried out. (Gregory et al., 2004; Puchtler et al., 1969;
Tetteh, 2016). The ARS assay basically involves dissolution of 1% (w/v) of ARS stain
in de-ionised water following pH adjustment (~1) by using NaOH. After some culture

period, cells fixed in scaffolds are treated with ARS solution and incubated on a shaker.
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For quantitative analyses. images of samples involving non-cell involving control

sample are taken (Tetteh, 2016).

In this study, the ARS assay was carried out to detect the deposition of ECM
compounds, and calcium in cell seeded hydrogels. After staining by ARS, samples were
immersed in perchloric acid, and absorbance measurements of the immersion media
were conducted by using a microplate reader at 405 nm wavelength of the light (See

Chapter 5).

Sirius Red Assay for Collagen Deposition Analysis

Sirius Red (SR) or Direct Red (DR) is a highly anionic dye that has an ability to anchor
some amino acids (e.g. lysine and hydroxyproline) and guanidine molecules from
collagen, via sulphonic acid linkages. The dark red colour is generated upon molecular
binding by a dye that expands through collagen fibres that can provide detection of
collagen via fluorescent measurement. The treatment of cell seeded scaffolds with SR
solution prepared in saturated picric acid (Img/mL) in dynamic rotation mode, and
following washing steps, enables the elution liquid to be measured via an absorbance
spectrophotometer for quantification. In addition, treated dried samples can be imaged

via an optical microscope (Qasim, 2015).

In this study, SR assay has been performed for determination of collagen formation in
cell seeded hydrogels. This involved absorbance measurements of the destaining
solution which in immersion media, contains the released stains from samples (See

Chapter 5).

1.10.3.3 Evaluation of Angiogenesis

There are various in-vitro or in-vivo techniques to investigate angiogenesis, and pro-
angiogenic and anti-angiogenic response from materials. Among these methods, some
techniques currently utilised involve in-vivo Matrigel assay and chick Chorioallantoic

Membrane (CAM) assay; in-vitro cellular tube formation and aorta ring assay, and
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respectively, new chick aortic arch and Matrigel sponge assays. Some of these

techniques will be explained in this section.

1.10.3.3.1 Aortic Ring Assay

This method includes the harvesting of animal aorta from rat or mouse, slicing them as
rings and culturing them in a media. The culture explants can be encapsulated in plasma
clots which are then cultured in an appropriate serum media, or they may be directly
embedded in Matrigel, a commercially available hydrogel matrix, along with the
angiogenic factors or test materials. During culture periods of up to two weeks, the
expansion of endothelial cells as well as other cells can be controlled and detected via
fluorescent labelling or electron microscopy imaging techniques. Since this technique
involve cells other than the endothelial cells, that are in their original state and are not
passaged or proliferated, it is more imitative of the in-vivo system. However, the
drawback of this assay is that the aorta model includes a bigger vascular structure in
comparison to the microvascularity that occurs during angiogenesis (Auerbach et al.,

2003; Nicosia, 2009).

1.10.3.3.2 Chick Aortic Arch Assay

The Chick Aortic Arch method originates from the idea of the aortic ring assay with
some alteration. This method is advantageous since it enables the use of developing
chick embryos rather than sacrificing mature test animals. Also the culture time of aorta
rings is as short as 1 to 3 days in serum-free media. In this technique the aortic arches
of chick embryos in their 12-14" development day are extracted and cut into slices
following their culturing in Matrigel with the desired test agents, so as to stimulate or
mitigate angiogenesis. This method provides observation of flourishing endothelial
cells and microvascularity by using fluorescein labelling or staining techniques for

quantification (Auerbach et al., 2003).
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1.10.3.3.3 Corneal Angiogenesis Assay

One of the in-vivo techniques used to study angiogenesis is performed on non-vascular
corneas of test animals including mice and rats. The lack of native vascularity provides
easy and more accurate evaluation of the effects of agents to angiogenesis. Test material
is placed in an opened hollow, and with the implementation of stain or labelling agents,
a vascular network may be identified for the performance of quantitative measurement
of blood vessels, vessel area, and expansion of vessels with time; or for histogram and
pixel analyses of fluorescent labelled images. This technique has limitations in terms of
allowing limited area for implantation, possessing inflammation risk and requirement

of practical experience (Auerbach et al., 2003).

1.10.3.3.4 Chick Chorioallantoic Membrane (CAM) Assay

The chorioallantoic membrane (CAM) is a tissue surrounding the chick embryo’s
surface. It hosts blood vessel and capillaries and provides gas circulation. The CAM
assay technique is respectively a very practical and preferred in-vivo technique to study
angiogenesis, anti-angiogenesis and biocompatibility of tissue engineered materials
(Mangir et al., 2019; Ribatti et al., 1996). The utilisation of chick embryos as an in-vivo
animal model to study angiogenesis have numerous advantages over other animal
models which comprise ethical restrictions, high costs, tedious processing and time, as
well as invasive tests on animals. The CAM assay is carried out by using either in-ovo
or the subsequently developed ex-ovo technique. In in-ovo experiments, fertilised chick
embryos are incubated in a humidified incubator at 37 °C. After the incubation period
between day 7 and day 9, a square window from the top of the eggshells are cut out and
one or two test materials are implanted onto the chorioallantoic membrane of the
embryos. The embryos, after adhering to the shells, are returned to the incubator. Then,
in desired times of up to 14 days, the formation of microvascularity is imaged by using

a microscope (Auerbach et al., 2003; Shahzadi et al., 2016).

Due to some limitations of in-ovo techniques, an ex-ovo (shell-less) CAM assay
technique was developed. It provides an easy real time imaging and visualisation of

whole CAM tissue during the development of the embryo at every stage (Mangir et al.,
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2019). In this technique, briefly, fertilised chick embryos which are incubated in a
rotating humidified egg incubator at 37.5 °C are taken out of their shells with a specific
cracking technique in sterile conditions after 3 days of incubation. Upon an explicit pre-
vascular network development of the embryo, such as at day 7, sterile test materials are
implanted on the shiny CAM border. At following days, the CAM area hosting implant
is imaged to investigate formation of new blood vessels by using a portable microscope.
At day 14, embryos are sacrificed and the retrieved implant can be used for further

histological analyses.

The quantification of the blood vessels can be carried out by using different techniques
that involve manual, semi quantitative or quantitative techniques. One of the most
common techniques to quantify blood vessels is the vascular index method as described
by Barnhill and Ryan, (1983) which was utilised in this study. Briefly, using ImagelJ
software, on a CAM image, an imaginary circle is drawn surrounding the sample with
a 1 mm margin. The blood vessels between the sample border and the circle, except for
primary vessels, are counted. Then, using a Neuron-J plug-in at image-J provides
tracking of the vessels and one can monitor this tracking. This technique can be

considered as semi quantitative since it allows measurement of vessel length and density

(Eke et al., 2017).

However, due to the tedious and time consuming manual and semi quantitative tasks,
recently, automatic quantification approaches have been developed for branching
network structures, e.g. neurons and blood vessels (Meijering, 2010). For morphometric
analyses of branched structures, specific software has been used such as Neuron-J
tracking integrated with Java originated XL-Calculations. These classify the branching
neurons as either primary, secondary or tertiary (Popko et al., 2009). Additionally,
splitting colour channels via Adobe Photoshop™ filtering and skeletonization by
Image-J and the quantification of branching points by AngiTool® software (Mangir et
al., 2019) or MATLAB® provides for counting vessel diameter length as well as branch
out spots and tortuosity (Talavera-Adame et al., 2008).

The automatic quantification techniques could be advantageous in terms of providing

better classification as well as easier and more comprehensive measurements. However,
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these techniques require specific software with a standardized method to yet to be

developed that is based on some mathematical models.

In this study, ex-ovo CAM assay has been performed due to its aforementioned benefits,
such as minimal invasiveness compared to other animal models, easy availability, low
cost and providing excellent visualisation and imaging of blood vessel network
formation at every stage of chick embryo development. Thermosensitive solution drops
applied on CAM formed in-situ gel upon incubation at 37.5 °C. For quantification of
vessels, a semi quantitative technique has been used, including vessel tracking with
Neuron-J plug-in using Image-J software and the manual counting of blood vessels as
described by (Barnhill & Ryan, 1983). More details on this technique are explained in
Chapter 5.

1.10.3.3.5 Histological Analyses of CAM Tissues

Histology is very useful to differentiate individual units of tissue by using specific stains
and imaging them using an optical microscope. For instance, Hematoxylin-Eosin
(H&E) staining, has been used for more than a century to provide staining of cell nuclei
to blue using Hematoxylin, and the connective tissues and cytoplasm stained pink using
Eosin (Gurcan et al., 2009). The counting of vascularity at CAM tissues from randomly

chosen histology sections have also been reported (Ribatti et al., 1996).

In this study, CAM tissues attached to hydrogels were stained by H&E staining for
observation of tissue-hydrogel interactions and inflammatory reactions as well as blood

vessel, cell and connective tissue morphologies (See Chapter 5).

1.11 Summary

Hard and soft tissue repair and regeneration require multiple surgical interventions, as
very often, repeated clinical procedures are required. Surgery related treatments
including transplantation methods and scaffold implants involve significant concerns
including; injuries and infections in harvested tissue sites, illness transfer, painful, long

healing times, and high cost etc. To tackle these challenges, minimal invasive tissue
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engineering materials, such as in-situ formed hybrid injectable hydrogels possessing
proangiogenic response through their functionalisation with active agents can be

exploited.

The pH and thermosensitive hybrid homogenous formulations in liquid form. Upon
injection into targeted tissue defects, crosslinked hydrogels form due to the stimulus of
natural body temperature. These solutions can be mixed ex-situ with therapeutic agents,
such as cells, growth factors and medicines, and provide their in-situ encapsulation,
upon fast gelation, sustainable delivery. These formulations could be very efficient for
filling complex shaped voids while in liquid form and subsequently setting as hydrogel,
filling bone tissue defects. This is especially applicable to treatment of non-weight

bearing craniofacial bones.

Bone tissues have unique self-recovery capability at modest damage. However,
repairing major bone defects can be quite challenging. The regeneration of critical bone
fractures strongly depends upon the swift development of a vascular network in the
defective site, via branching from existing vessels (angiogenesis) (Risau, 1997; Grosso
et al., 2017). Current bone treatments often fail due to the lack of sufficient
angiogenesis. Therefore, there is a significant need for developing functionalised tissue
engineered materials providing delivery of active agents that stimulate the angiogenesis

required for eventual bone regeneration.

The various growth factors that have been explored to induce angiogenesis in tissue
engineering, comprise VEGF, bFGF and TGFB (Fujita et al., 2004; Oliviero et al.,
2012). However, growth factor delivery involves many challenges, such as instability,
due to their high solubility, that reduce their performance and activation time. This
becomes more challenging in ruined fracture conditions. Their high concentrations also
lead to toxicity and malformation of bones. In addition, regional inflammatory
reactions, adverse effects on nerves and risk of malignant tissue formations have also

been reported in the literature (Carragee et al., 2011; Raftery et al., 2017).

To overcome instability issues, growth factors are mostly harnessed in an immobilised

form into scaffolds. In this regard, heparin (Hep) and heparan sulfate proteoglycans
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(HPSGs) are commonly used as growth factor binding agents since they have good
binding capacity for proteins involving angiogenic growth factors, due to their highly
anionic nature (Tae et al. 2007). Heparin and HPSGs are proficient to bind pro-
angiogenic receptors with the majority of angiogenic growth factors, comprising
VEGF, bFGF, and TGFB. The regulatory role of heparin or HPSG on angiogenesis is
especially determined by anionic sulfate bonds. As it has been pointed out, the physical
binding efficiency of heparin can monitor the cells thanks to its molecular orientation
that may promote angiogenesis. The binding of heparin with pro-angiogenic factors
provides proliferation, generation of protease and migration of endothelial cells, as well

as leading cells to blood vessel formation (Chiodelli et al., 2015; Oliviero et al., 2012)..

By considering the aforementioned effects of heparin, the potential proangiogenic
capacity of heparin for binding physiologically available angiogenic growth factors to
pro-angiogenic receptors, that might lead to angiogenesis have been investigated.
Heparin bonded triethyl orthoformate (TEOF) and crosslinked chitosan poly-vinyl
alcohol (PVA) hydrogels designed for wound healing, led to more blood vessel
generation as compared to heparin-free control samples in the Chick Chorioallantoic
Membrane (CAM) assay model (Shahzadi et al., 2016). In addition, also using the CAM
assay, heparin bonded chitosan-PVA-PCL hydrogels for wound healing application led
to significantly more angiogenesis than sole collagen control gels (Yar, Gigliobianco,

etal., 2016).

In addition, block copolymer Konjac glucomannan (KGM) and Hep chemically
crosslinked by tyramine by copolymerisation were investigated as injectable hydrogels
for their angiogenesis potential via macrophage activation, leading to endogenous
growth factor attachment and stimulation of blood vessel formation and maturation
(Feng et al., 2017). In addition, Sun ef al., (2011) has investigated deproteinated bone
matrixes coated by CS and Hep scaffolds for bone regeneration. Hep functionalised
scaffolds have led to blood perfusion and micro vessel formation starting at 3 days after

implantation in rabbits, and tissue infiltration into scaffolds occurred.

In this study, in-situ formed, physically crosslinked pH and thermosensitive hydrogels,

composed of counter charged polycomplexes of natural polysaccharides, integrated
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with inorganic bone mineral, carbonated HA was chosen to be investigated as a

minimally invasive vascular bone regenerative biomaterial. Novel Hep functionalised

injectable hydrogel compositions (CS/HA/Hep), produced via a polymer blending

method was tried and investigated for different aspects including; angiogenesis by

utilisation of the in-vivo CAM assay model, bioactivity, degradation, biocompatibility

etc.

1.12 Aims and Objectives

1.12.1

1.

1.12.2

Aims

To synthesise and characterise novel in-situ formed pH and thermosensitive
injectable hydrogels composed of CS, HA and Hep (CS/HA/Hep) which are
designed to be; biocompatible, bioactive, pro-angiogenic and biodegradable
temporary supports that stimulate bone angiogenesis and osteogenesis for non-

load bearing applications

To develop minimally invasive biomimetic hybrid hydrogels functionalised for
bioactive features, not only for facilitating interfacial bonding with natural bones
but also for stimulating vascular network bridging via porous hydrogels that

enhance angiogenesis and eventual bone regeneration

Objectives

Sol-gel synthesis of composite hydrogels (CS/HA/Hep) will be optimised to
obtain homogeneous liquid formulations obtained after pH neutralisation with
NaHCOs, which can allow facile manual injections at room temperature, and
initiate formation of physically crosslinked hydrogels at average body

temperature (37 °C) in several minutes.
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Hep inclusion via the polymer blending method, making polycomplex hydrogels
with counter charged CS, will be optimised to sustain solution homogeneity for

its stability, sustainable release and activity.

. HA synthesis at different conditions will be optimised to adjust its crystal size,
shape and heat treatment properties to enhance its bioresorption for better
bioactivity performance. HA powders will be characterised, in terms of chemical
aspects, by FTIR and Raman spectroscopy, XRD, and elemental analyses by
EDS; thermal analyses by TGA/DSC; surface area and particle size
measurements by BET; and morphological analyses by SEM technique. Optimal

HA powders will be chosen and used in modified hydrogel compositions.

. The hydrogels will be modified for pre-sterile synthesis of injectable
formulations; which includes heat sterilisation of CS dispersions with a polyol
(glycerol) additive and utilisation of pre-synthesised carbonated non-sintered
HA (HA-5D). The involvement of glycerol aims to improve mechanical

properties and hydrogel elasticity.

. Diverse characterisation techniques of initial and modified hydrogels in their
injectable liquid and crosslinked hydrogel forms will be conducted in terms of

their physical, chemical, mechanical and biological performance.

. Injectability will be assessed by qualitative manual injection ratings from a
broad range of needles (18-25 gauge) and quantitative analyses by force-
displacement measurements during injection at manual injection rates,

performed by using a Universal Test Machine (UTM) in compression mode.
. The gelation features, including sol-gel transition and incipient gelation time

will be tested by the test tube inversion method. Rheology measurements will

also evaluate viscoelastic behaviours of hydrogels.
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7.

10.

11.

12.

13.

The chemical and structural analyses of hydrogels will be undertaken by FTIR-
ATR and FT-Raman spectroscopy techniques; elemental analyses by EDS and
crystallinity and phase analyses by XRD techniques.

The mechanical analyses of hydrogels will be conducted by compressive

strength measurements by UTM

Bioactivity will be evaluated in terms of the capacity of a carbonated apatite
mineral layer formation on hydrogels in Simulated Body Fluid (SBF). The
associated analyses will be carried out at different intervals of up to 3 weeks
comprising weight and pH measurements, chemical analyses by ATR/ EDS and

morphological analyses via SEM.

Swelling properties of hydrogels in PBS media will be investigated by weight
and pH analyses for a period of 72 hours. /n-vitro degradation properties in the
presence and absence of an enzyme (lysozyme) in PBS media will be assessed
at different intervals of up to 6 weeks. The weight and pH measurements,
chemical analyses by ATR, and morphological analyses via SEM will be

conducted.

The Hep drug release study will be performed by using a colorimetric Toluidine
Blue (TB) assay making a chemical complex with Hep, and light absorption
measurements of noncomplexed TB. The local Hep presence will also be

determined by TB staining of hydrogels and imaged by optical microscopy.

Among in-vitro biological tests, cell culture studies covering cell attachment,
cytotoxicity, and proliferation analyses will be performed by employing MG-63
osteosarcoma cells with the Alamar blue assay protocol. In addition, ECM
deposition on hydrogels will be analysed by Alizarin Red and Sirius-Red assays

for calcium and collagen deposition, respectively.

In-vivo biological characterisation of hydrogels in terms of angiogenesis will be

carried out by using an ex-ovo chick Chorioallantoic Membrane (CAM) assay
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1.12.3

in which thermosensitive liquid hydrogels will be applied on CAM tissue
forming in-situ crosslinked hydrogels upon incubation at 37.5 °C. The
associated histology analyses will be performed for qualitative assessment of
angiogenesis with hydrogel tissue specimens retrieved from CAM imaged after
sectioning and staining by H&E. The optimal Hep concentrations will be

determined accordingly by these angiogenesis studies.

Hypothesis

It has been hypothesised that Hep functionalised CS/HA hydrogels
(CS/HA/Hep) promote angiogenesis due to the highly anionic nature of Hep that
facilitates binding endogenous growth factors. As it has been reported, the Hep
molecule has the ability to anchor the majority of angiogenic growth factors
with pro-angiogenic receptors. This results in the proliferation, generation of
protease and transfer of endothelial cells (Chiodelli et al., 2015; Oliviero et al.,
2012). The functionalisation of hydrogels with heparin for its potential
physiological binding activity can provide advantages by avoiding utilisation of
any external angiogenic growth factors and their non-foreseeable adverse
effects. To our knowledge, Hep functionalised injectable CS/HA hydrogel
systems that promote angiogenesis in bone regeneration have not been
investigated to date. Thus, in this study, novel injectable thermosensitive
CS/HA/Hep hydrogels with different compositions are investigated in terms of
their contribution to micro-vascularity through in-vivo chick embryo’s CAM
assay model, as well as many other aspects such as injectability, gelation,

rheological and mechanical properties, biodegradation, bioactivity etc.
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2 HYDROXYAPATITE SYNTHESIS AND
CHARACTERISATION

2.1 Introduction

This chapter describes the synthetic procedures optimized for the preparation of
hydroxyapatite (HA) powders by using a sol-gel technique and their characterisations.
The effect of initial pH on HA formation has been investigated: an additional pH pre-
adjustment (10.5) of reagent solutions prior to the reaction provided acquisition of pure
HA with small carbonate substitution; whereas the absence of the pH pre-adjustment
(initial pH 8) gave rise to the formation of biphasic HA with B-TCP at high temperatures
(>950 °C). The effects of different sintering temperatures (950, 1100 and 1300 °C) on
HA particle morphology, size and formation of different phases, were also investigated.
All HA powders were characterised by using a range of techniques, including particle

size, morphology, chemical and thermal analyses.

2.2 Materials and Methods

2.2.1 Materials

The following reagents were used for hydroxyapatite synthesis: calcium nitrate tetra-
hydrate (Ca(NO3)2:4H20) (Acros Organics, Belgium); di-ammonium hydrogen
phosphate ((NH4)2HPO4) (VWR-Prolabo Chemicals, Germany); ammonium hydroxide
(NH4OH) of 35% (Thermo Fisher Scientific, UK); and ethanol (>99.8%, AnalaR
NORMAPUR®, VWR-Prolabo Chemicals, France). The commercial reactor grade ‘R’
non-sintered (P218R) and sinter ‘S’ grade (1300 °C) (P220S) HA were supplied by
(Plasma Biotal, CAPTAL®, Buxton, UK) and analysed for comparison. For HA
synthesis, de-ionised ultrapure (Type-I) water (Veolia Water Technologies,
PURELAB® Chorus, 18.2 MQ.cm, Wycombe, UK) was used.
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2.2.2  Sol-gel Synthesis of Hydroxyapatite

Hydroxyapatite powders were synthesised by using a sol-gel technique which was
adapted from the protocol reported by Kuriakose et al. (2004). The Sol-gel reaction took
place in a three-necked, 2 L round-bottom glass flask placed into an oil bath (silicone
oil) which was adjusted to and maintained, at 85 °C for the whole reaction. To prevent
evaporation of volatile ethanol, a glass condenser fitted on the top neck of the reactor
ensured the refluxing of ethanol. An image of the reactor system during HA synthesis

is shown in Figure 2.1.

Calcium nitrate tetrahydrate (Ca(NO3)2:4H20) and di-ammonium hydrogen phosphate
((NH4)2HPO4) were used as Ca and PO4 precursors, respectively. The pH of the solution
was adjusted by ammonium hydroxide (NH4OH) during the reactions. The reactant
solutions were prepared at a stoichiometric ratio of 0.5 M Ca?" and 0.3 M PO.* ions
(equal to 1.667). For this, 0.5 M Ca precursor solution was prepared by dissolving the
respective amount of Ca(NO3)2.4H20 in 500 mL of ethanol, while (NH4)HPO4 was

dissolved in 500 mL de-ionised water to make a 0.3 M solution.

w 3 v

Figure 2. 1 HA synthesis reaction set-up: A white HA solution formed during the reaction which
took place by constant stirring of reagents in a round-bottom three-necked reactor placed in a
silicone oil bath at 85 °C on a hot plate. A glass condenser which has water flow in the outer layer
providing refluxing ethanol, which was equipped on top neck of the reactor and a dropping funnel
for feeding reagent solution at a side neck, and a thermometer.
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After their dissolution, the pH of both Ca and PO4 precursor solutions were adjusted to
10.5 prior to the reaction. This step was not applied to one sample, referred to as HA-1,
so as to investigate the effects of pH pre-adjustment. Afterwards, an (NH4)HPO4
solution was added into the calcium nitrate solution dropwise by maintaining constant
stirring. Once the addition of (NH4)2HPO4 was completed, the pH of the solution was
measured and adjusted to 10. Following the first pH adjustment, this process was
repeated every hour during the whole reaction to maintain the pH at 10. After 4 hours
of reaction, stirring was stopped and the solution was filtrated by using grade-1 filter

papers with 11 pm retention (Whatman™, 125 mm @, Buckinghamshire, UK).

After filtration, HA precipitates were washed with deionised water, and this was
repeated 4-5 times until a neutral pH (8) was achieved. After washing steps, neutral
white HA precipitate was collected in a glass dish. The process steps for acquisition of
fine hydroxyapatite powders from wet HA precipitate are presented at Figure 2.2.
Thereafter, the drying process of HA samples was carried out at 80 °C for 48 h and
further calcinated at 200 °C for 24 h in a furnace (Carbolite® Gero, ELF 11/14B, Hope,
Derbyshire, UK). The dried HA powders were then grinded using mortar and pestle.

For the synthesis of sterile hydrogel formulations, dried carbonated HA (denoted as
HA-5 D in Table 2.1) was utilised after autoclave sterilisation. Sterilization was carried
out by using an automatic autoclave operating at 132 °C and 2 bar in 20 min including
heating and ventilation times (5 min each) (LMS, Jencons Scientific Ltd., Leighton

Buzzard, Bedfordshire, UK).
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Figure 2. 2 The production steps of raw hydroxyapatite powders; a. wet, neutral HA precipitate
obtained after 4 h of reaction, filtration, and washing steps, b. HA powder dried at 80 °C for 48 h
and calcinated at 200 °C for 24 h in a furnace, c. the appearance of dried HA pieces, d. fine HA
powders acquired after crushing with a mortar and pestle e. final HA powders obtained after
sieving under 150 um and steam autoclaved at 132 °C.

According to different synthesis and heat treatment parameters, the produced HA
samples and their commercial counterparts used with or without any treatments are

summarised in Table 2.1.

The prepared dried HA powders were also further sintered to evaluate the structural and
chemical changes as well as stability, of HA products in different temperatures.
Sintering treatments were performed at 950 °C, 1100 °C and 1300 °C at a heating rate
of 10 °C/min for 6 h in a furnace (Carbolite® Gero, ELF 11/14B, Hope, Derbyshire,
UK). Commercial non-sintered HA (P218R) was also sintered at the same conditions
of 950 °C and 1100 °C. The sinter grade P220S (1300 °C) was used directly for

comparison.
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Table 2. 1 HA samples fabricated by using different synthesis or heat treatment parameters,
including commercial HA products as comparison with or without treatments, and their
denotations

HA Samples & Denotation Process Parameters
HA-1 pH adjustment only during the reaction: maintaining a constant pH 10
pH pre-adjustment of Ca and PO precursor solutions (10.5) followed
@ HA-2 by pH adjustment during the whole reaction (10)
E HA-3 The repeat of HA-2
HA-4 The repeat of HA-2
HA-5 The repeat of HA-2
HA-1D HA-1 dried at 40 °C for 48 h and 80 °C for 48 h
HA-2D HA-2 dried at 40 °C for 48 h and 80 °C for 48 h
w HA-3D HA-3 dried at 40 °C for 48 h and 80 °C for 48 h
E‘ HA-4D HA-4 dried at 40 °C for 48 h and 200 °C for 48 h
é HA-4 freeze-dried by freezing at -30 °C for 15 h and drying at -20 °C
c HA-4 FD for 33 h (total 48 h)
HA-5 dried at 80 °C for 48 h and 200 °C for 24 h, sieved <150 um
HA-5D * and Autoclave sterilised (132 °C, 20 min)
< Commercial HA-reactor 'R' grade non-sintered (Plasma Biotal,
K P218R CAPTAL®, Buxton, UK)
g Commercial HA-sinter ‘S’ grade (at 1300 °C) (Plasma Biotal,
S P220 S CAPTAL®, Buxton, UK)
HA-1 S 950; HA-1 S 1100; HA-1 S 1300 | HA-1 D sintered at 950 °C for 6 h; 1100 °C for 6 h; 1300 °C for 6 h;
é HA-2 S 950; HA-2 S 1100; HA-2 S 1300 | HA-2 D sintered at 950 °C for 6 h; 1100 °C for 6 h; 1300 °C for 6 h;
§ HA-3 S 950; HA-3 S 1100; HA-3 S 1300 | HA-3 D sintered at 950 °C for 6 h; 1100 °C for 6 h; 1300 °C for 6 h;
é HA-4 S 950; HA-4 S 1100; HA-4 S 1300 | HA-4 D sintered at 950 °C for 6 h; 1100 °C for 6 h; 1300 °C for 6 h;
- P218R $950; P218R $1100 P218R sintered at 950 °C for 6 h; 1100 °C for 6 h;

* HA-5 D was used for synthesis of sterile injectable hydrogel formulations

The reaction yields of HA products were calculated based on the ratio of dry mass of
HA powders (40 °C for 48 h) and the theoretical mass was counted by the stochiometric
molar ratio of the reagents (Equation 2.1) using the HA synthesis reaction equation

(Equation 2.2).

Experimental mass

%Yield =

x 100 2.1)

Theorethical mass

10Ca(N03)2+6(NH4)2HPO4+8NH4OH > Ca10(P04)s(OH)2+20NH4NO3+6H20 (2.2)
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2.2.3 Characterisation of Hydroxyapatite Powders

In this section, the methods used to analyse properties of prepared raw and sintered
hydroxyapatite powders in terms of their chemical, morphological and thermal features
are described. The chemical analyses techniques utilised are explained in the following
sequence; FTIR-Photoacoustic (PAS) and Raman spectroscopy techniques, XRD, and
EDS. Furthermore, morphological analyses carried out by the SEM and BET techniques
and the TGA-DSC technique to assess thermal properties of hydroxyapatite samples are

elucidated.

2.2.3.1 Raman Spectroscopy

Raman characterisations were performed by a non-invasive dispersive micro-Raman
instrument (Thermo Nicolet dxr™, Thermo Fisher Scientific Inc, Madison, WI, USA)
for analyses of HA powders equipped with a 532 nm laser. Spectral data was collected
by using a 10 mW laser power with 10 sec exposures for 30 scan times. 128 scans were
carried out over the spectral range of 4000-400 cm'! by using a 25 pm pinhole
spectrograph aperture and a x10 magnification objective lens. Prior to experiments, the
system was fully calibrated by using a polystyrene standard. HA powders for analyses
were mounted as a thin layer in the middle of a glass slide. Thermo Nicolet OMNIC™
(Version 9.5.9, Thermo Fisher Scientific Inc, Madison, WI, USA) software was used to
obtain data. Spectral data were plotted by using GraphPad Prism (Version 7.0, San
Diego, CA, USA) software.

2.2.3.2 FTIR-Photoacoustic (PAS) Spectroscopy

FTIR analyses were performed via a Thermo Nicolet™ iS50 FTIR spectrophotometer
(Thermo Fisher Scientific Inc, Madison, WI, USA) in conjunction with a photoacoustic
(PAS) sampling accessory. HA powders were filled into metal sample holders (9=10
mm, X 2.5 mm depth) and the sample surface was flattened to level it with the top of
the holder. The analyses were carried out in helium media, and carbon background was

collected prior to sample collections carried out every two hours. Spectral data was
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acquired in the mid-infrared region (4000-400 cm), at 8 c¢cm™ resolution, 200
spectrograph apertures accumulating 256 scans.

The spectral data were tabulated using Thermo Nicolet OMNIC™ (Version 9.5.9,
Thermo Fisher Scientific Inc, Madison, WI, USA) software. Multiple spectra were
plotted as PAS intensity versus wavenumbers by using GraphPad Prism (Version 7.0,

San Diego, CA, USA) software.

2.2.3.3 X-Ray Diffraction (XRD)

HA powders were characterised by an X-ray diffractometer (Bruker D2 Phaser, Dublin,
Ireland UK) equipped with a LNEXEYE detector. Finely ground smooth HA powders
were mounted on the background sample silicon wafer substrate PMMA holder (0=25
mm, x 1 mm depth). Experiments were carried out by using Cu-K radiation (a1=1.5406
and 02=1.54439). Standard 2.5° soller slit apertures with 1 mm divergence slits and a
Ni radiation filter (2.5 mm) were used with a 3 mm of magnetically held air scatter
screen. The XDR patterns were acquired over an angle range of 26=5-80° with 0.02°
step size using DIFFRAC.SUITE™ Software. Sample rotation was set at 15 rpm and

lower and upper discriminators were adjusted to 0.11 and 0.25, respectively.

For analyses of XRD data ICDD® and ICSD Fiz Karlsruhe GmbH databases were
utilised for acquisition of high-quality ranked standards for comparison. The PDF®-4*
software was utilised for data analyses, and some XRD pattern graphs were plotted in

GraphPad Prism (Version 7.0, San Diego, CA, USA) software.

2.2.3.4 Energy Dispersive X-Ray Spectroscopy (EDS)

A Schottky Field Emission Scanning Electron Microscope (FESEM) (JEOL JSM-
7800F, Tokyo, JAPAN) equipped with an X-ray Energy Dispersive Spectrometer
(EDS) with large area (50 mm?) was used for HA analysis. A Silicon Drift Detector
(SDD) (Oxford Instruments, UK) was used for elemental analyses of HA powders by
EDS.
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2.2.3.5 Scanning Electron Microscopy (SEM)

Microstructure analyses of HA were performed by using a Field Emission Scanning
Electron Microscope (FE-SEM) instrument (FEI Inspect™ F50, Hillsboro, Oregon,
USA) after carbon coating of samples. Some samples were analysed after coating with
gold (5 nm) and micrographs were acquired using a Schottky FE-SEM (JEOL JSM-
7800F, Tokyo, Japan) instrument.

2.2.3.6 Surface Area Measurements by Brunauer-Emmett-Teller (BET)

For surface area measurements of HA powders, BET instrument (3 Flex Micromeritics®
Instrument Corporation, Norcross, GA 30093 USA) was recruited. The approximately
100 mg of HA sample was analysed in a glass tube by using nitrogen as adsorptive gas

at 77 K after degassing overnight at 200 °C.

2.2.3.7 Simultaneous Thermal Gravimetric Analyses & Differential Scanning

Calorimetry (TGA & DSC)

The analyses of HA powders were carried out in a simultaneous TGA/ DSC instrument
(TA instruments, STD Q600 V20.9 Build 20, New Castle, DE, USA). The temperature
was increased from room temperature to 1300 °C at the rate of 5.00 °C/min in air flow
of 100.0 mL/min. The data was acquired and analysed by plotting percentage of weight
loss, heat flow (W/g) and the 1% derivative of the weight loss versus temperature in TA
Advantage™ (TA Instruments, Thermal Advantage Q Series®, Universal V4.5A, New
Castle, DE, USA) software.

2.3 Results

2.3.1 Synthesis of HA and Reaction Yields

The HA production reaction yields were calculated for the dried forms of two different
samples HA-1 and HA-2 (obtained with pH pre-adjustment of reagents). Their chemical
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characterisations, to be addressed in detail in following sections, indicated that both
samples involved carbonate contents in their dried forms that mostly receded from HA
structure in sintering above 950 °C. HA-1 forming biphasic B-TCP phase upon sintering
at 950 °C was obtained with a yield of 78 % whereas HA-2 sample preserving pure HA
phase at 1100 °C was obtained with a product yield reaching 86 %, counted by their dry

mass.

2.3.2 Raman Spectroscopy

Raman spectrums of HA-4 samples which were freeze dried HA-4 (FD) and oven dried
HA-4 (OD) are compared in Figure 2.3. In comparison to HA-4 (FD), HA-4(OD) had
more intense peaks throughout the spectra, indicating a more crystalline structure due
to heat treatment. The hydroxyl stretching peaks of HA were assigned at 3571 and 3572
cm’! for HA-4 (FD) and HA-4 (OD), respectively. As Rehman & Bonfield (1997) state
that phosphate bonds are found in four vibrational modes in both Raman and infrared,
including; vi, v2, v3 and vs4. The sharpest intense Raman active vi phosphate symmetric
stretching groups located at 962 cm™! in oven-dried HA-4 had double the intensity to
that of HA-4 (FD) designated at 961 cm™!(Khan et al., 2013).
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Figure 2. 3 The effect of drying methods on chemical properties of HA: Raman spectrum of HA-
4 sample obtained via pre pH adjustment of reagents prior to reaction (equal to HA-2): HA-4 (FD)
represents a freeze dried sample (freezing at -30 °C 15 h and drying at -20 °C for 33 h), while HA-
4 (OD) is the same sample dried in oven at 200 °C for 48 h.
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The v3(1000-1100 cm™) and v2 (400-500 cm™) PO43 regions were broader in HA-4 (FD)
with additional weak peaks at 1001 cm™ and 485 cm!. The sharpest v3 phosphate bond
for HA-4 (FD) and HA-4 (OD) were seen at 1045 and 1047 cm™! respectively, and at an
overlapping v3 PO47 vibration assigned at 1075 cm! for both. The peaks located at 429
cm! and 431 cm! for HA-4 (FD) and HA-4 (OD), respectively were attributed to v»
phosphate groups. Also, an overlapping very weak shoulder peak was detected at 446
cm!, The v4asymmetric bending mode of PO4 bonds were designated at 581, 591 and
607 cm™! in HA-4 (OD), whereas the corresponding asymmetric phosphate (v4) peaks at
the spectra of HA-4 (FD) sample were seen at 580, 590 and 608 cm™ (Antonakos et al.,
2007).

The comparative Raman spectrums of HA-2 samples and commercial raw HA (P218
R) after heat treatment at 950 °C for 6 h, which were denoted as HA-2 S-950 and P218R
S-950 respectively, are shown in Figure 2.4. The intensities of surface-active functional
hydroxyl groups overlapping at 3573 cm™! and P-O v; bonds at 962 cm™ and 963 cm™!
for HA-2 S-950 and P218R S-950 respectively, were much higher in HA-2 S-950,
indicating more crystallinity (Khan et al. 2013).
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Figure 2. 4 A comparative Raman spectrum of heat-treated (at 950 °C, 6 h) HA-2 sample and
commercial raw HA (P218 R), respectively denoted as HA-2 S-950 and P218R S-950. The vertical
blue grade-lines represent the corresponding Raman shift for HA-2 sample spectra.
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The most explicit peaks in phosphate v3 mode took place at 1076 cm™! and 1047 cm™ in
the HA-2 S-950 spectrum, whereas the commercial HA counterpart showed the
corresponding peaks at 1077 cm™! and 1049 ¢cm™!. The region from 650 to 400 cm™!
involved a series of v2 and v4 frequencies due to O-P-O bending vibrations. In this
region, v4 and v> bonds were detected at 591 cm! and 431 cm! respectively in HA-2 S-
950, whereas corresponding vibrations were assigned at 592 and 432 ¢cm™! for P218R

S-950 (Elliott, 1994 p.171; Khan et al., 2013).

The chemical and structural effects of an extra pH pre-adjustment (10.5) process applied
to reagent solutions prior to HA synthesis reaction were investigated by Raman and
FTIR spectroscopy techniques. Except for HA-1, all HA samples including HA-2 were
treated with a pre-pH adjustment of 10.5. in addition to a consistent pH adjustment of
10 during the whole reaction. The comparative Raman spectra of dried HA-1 and HA-

2 samples denoted as HA-1 D and HA-2 D, respectively are shown in Figure 2.5.
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Figure 2. 5 The effects of a pH pre-adjustment process applied prior to HA synthesis reaction. The
spectra in blue colour represents an HA-2 sample, acquired with pre-adjustment of pH precursor
solutions to 10.5 prior to the reaction. However, HA-1 was not exposed to this additional process:
pH was maintained at 10 only during the reaction which was the common process for all HA
samples.

The peaks in HA-2 D sample spectra had higher intensity than those of HA-1 D
throughout the whole spectral region; especially vi PO4~ peaks ascribed at 962 cm! in

HA-2 D was significantly higher than corresponding HA-1 D peak at 961 cm!. This
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signified that HA-2 D prepared with pH pre-adjustment led to more crystalline structure
in comparison to that of HA-1 D. Additionally, hydroxyl peaks were positioned at 3571
and 3572 cm’! in HA-1 D and HA-2 D, respectively (Khan et al., 2013).

The differences at peak intensities between HA-1 D and HA-2 D spectra were higher in
v3 phosphate region compared to v> and v4 vibrational regions. In HA-2 D spectra, the
sharpest v3 PO4 peak positioned at 1047 cm™ with an accompanying shoulder at 1075
cm!, and HA-1 D possessed the reciprocal Raman shifts at 1075 and 1045 cm™! as well
as a weak peak at 1001 cm! that might be assigned for vs PO4? bonds or HPO4?
impurities (Antonakos et al., 2007; Khan et al., 2013). The sharpest v4 phosphate groups
in HA-2 spectrum were detected at 591 cm™ with two accompanying shoulders at 607
cm! and 580 cm!, while HA-1 D possessed corresponding v4 PO4 bonds assigned at
579, 590 and 608 cm™!. The strongest v2 PO4~* bond was seen at 429 and 431 ¢cm™! for
HA-1 D and HA-2 D samples respectively, and a weak shoulder overlapped at 446, cm®
! for both samples. In this v» P-O region. Also a discrete weak peak emerged at 485 cm’
'and 484 cm™!in HA-1 D and HA-2 D spectra respectively (Khan et al., 2013; Markovi¢
etal., 2011).

Sintering (at 950 °C for 6 h) caused significant changes in the chemical phases of HA-
1 in comparison to HA-2 (Figure 2.6). Both HA-1 and HA-2 samples possessed an
overlapping OH stretching vibration at 3573 cm™', whereas the peak intensity in the
HA-1 sample was lower. The symmetric stretching of vi P=O bonds were located at
962 cm'! as a single peak in HA-2. However, this vi phosphate region was broader for
the HA-1 sample, where the main peak at 962 cm™ was accompanied by a slightly
visible ridge, a long shoulder at 970 cm™!' and a more explicit sharp shorter shoulder at
948 cm™! which were attributed to the characteristic, less crystalline B-TCP phase
formation in HA (Khan et al. 2013; Cusc6 et al. 1998).
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Figure 2. 6 A contrastive Raman spectrum of heat-treated (at 950 °C, 6 h) samples: HA-2 was
obtained via pre adjustment of reagent pH at 10.5 prior to the sol-gel synthesis reaction whereas
HA-1 was not exposed to pH pre-adjustment. The pink and blue grade lines represent the
wavenumbers corresponding to HA-1 and HA-2 sample spectra respectively.

As reported, B-TCP peaks involving O-P-O bending of v> and v4 vibrational modes
assigned over the range 530-645 (v4) and 370-505 cm™! (v2), were distributed in broader
Raman shift regions for phosphate bonds in comparison to HA (Cuscé et al., 1998). The
additional phosphate peaks in the HA-1 sample, in comparison to HA-2, were located
for v4 at 548, 631 cm’!, v> at 406 and 477 cm™ and v at 1015 cm’!, presenting as a small
peak accompanying a small broad shoulder at 1091 cm™! (Khan et al. 2013; Cuscd et al.
1998). The presence of B-TCP phase in the HA-1 sample was further confirmed by
XRD analyses.

The effects of different sintering temperatures on HA chemical properties were
investigated via Raman spectroscopy for the HA-4 sample is shown in Figure 2.7.
Temperature increase from 950 °C to 1100 °C led to higher peak intensities of hydroxyl
stretching at 3572 cm™ and symmetric stretching of phosphate peaks overlapping at 961
cm’!, indicated increasing crystallinity. All HA samples including HA-4 prepared with
pH pre-adjustment (of 10.5), except HA-1, were stable up to 1100 °C. As
aforementioned, the HA-1 sample formed B-TCP phase upon heat treatment at 950 °C.
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Figure 2. 7 The effects of different sintering temperatures on HA chemical properties. Raman
spectrums of a HA-4 sample which is a reproduction of HA-2 dried at 200 °C for 48 h, and sintered
at different temperatures including 950 °C, 1100 °C and 1300 °C for 6 h (heating rate: 10 °C/min).

HA-4 sintered at 1300 °C denoted as HA-1300S, have led to decrease of Raman
intensities in all spectral regions. In addition, the vi phosphate peak shifted to 959 cm™!
by forming a shoulder at 946 cm’!. This was attributed to the characteristic B-TCP peak
converting into a-TCP phase above 1120 °C as has been reported (Bigi et al., 1997,
Kwon et al., 2003). The most intense vs phosphate bonds were expressed at 1047 cm’!
with the sharpest shoulder at 1077 ¢cm™ and a weak broad shoulder at 1028 c¢cm™,
possibly raised from HA or B-TCP, and an individual very weak peak at 1005 cm™!,
attributed to the B-TCP phase. The v2 O-P-O bending was located at 579, 589 and 605
cm’! whereas v2 PO4 bonds were seen at 429 cm™! (Khan et al., 2013; Markovi¢ et al.,

2011)

2.3.3  FTIR- PAS Spectroscopy

FTIR-PAS spectra of the dried HA samples, HA-1 and HA-2 are shown in Figure 2.8.
Hydroxyl stretching bonds were seen at 3569 cm! in HA-1 and a more intense peak at
3570 cm™ in HA-2. The broad region at 2800-3600 cm™' was attributed to water
adsorption. In addition, the peaks at 629 cm™ and 631 cm™ for HA-1 and HA-2,
respectively were attributed to the OH libration mode. (Lafon et al., 2008; Markovié

etal., 2011). P-O v; stretching at 962 cm™ overlapped in both samples but this peak was
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more intense in the HA-2 sample. In HA-1, there was a single sharp peak at 1031 cm™!
determined as v3 phosphate groups, whereas this region in HA-2 was divided into two
sites at 1032 cm™ and 1091 cm™! in a broader shape. Peaks over the region of 500-700
cm’! were seen for v4-phosphate bonds. The HA-1 sample exhibited two sharper well
defined peaks for v4 phosphate groups at 564 cm™ and 602 cm™!' while those of HA-2
were found at 565 cm™ and 603 cm™!. (Berzina-Cimdina & Borodajenko, 2012; Rehman

& Bonfield, 1997).
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Figure 2. 8 FTIR-PAS spectrographs of dried (80 °C- 48 h) HA samples: HA-2 which was

obtained by extra pH pre-adjustment (10.5) of reagents prior to the synthesis reaction while HA-1

was not exposed to this process.
As reported in the literature, FTIR active carbonate bonds involve vz, v and vs
vibrations while Raman detects v and v4 vibrational modes. These vibrations can be
either A-type replacing with OH group or B-type substitutions taking the place of POy
3 bonds. HA-1 had a stronger B-type v» stretching of carbonate bonds assigned at the
874 cm! in comparison to that of HA-2 detected at 873 cm™. In addition, the peaks at
1422 cm™ and 1421 cm™! for HA-1 and HA-2, respectively, referred to vs stretching of
B-type carbonate while an additional A-type carbonate (v3) bond appeared at 1453 cm’
''in HA-1 (Markovic¢ et al., 2011). The weak peak at 1394 cm! in HA-2 was attributed
to the remaining nitrate from the reagents (Lafon et al., 2008; Sutter et al., 2005). Peaks
at 1645 cm™ and 1646 cm™ in HA-1 and HA-2 spectra respectively, were attributed to
water absorption peaks in bending mode (Lafon et al., 2008; Markovi¢ et al., 2011).
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The comparative FTIR-PAS spectrum of dried (80 °C) and sintered (950 °C) HA-1
sample is shown in Figure 2.9. Sintering at 950 °C led to formation of a very intense
OH' stretching group at 3572 cm! whereas dried HA-1 had a shorter peak at 3570 cm
l'as a shoulder to H>O adsorption over a broad range 2800-3600 cm™! The broad small
peak at 1645 cm™! was also attributed to water adsorption in the dry sample. (Markovié¢
et al., 2011;Rehman & Bonfield, 1997). The dried HA-1 sample showed B-type
carbonate v, vibrations at 874 cm™ and vs carbonate bonds at 1453 cm™! (A-type) and
1422 cm! (B-type). Sintering at 950 °C caused removal of carbonate bonds (Markovi¢
et al., 2011). In HA-1 sinter form, the peaks at the region of 1950-2200 cm™! might be
attributed to absorbed carbonate peaks, or overtones and harmonic bonds of viand v3
phosphate groups (Berzina-Cimdina & Borodajenko, 2012; Koutsopoulos, 2002; Ooi et
al., 2007).
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Figure 2. 9 FTIR-PAS spectrums of a. HA-1 sample dried at 80 °C, 48 h and b. sintered HA-1
sample at 950 °C, 6 h.

A phosphate v; band is seen at 962 cm™! in dried HA-1 while the sintered sample formed

two shoulders at 945 cm™ and 971 ¢m! which were attributed to the characteristic B-

TCP phase as reported in the literature (Berzina-Cimdina & Borodajenko, 2012). These

results corresponded with Raman data. There was one intense peak assigned for

phosphate v3 vibration at 1028 cm™! in dried HA-1 whereas three distinct sites on a

broader v3 region were detected at 1031, 1062, and 1098 cm'! in sintered HA-1. Dried
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HA-1 had v4 phosphate bonds ascribed at 564 and 602 cm™! while those of sintered HA-
1 shifted to 571 and 601 cm! as the intensities of these peaks reversed. Also, a very
small peak was detected at 556 cm™'. The most defined phosphate v, vibration was
detected at 472 cm! in dried HA-1 while those peaks in sintered form were shifted to
the right with a broader region with its highest intensity at 431 cm! (Markovic et al.,
2011;Rehman & Bonfield, 1997).

The comparative effect of different sintering temperatures on chemical functional bonds
in the HA-2 sample, analysed via FTIR-PAS analyses, is presented in Figure 2.10. The
increasing sintering temperature between 950 °C and 1300 °C caused gradual decrease
at the intensities of hydroxyl peaks at 3572 cm’l. It has been reported that increasing
temperature up to 1000 °C led to increase at the OH peak intensity, due to more
crystalline structure whereas higher temperatures caused partial break down of HA
(Ooi et al., 2007). Similarly, very sharp phosphate vi peaks overlapping at 963 c¢cm!

gradually lost intensity with increasing temperature.

Interestingly, in the case of 1100 °C-sintered HA, the hydroxyl peak was accompanied
with a shoulder at 3543 cm! wavelength, ascribed to apatite special OH  stretching
vibration as well as a OH  libration peak assigned at 630 cm™! (Lafon et al., 2008). This
HA sample (sintered at 1100 °C) possessed an additional peak at 711 cm! that was
designated to weak B-type v4 COg3, reported to be found in biological apatite. The v3-
CO; bonds located at 1410 and 1474 cm™ for 950 °C sintered HA became smaller with
increasing temperatures. In addition, it had a peak at 893 cm! attributed to carbonate

stretching in v, vibrational mode (Antonakos et al., 2007; Markovi¢ et al., 2011).

104



40+ — HA-2 Sintered (950 °C)
' — HA-2 Sintered (1100 °C)

1 — HA-2 Sintered (1300 °C)
30+ I

M~

Photoacoustic

10+

J w ---------

3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumbers (cm™)

Figure 2. 10 FTIR-PAS spectral analyses of HA-2 sample sintered at different temperatures: 950
°C, 1100 °C and 1300 °C for 6 h.

The intense and broad peak region at 1000-1100 cm! splits into multiple weaker peaks
with its summit designated for phosphate v3 bonds manifested at 1024, 1070 and 1086
cm! for 950 °C sintered HA. It has been noted that there are superposing B-type vi CO5”
2 bonds locating at 1070 cm! as reported by (Antonakos et al., 2007; Penel et al., 1998).
The temperature increase led to two more explicit peaks at 1023 and 1085 cm! for 1100
°C sintered HA and at 1019 and 1082 cm™'. For HA treated at 1300 °C, those peaks
intensities reduced to the same level as the sharp vi phosphate peak. In contrast, va
phosphate regions exhibited the opposite trend, showing more intense explicit peaks,
located at 571 and 599 cm! for 950 °C sintered HA. In this case, peak intensities
decreased and shifted to the right upon increasing temperature. For 1100 °C sintered
HA at the same region, multiple but weaker phases were detected at 596, 575 and 562
cm!; becoming respectively weaker for the 1300 °C sample. The peak adjacent to the
va phosphate peaks at 631 cm™!' was assigned to the hydroxyl group. In addition, an
explicit sharp peak at 473 cm™! was assigned to v2 phosphate bonds for 950 °C sintered
HA, located at 476 cm™!, showing gradual decrease of intensity in samples treated with

higher sintering temperatures (Lafon et al., 2008).
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2.3.4 X-Ray Diffraction (XRD)

X-Ray diffraction analyses of HA specimens were utilised to identify phase and
crystallinity changes stemming from different synthesis parameters or heat treatments.
HA samples were compared with high quality ranked standards acquired from the
ICDD® and ICSD Fiz databases. In addition, both the commercial HA P218R (non-
sintered) and its sintered forms, at 950 °C and 1100 °C for 6h, denoted as P218R S950,
and P218R S1100 respectively, and P220S (1300 °C sinter grade) referred as P220S
1300 were utilised for comparison. The multiple X-Ray diffraction patterns were also

plotted in GraphPad Prism (Version 7.0, San Diego, CA, USA) software.

The diffraction patterns of the dried forms of HA-1 and HA-2 almost exactly matched
with each other, although HA-2 had higher peak intensities over the whole diffraction
pattern, indicating its more crystalline nature (Figure 2.11.). The comparison of HA-2
dried sample with standard hydroxyapatite from ICDD® data base (PDF card no: 01-
073-84-19) is shown in Figure 2.12. The main HA peaks were superimposed with HA
standard positioned at the following 26 angles and corresponding planes: 26°(002); 32-
34°(211), (112), (300), (202); 40° (310); and 46-55° (222), (213), and (411) (Chaudhry
et al., 2006; Choi et al., 20006).
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Figure 2. 11 X-Ray diffraction patterns of dried forms of HA-1 and HA-2 samples obtained
through the sol gel method. HA-2 was acquired with additional pre-pH adjustment while HA-1
was not treated with this process.
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Figure 2. 12 The phase matching of XRD patterns of the HA-2 dried sample (at 80 °C for 48 h)
and the HA ICDD standard (PDF card no: 01-073-84-19)

At the 20 angle region of 32-34°, three shoulder peaks rose adjacent to the main HA
peak at 31.76°. However, the standard HA had discrete peaks in the same region. This
was considered to be due to difference at calcination temperature since the peaks in the
XRD pattern of the sintered HA sample (HA-2 S950) better matched with the standard
HA (PDF card no: 04-016-1647) (Figure 2.13).
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Figure 2. 13 The phase matching of XRD patterns of HA-2 S950 (sintered at 950 °C for 6 h) and
HA ICDD® standard (PDF card no: 04-016-16-47)
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In addition, the HA-2 sample preserved the main single pure HA phase after sintering
at 1100 °C (Figure 2.14). However, its diffraction pattern has descended up to quarter
of the levels of the peak intensities for HA-2 treated at 950 °C. Further crystallinity
decrease was observed in HA-2 S1300.
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Figure 2. 14 The comparison of XRD patterns for HA-2 samples which were treated in different
temperatures including; 950, 1100 and 1300 950 °C for 6 h.

In the HA-1 sample, the pure HA phase was not stable upon sintering at 950 °C and the
formation of tricalcium phosphate biphasic TCP- Ca3z(PO4)2 phase was detected. It has
been reported in the literature that B-TCP phase can occur above 700 °C (Figure 2.5.13)
(Kwon et al., 2003). The peak differences between pure HA (HA-2 S950) and biphasic
HA-1 S950 are comparatively highlighted in Figure 2.15. New peaks detected
confirmed B-TCP characteristic peaks (ICSD Fiz, code#97500) at 26 angles of 13.60°,
16.94°,20.19°, 27.75°, and with the main B-TCP peak appearing at 30.99°.

The B-TCP phase peaks being small individual peaks or shoulders were intermediated
into HA by broadening the characteristic region of HA peaks located between 35-40°.
In this region, the intensities of the main HA peaks decreased while intervening -TCP
phases extended the area. A sharper peak with a shoulder was observed at the 34.32°
angle. The less intense multiple small peaks root from B-TCP phase raised in a broad

region between 20 angle of 35-60° in contrast to that of the HA2 S950 sample.
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Figure 2. 15 The comparison of XRD patterns for HA-1 and HA-2 samples which were sintered
at 950 °C for 6h entitled as HA-1 S950 and HA-2 S950, respectively. The stars represent the
formation of new peaks in the HA structure, attributed to B-TCP phase.

In the diffraction pattern of the HA-1 sample sintered at 1100 °C (HA-1 S1100), the
peak positions remained the same as that of HA-1 S950, except for a slight increase at
the peak intensities in the 20 region of 31-35° and a slight decrease of other peak
intensities. This indicated that biphasic HA with B-TCP phase was stable at 1100 °C
(Figure 2.16.).
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Figure 2. 16 The comparison of XRD patterns for HA-1 samples which were treated in different
temperatures including 950, 1100 and 1300 950 °C for 6 h.
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However, the diffraction pattern for HA-1 S1300 was substantially altered, with marked
decrease at the peak intensities, with some peaks disappearing, and some new peaks
formed. The peak differences between HA-1 S1300 and HA-2 S1300 can be seen in
Figure 2.17. The intensities of characteristic HA peaks in HA-2 S1300 at the 20 angle
of 32.11° and 32.51° were higher than at the intensities of corresponding peaks of the
HA-1 S1300 sample, which has additional peaks that may stem from TCP phases.

In comparison to the XRD pattern of HA-2 S1300, multiple new peaks were detected
in HA-1 S1300 located in the 20 regions of 10-17°, 22-25°, 30-32°, 41-43° These peaks
can be attributed to the presence of less crystalline a-TCP phase transformed from (-
TCP above 1100 °C (Bigi et al., 1997; Kwon et al., 2003). The peaks in HA-1 S1300 at
20 angles of 30.44° and 30.85° were attributed to a characteristic a-TCP phase with a
slight shift from the standard (ICSD Fiz, code #923) observed at 30.34° and 30.70°.
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Figure 2. 17 The comparison of XRD patterns for HA-1 samples which were treated in different
temperatures including 950, 1100 and 1300 950 °C for 6 h.

2.3.5 Thermal Gravimetric Analyses & Differential Scanning Calorimetry
(TGA & DSC)

Thermal properties of HA powders were analysed between 25 °C and 1300 °C by using
a simultaneous thermal analysis (STA) technique. The TGD & DSC graphs of the two
main samples, HA-1 and HA-2, are shown in Figure 2.18 and Figure 2.19 respectively.
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In HA samples, the initial weight loss occurring below 50 °C and continuing onwards
up to about 175 °C was considered as due to the removal of adsorbed water. The second
step in weight loss occurring between 200 °C and 400 °C was attributed to dehydration
of lattice water (Chaudhry et al., 2006; Pazarlioglu & Salman, 2017).

The weight loss in HA-1 sample between 400 °C and 700 °C was attributed to carbonate
decomposition (Figure 2.18.) (Chaudhry et al., 2006; Lafon et al., 2003). A total 6.52 %
of weight loss occurred up to 750 °C. There was a sudden decrease in weight between
750-780 °C, spiking up at 764 °C at the 1% derivative curve which was attributed to the
B-TCP phase formation in HA that was also detected by chemical analyses for HA-1
samples sintered at 950 °C and above (Kwon et al., 2003). The weight loss percentage
for the regions of 400-700 °C and 750-780 °C were counted for carbonate and B-TCP
phase, and were 0.84% and 0.4 %, respectively. The endothermic DSC peak at 1162 °C
was associated with B-a TCP phase transition. There was an unexpected weight gain
amounting to approximately 1.2 % between 780-1300 °C this might have occurred due

to buoyancy effects that stem from gas density changes in temperature, and rapid purge
of air (Mansfield et al., 2010).
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Figure 2. 18 TGA & DSC graphs demonstrating % of weight and heat flow changes (W/g) versus
temperature, as well as the 1% derivative of weight (wt%/°C) for the HA-1 sample, which was
produced without pH pre adjustment of reagents, and dried at 80 °C for 48 h.
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At the region of 400-900 °C, in the 1% derivative weight loss curve of HA-2 (Figure
2.19) rapid changes were detected at 400 °C, 581 °C, 673 °C and 902 °C, and were
attributed to carbonate removal. The maximum temperature for carbonate
decomposition, reaching above 900 °C, might be associated with dissipation of A-type
carbonate (Lafon et al., 2003). The weight loss between 400-900 °C was counted for
carbonate amount and was at 1.55 wt%. In the rest of the analysis, a gradual weigh loss
was shown, with an eventual peak raised at 1235 °C that indicated the decomposition of

HA. In the HA-2 sample, a total of 7.3% of weight loss occurred during heat treatment
between 25 °C and 1300 °C.
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Figure 2. 19 TGA & DSC graph demonstrating % weight and heat flow changes (W/g) with
temperature, as well as 1% derivative of weight (Wt%/°C) for HA-2 sample which produced with
extra pH pre adjustment of reagents, and dried at 80 °C for 48 h.

2.3.6  Energy Dispersive X-Ray Spectroscopy (EDS)

This elemental analysis was performed on an autoclave sterilised HA-5 specimen that
was chosen for use in injectable hydrogel formulations. The EDS spectra were collected

from five different points in the bulk regions of HA powder in an SEM image (Figure
2.20).
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Figure 2. 20 EDS elemental analysis of HA-5 sample (Dried at 200 °C for 24 h and autoclave
sterilised at 132 °C) a. SEM image of a bulk specimen region of a hydroxyapatite sample, and the
four EDS spectral points (Spectrum 9-12) at left and one spectra point (Spectrum-13) at right b.
EDS elemental analyses spectra indicating weight percentages of detected elements in the HA
structure (Spectrum 9-13).

The Ca/P ratio in the HA sample was counted via the atomic percentage of each
elements acquired from five different EDS spectra (Spectra 9-13) including the spectra

shown in Figure 2.20, with their mean values summarised at Table 2.2. The Ca/P ratios,
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obtained from four different point locations between 1.61 and 1.72, are close to that of
stochiometric value (1.67), except at Spectrum point 11, having a slightly higher ratio
(1.87). This high value in the ratio of Ca/P (1.87) might stem from the carbonate
substitution in the dried HA form, confirmed by FTIR-(PAS) (Landi et al., 2006). In
this location (Spectrum 11), the higher C content, amounted to 13.7 wt % while the
atomic percentage of P and O elements were lower, this might indicate occurrence of
B-type COs2 substituting with PO47. In other locations, atomic percentages of carbon
present were between 2.5 % and 8.3 wt%, resembling that of biological apatite (2.3-8
wt% of carbonate) (Gibson & Bonfield, 2002). From the mean atomic percentage values

of elements, the Ca/P ratio of 1.69 was closer to that of stochiometric HA (1.67).

Table 2. 2 Atom percentages, Ca/P ratios and their means counted from weight % of elements
obtained from EDS analyses of five different points.

Atom % for each EDS spectrum
Element Spectrum 9 | Spectrum 10 | Spectrum 11 Spectrum 12 Spectrum 13 Mean
Ca 24.94 22.46 20.94 16.75 15.16 20.05
o 55.59 55.95 39.71 62.09 59.40 54.55
P 14.47 13.93 11.17 10.32 9.32 11.84
C 4.99 6.94 27.04 10.01 14.99 12.79
Au 0.00 0.72 1.14 0.83 0.66 0.67
Si 0.00 0.00 0.00 0.00 0.46 0.09
Sum 100.00 100.00 100.00 100.00 100.00 100.00
Ca/P ratio | 1.72 1.61 1.87 1.62 1.63 1.69
2.3.7 Scanning Electron Microscopy (SEM)

The morphological analyses of HA samples obtained with different experimental
parameters, including drying methods (freeze-drying or oven drying), additional pH
pre-adjustment of reagents and sintering at high temperatures (950 °C, 1100 °C and
1300 °C) were investigated by SEM.
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The SEM images of the freeze-dried and oven dried samples in different magnifications
are shown in Figure 2.21 and Figure 2.22, respectively. Both samples had a spherical
agglomerated morphology. At higher magnifications, interconnected porous needle-like
crystal morphology of small spheres are seen in the freeze-dried HA sample. The oven
dried HA sample shows a more spherical morphology with smoother and bigger

agglomerate layers of particles in comparison to the freeze-dried samples.

Figure 2. 21 SEM microstructure images of freeze-dried HA-4 sample with increasing
magnifications. Scale bars at image a. to f. represent 250, 20, 10, 5, 2, and 1 um, respectively.
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Figure 2. 22 SEM microstructure images of HA-4 sample dried in an oven at 200 °C for 24 h with
increasing magnification. Scale bars at image a. to d., represent 20, 5, 2 and 1 um, respectively.

The sintering of an HA-4 sample at 950 °C for 6 h led to the formation of round crystals
having porosity with interconnectivity (Figure 2.23). Those small particles that

dispersed at a nanometre scale can be seen in Figure 2.23.d.
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Figure 2. 23 SEM microstructure images of an HA-4 sample dried at 200 °C for 24 h and sintered
at 950 °C for 6 h, with increasing magnification. Scale bars from a. to d., represent 10, 2, 1 and
0.5 pum, respectively.

After sintering at 1300 °C for 6 h, the particles were melted and connected to each other,
reducing the particle boundaries, making a compact structure with bigger particles. The
smaller particles were also present on the surface of compact HA structures which were
attributed to a-TCP phase crystals which are stable between 1140 and 1470 °C (Khan

et al., 2013). This was confirmed by Raman analyses of 1300 °C-sintered samples
(Figure 2.24).
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Figure 2. 24 SEM microstructure images of the HA-4 sample dried at 200 °C for 24 h and sintered
at 1300 °C for 6 h, with increasing magnification. Scale bars from a. to d., represent 250, 50, 10
and 5 pm, respectively. (The small crystals indicated by yellow arrows in image-d were attributed
to a-TCP phase crystals).

The HA-1 sample, which was prepared with reagents with a lower initial pH of 8§,
differed from other samples in morphology. The HA-1 sample sintered at 950 °C
exhibited an amorphous dispersion of very small crystals (Figure 2.25.a.), and at higher
magnifications, long rod-like particles with porous and interconnected structure and

their agglomerates can be seen (Figure 2.25.(b-d.)).
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Figure 2. 25 SEM microstructure images of a HA-1 sample dried at 80 °C for 48 h and sintered at
950 °C for 6 h, with increasing magnification. Scale bars from a. to d., represent 50, 5, 2 and 1
pum, respectively.

The morphology of the HA-5 D dried HA (80 °C for 48 h, and 200 °C for 24 h) and
autoclave sterilised (132 °C for 15 min) sample, selected for injectable formulations, is
shown in Figure 2.26. The HA-5 sample showed a nano-sized rough spherical
agglomerated morphology possessing nano channels between parallel planes as well as

micropores between agglomerates.
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Figure 2. 26 SEM morphology images of HA-5 D dried HA with small carbonate content (80 °C
for 48 h, and 200 °C for 24 h) after autoclave sterilisation (132 °C for 20 min) presented in
increasing magnifications. Scale bars from a. to d., represent 20, 3, 2, and 1 um, respectively.

2.3.8 BET (Brunauer, Emmett and Teller)

The surface area measurement by BET was performed on the HA-3 S950 sample which
was sintered at 950 °C. For the HA-3 S950 sample, BET specific surface area, sample
density and average pore radius were measured at 52.81 m?/g, 1.262 g/cm® and 1.68
nm, respectively. The N> adsorption isotherms and pore volume versus pore size plots

are shown in Figure 2.27.

120



Quantity Adsorbed (cm®/g STP)

0 02 04 06 08 1 12
b. Relative Pressure (P/P°)
0,007
0,006
0,005
0,004

0,003

Pore Volume (cm?g)

0,002

0,001 |9

o

0 10 20 30 49 50 60 0 80 90

Pore size (nm)

Figure 2. 27 N> adsorption isotherms of HA-3 S950 sample: a. adsorbed volume per gram versus
relative pressure, and b. pore volume versus pore size

2.4 Discussion

HA has undoubtedly, a significant place in bone regeneration among bioceramics due
to its unique bioactivity providing chemical bonding with natural tissues (Liu et al.,
2013). As reported, increments in bioactivity stimulate cellular activities,
osteoconductivity and alkaline phosphate secretion of osteoblasts, which contributes to
early healing of bones (Arun Kumar et al., 2015). However, high stability of the
crystalline structure of HA retards or hinders its dissolution, which then decreases its
efficiency. Bioactivity and the osteoinductive capacity of HA can be improved by
enhancing its bioresorption in-vivo, which can be developed by involving ionic
substitutions in HA lattice structures. In this regard, as reported, carbonate substitution
in HA significantly enhances in-vivo osteointegration, bioresorbability and

biocompatibility (Landi et al., 2003).

Mostly, the sintered form of HA is preferred in tissue engineering applications to
increase its mechanical performance. However, in terms of biological properties, recent
studies show that non-sintered HA provides quicker bioresorption and better
regeneration of the alveolar maxilla bones of pigs (De Carvalho et al., 2019), as well

as better osteointegration, tissue infiltration, bioresorption and mineralisation leading
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to the faster regeneration of rabbit femur condyles (Dau et al., 2020). These results
were associated with the porous and interconnected rough microstructure of non-
sintered HA leading to better biomaterial-tissue interaction, bioresorption and

regeneration.

Thus, controlling microstructural properties, such as particle size, shape, porosity and
phase purity have significant impacts on the performance of the final HA product. These
factors are affected by different parameters, e.g. the synthesis conditions, such as solid
or wet state synthesis, the reaction temperature, pH, mixing and reaction speed, solvent
effect, and heat treatments (Sadat-Shojai et al., 2013). Depending on these factors, the
final HA properties show variations. Therefore, in light of the literature, in this study,
the synthesis of HA particles was optimized to acquire nano-porous non-sintered HA
crystals, having a small amount of carbonate substitution, with rough, porous and
interconnected particle morphology by using a straightforward and cost available

method.

In this study, sol-gel synthesis of HA was carried out at a constant 85 °C in the
ethanol/water (1:1) solvent media. The effect of two different initial pHs (8 and 10.5),
drying types (freeze drying and normal oven drying) and different sintering
temperatures (950, 1100 and 1300 °C), on the morphology, chemical structure and the
phase purity of HA were investigated. The nano HA powders were produced with an
initial pH of 10.5 (for reagent solutions) and dried at (200 °C). This non-sintered HA
was obtained with small carbonate substitutions, which occur due to dissolved CO; in
air without using any external chemical. These optimal conditions have led to
promising, thermally more stable, and roughly spherical and porous HA crystals with
high surface area (HA-5 D) in dried form that is expected to enhance bioresorption and

bioactivity for bone regeneration when involved in injectable hydrogel formulations.

HA produced with the sol-gel technique has also been reported to lead to better
bioactivity, leading to efficient carbonated apatite layer formation ensuring better
bonding with tissues (Li & De Groot, 1994; Sadat-Shojai et al., 2013). As has been
discussed, the utilisation of ethanol as a solvent for HA synthesis provides a

straightforward and cost effective method as compared to the other complex sol-gel
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synthesis protocols (Herradi et al., 2018; Kuriakose et al., 2004). Some researchers have
used absolute ethanol to dissolve both calcium and phosphate precursors. However, in
this work, calcium nitrate was dissolved in ethanol while a diammonium hydrogen
phosphate precursor was dissolved in de-ionised water since this reagent could not be
dissolved in ethanol. Herradi et al., (2017), has reported a similar reagent-solvent
system but with using room temperature synthesis and an additional aging process.
However, the thermal stability of this HA was lower since it accumulates B-TCP phase
at 750 °C even when the initial pH of reagent solutions was at 10. In the present sol-
gel method, the aging process has not been used. After 4 hrs of reaction at 85 °C,
homogeneous sol was immediately filtrated, and all side products were removed.
Neutral HA crystals were obtained by adjusting pH to about 8 via multiple washing
steps. The stochiometric HA powders obtained were thermally stable up to 1100 °C
while a o-TCP phase was present at 1300 °C sintered HA as confirmed by Raman.
Wang et al., (2010), has compared the effects of different solvents such as absolute
ethanol, ethanol solution of 50% in water and water. They found that the increasing
ethanol ratio in a solvent led to increasing particle size and more aggregation. This was
associated with a more alkaline media leading to supersaturation. In the present system,

nano sized HA powders with high surface area were obtained with some aggregation.

Chemical analyses by FTIR-PAS, Raman, XRD and EDS have provided substantial
information about HA specimens. The effects of different synthesis conditions and heat
treatments on HA chemical features as well as cues about structural and functional
properties of HA were elaborated in detail. The phase transition points were determined
by the simultaneous thermal gravimetric analysis method. The morphological

properties were defined by employing SEM and BET techniques.

The pH pre-adjustment had an enormous impact on the final chemical, morphological
and thermal properties of HA. The XRD and EDS analyses showed that pure HA phase
have a Ca/P ratio of 1.69, which was close to stochiometric HA with some carbonate
substitutions confirmed by FTIR-PAS. The phase purity of HA was achieved by
providing the initial pH pre-adjustment (10.5) of precursor solutions before the
synthesis reaction where the pH was maintained at 10. The pure HA phase conserved

its purity up to 1100 °C and the a-TCP phase was present at 1300 °C sintered HA. On
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the other hand, the exceptional biphasic HA-1 sample which was prepared without pH
pre-adjustment (initial pH of precursor solutions were 8) possessed biphasic HA with
less crystalline B-TCP at 950 °C and 1100 °C, and an o-TCP phase seen at 1300 °C.
Dardouri, Borges and Omrani, (2017) have reported the occurrence of different phases,
such as dicalcium phosphate and calcium hydrogen phosphate at low pH values (8-9.5),
while higher initial pH (>10) values increased the HA phase purity. However, they
reported that the formation of B-TCP and CaO phases at 1050 °C and a TCP phase at
1300 °C for the HA samples produced even with an initial pH above 10 (Dardouri et
al., 2017).

The initial pH (8 versus 10.5) also influenced morphology of samples. HA-1 S950
sample (initial pH 8) possessed a rod-like morphology although other samples prepared
at higher initial pH (10.5) had needle-like crystals forming a spherical morphology. This
has been associated with hydroxyl ions and rich alkaline solutions. Higher pH led to
more nucleation process rather than crystal growth towards the c-axis. This resulted in
an isotropic spherical crystal morphology. Similarly, a direct impact of the initial pH on
crystallisation and final HA morphology has been reported in the literature (Dardouri
etal., 2017).

The freeze-drying process has advantages since it protects particles from contraction;
contrary to other drying processes including higher heat treatments (Wang et al., 2010).
It can also reduce the agglomeration of primitive particles. The more uniform and
thinner particle sizes could be obtained via freeze-drying processes providing high
density and compact HA upon sintering at high temperatures (Hattori et al., 1987; Lu
et al., 1998). Raman spectroscopy analyses of freeze-dried HA samples synthesised in
this work possessed less intensity of peaks indicating a less crystalline structure than
that of oven-dried samples which involve more intense surface active OH groups.
Sphere-shaped crystal agglomerates composed of needle-like crystals were obtained.
However, similar morphology and small particles were obtained in oven-dried HA.
Since there was not much additional contribution; the freeze-drying method was not

used in further studies due to long process time and energy consumption.

FTIR spectroscopy indicated evidence of carbonate substitutions in all dried HA
samples. The B-type v2 CO372 vibrations were dominant in HA-1 (initial pH 8) whereas
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the stronger carbonate peaks were observed at the v CO37 region for the HA-2 (initial
pH 10.5) sample. The carbonate substitution was considered beneficial since carbonate
substitution in HA enhances the bioresorption of HA by decreasing crystallinity and
crystal size and thus ensures better anchorage with native tissue leading to regeneration
of bone tissues (Chaudhry et al., 2013; Ito et al., 1997; Khan et al., 2013). The sintering
at a high temperature of 950 °C and above caused a decrease in the PAS intensities of
carbonate peaks. Although high temperature treated HA provides tissue response, and
osteoconductivity, it cannot be replaced by host tissue due to its stability. On the other
hand, B-TCP resorbed quicker than speed of new bone formation which is undesired as
it causes generation of fibrous tissue. Lee et al., (2008) have compared commercial HA
(Neobone®), B-TCP (Cerasorb®) and carbonated apatite (CAp) (Cystrans®) products in
terms of their osteogenic performance. B-TCP was quickly resorbed in physiological
pH while CAp was stable, but it resorbed at pH 5.3 which resembles that of Howship’s
lacunae. These three compounds were tested on dog mandible bone, and out of all, CAp
stimulated regeneration of new bones at the highest scale in 4 weeks while it was
gradually resorbing, and had very good anchorage with native bone without fibrous
tissue formation. The desired bioresorption behaviour may be related to the smallest
particle size and largest surface area that characterize CAp among all compounds (Lee

et al., 2008).

De Carvalho et al., (2019) has reported detrimental effects of sintering HA at high
temperature (1200 °C) leading to less bone regeneration and biomaterial/tissue
interaction when demineralised bovine HA was utilised. On the other hand, non-
sintered and lower temperature sintered (820 °C) HA preserved rough surface features,
showing better biointegration with tissue and better regeneration of the alveolar maxilla
bones of pigs. The highest proportion of bone regeneration and biointegration of HA
with tissues was achieved by using non-sintered HA, which was significantly higher

than that of sintered HA at 1200 °C.

In addition, recently, the comparative effects of sintered versus non-sintered silicate
substituted commercial HA for regeneration of rabbit femur condyle bones were
investigated histologically. The amount of newly regenerated bone and bioresorption of
silicate substituted HA were found to be significantly higher than those of its sintered

counterparts. The bioresorption of composite material from HA and poloxamer led to
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further bioresorption as well as soft tissue formation. The beneficiary effect of non-
sintered HA is related to hybrid porosity, including nano and micro pores facilitating
cell activities, tissue infiltration and terminal mineralised tissue formation (Dau et al.,
2020). As aforementioned, the carbonated non-sintered HA with smaller size, greater
surface area and lower crystallinity, paves the way to faster bioresorption, better
osteoconductivity and enhanced osteoinductivity. Therefore, a carbonated non-sintered
HA-5 specimen was chosen for injectable hydrogel formulations. This HA-5 sample,
prepared with pre-pH adjustment and a normal oven drying process (80 °C for 48 h and
200 °C for 24 h) was utilised in hydrogels after heat sterilisation (132 °C, 2 bar). It was
made up of small spherical crystals forming long parallel planes in spherical or

rectangular agglomerates with a range of particle sizes.

In bioactivity studies in SBF, hydrogels containing HA-5 stimulate the formation of
active carbonated apatite layers. This was confirmed and is described in detail in
Chapter 5. The small carbonate content, which occurs naturally during the reaction, due
to dissolved CO; in air without using additional chemicals, seem beneficial to stimulate
bioresorption of HA. Also, the presence of surface-active hydroxyl groups was
presumed to provide covalent bonding with the matrix polymer in hydrogels.
Furthermore, the biomimetic sol-gel synthesis leading to nano-sized and high product
yield (86%) in non-sintered HA powders, can also reduce the energy and cost in

comparison to other synthesis conditions, e.g. high temperature treatments and freeze-

drying.

2.5 Summary and Conclusions

The chemical and structural properties of different prepared HA samples were
elaborated on by detailed complementary analyses, using Raman and FTIR
spectroscopy. In addition, XRD analyses have shown that crystallinity and different
phases occurred due to the heat treatments. The Ca/P ratio in HA was determined by
EDS analyses, while SEM analyses provided the morphological information of the HA

powders.

The nano-sized HA powders with high surface area (52.81 m?/g for HA-3 S950) were

obtained by using a sol-gel technique. Initial pH played a very significant role in particle
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shape, crystallinity and phase purity of the HA particles. Two main types of HA
specimen were acquired with different initial pH conditions and with small amounts of
carbonate substitution in their dried forms. The less crystalline HA-1 sample with initial
pH of 8 acquired with 78 % yield in its dried form possessed -TCP and a- TCP phases
when sintered at 950 and 1300 °C. This was confirmed by XRD, Raman and FTIR-PAS
techniques. The phase transition points were present at 764 °C and 1162 °C and
determined by TGA&DSC analyses, respectively for B-TCP and o-TCP phase
occurrence. The biphasic HA exhibited more amorphous and rod like morphology and

was different from the pure HA counterpart.

On the other hand, the HA-2 sample prepared with an additional pH (10.5) pre-
adjustment of the solution, prior to the reaction, in which pH was maintained at 10,
provided acquisition of pure HA with a Ca/P ratio of 1.69 which was close to
stochiometric HA with a high product yield of 86 %. FTIR-PAS analyses showed
formation of A and B type carbonate substitutions in HA which account for 1.55 % wt
determined from TGA&DSC. In addition, EDS analyses showed that carbon contents
were in the range of 2.5-14 %wt. at different HA particle locations. Carbonate
substitution is a desired property of HA for biomedical applications since carbonate
ions enhance bioresorption and tissue-biomaterial interactions and the final
regeneration process (Chaudhry et al., 2013; Ito et al., 1997; Khan et al., 2013). HA was
thermally stable at 1100 °C while a-TCP phase was present in 1300 °C-sintered HA,
leading to a significant decrease in crystallinity. In both the freeze-dried and oven dried
forms, needle-like particles forming spherical agglomerates were seen in the SEM
analyses. Upon sintering of oven-dried HA, spherical nano particles with micro-
porosity were obtained at 950 °C, whereas the integration of the grain boundaries of the

crystals led to a compact structure of HA at 1300 °C.

In conclusion, in this study non-sintered and carbonated HA (initial pH 10.5) were
chosen to be used for the development of injectable modified hydrogel formulations;
due to its purity, nano-sized particles with high surface area, and its hybrid nano and
micro porosity. In the light of the literature, the chosen HA features (HA-5 D) to be
utilised in injectable hydrogel formulations were presumed to facilitate better
bioresorption and cellular activities and hence, can lead to better binding properties with

tissues and to better stimulate bone regeneration.
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3 CHITOSAN/HYDROXYAPATITE/HEPARIN BASED pH
AND THERMOSENSITIVE INJECTABLE HYDROGELS

3.1 Introduction

This chapter describes novel in-situ formed injectable pH and thermosensitive liquid
hydrogels. These hydrogels were neutralised by NaHCO3 at 4 °C, which formed
ionically crosslinked hydrogels (CS/HA/Hep) at body temperature. It is believed that
upon injection in-situ at targeted bone defects, they will support vascularized bone
regeneration and act as drug delivery tool. The first set of hydrogels, denoted as ‘initial
hydrogels’, were synthesised by using an aseptic technique without the CS sterilisation
step, and commercial non-sintered HA was involved in their synthesis. The physical
and chemical characterisations of initial hydrogels are covered in this chapter and the
investigated biological characteristics, including biocompatibility and angiogenesis, are
dealt in Chapter 5. A second set of experiments covered the modification of the initial
hydrogels, referred to as ‘modified hydrogels’. The modified hydrogels were produced
to ensure a totally sterile synthesis technique involving CS pre-sterilisation to facilitate
sterile formulations. Meanwhile it was also aimed to enhance the mechanical strength
of initial hydrogels. CS sterilisation was ensured by autoclaving of chitosan-water
dispersion by the addition of glycerol to protect CS from heat and improve elasticity of
the hydrogels. In addition, pre-synthesised HA-5 powder (details are elaborated in
Chapter 2) was selected and utilised after autoclaving in modified hydrogels owing to
its non-sintered form containing some carbonate substitutions that possess large surface
area due to its rough porous spherical morphology. This was expected to significantly
improve its bioresorption leading to the desired final bioactive features. The main
physical and chemical characterisations of modified hydrogels are described in this
chapter. Further characterisations of modified hydrogels including swelling,
biodegradation, bioactivity and Hep release studies are shown in the following chapter

(See Chapter 4), while angiogenesis studies are given in Chapter 5.
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Most of the characteristics of initial and modified hydrogels are discussed in this
chapter. These include pH measurements, solution storage stability, and gelation
capacity tests via determination of incipient gelation time (at 37 °C) by the test-tube
inversion method. Rheology measurements were used for sol-gel transition temperature
and viscoelastic behaviour analyses. Injectability tests by qualitative and quantitative
measurements, morphology analyses by SEM, mechanical characterisations by
compression tests, thermal analyses by TGA/DSC were also performed. The chemical
characterisations of hydrogels were carried out through FTIR-ATR and FT-Raman
spectroscopy, and XRD analyses.

The homogeneous liquid formulations were obtained with facile injectability and a
thermosensitive gelation capacity that initiates within in a few minutes and settles with
time at average human body temperature, 37 °C. Modification of the hydrogels that
allowed for further pH neutralisation of up to 6.5 while maintaining the homogeneity
of injectable solutions, showed faster gelation, starting within 2-3 min, resulting in
increased physiological pH ranges. Hydrogel modification by a glycerol additive in
sterile technique has improved elasticity of hydrogels and mechanical properties.
Furthermore, the final pH of the solutions in modified formulations, greatly affected the
rate of crosslinking, as well as the morphological and mechanical properties of the
hydrogels. SEM analyses of higher pH specimens showed a flat bone like hierarchical
morphology containing macropores separated by dense interlocking micropore walls;
whereas a less crosslinked more homogeneous microporous structure was obtained
using lower pH hydrogels (6.2-6.4 in solution). The hydrogels obtained with higher pH
solutions (6.4-6.5) had significantly higher mean for Young’s modulus and
compression strength accounting for 1.51 MPa and 310 kPa at 75 % strain, respectively
for a composite SO sample (CS/HA/Hep). The injectability of both initial and modified
hydrogel solutions showed similar trends with the maximum injection force by 19 G
needle measuring around 15 kPa. However, after 24 h of storage, modified liquid
hydrogels were more viscous, reducing their injectability while they maintained a
constant flow from a needleless syringe. In this instance, adhesive solution properties

were observed as well.
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3.2 Materials and Methods

The materials used were: chitosan (medium molecular weight (CS) (100-300 kDa,
Deacetylation degree: >90%)), glacial acetic acid (Aca), glycerol (99%) (from: ACROS
Organics™, Thermo Fisher Scientific, Geel, Belgium), sodium bi-carbonate (NaHCO3)
(purchased from: Fluka®, Sigma Aldrich, USA), and sodium bovine heparin (Injectable
grade, 156 1U/mg) (gifted by Extrasul (Ext. An. Veg. LTDA, Sao Paulo, Brazil)), and
medical grade commercial non-sintered hydroxyapatite used in synthesis of initial
injectable hydrogel formulations (HA) (CAPTAL® ‘R’, Batch No: P218R) (supplied by
(Plasma Biotal, Buxton, UK)). The non-sintered carbonated HA powders (HA-5 D)
were synthesised as described in Chapter 2 and utilised for synthesis of modified
injectable hydrogels. De-ionised ultrapure (Type-I) water (Veolia Water Technologies,
PURELAB® Chorus, 18.2 MQ.cm, Wycombe, UK) was also used for all synthesis

works.

3.3 Sol-gel Synthesis of pH and Thermosensitive Injectable (CS/HA/Hep) Hydrogels

A sol-gel synthesis technique was applied to manufacture the thermosensitive injectable
formulations, which includes both the acquisition of a homogeneous solution at 4 °C
and the formation of ionically crosslinked hydrogels at 37 °C stimulated by both pH
and temperature. Sodium bicarbonate (NaHCO3) a salt which is a weak base, was used
as a neutralising agent, and mild reaction conditions were provided by cold reagent

solution mixing which took place in an ice bath at 4 °C.

All reactions were carried out in sterile conditions. Hydrogels were prepared in a sterile
fume hood by using a pre-sterile synthesis technique. All glassware and tools used in
the synthesis were sterilised by using an automatic steam autoclave (LMS, Jencons
Scientific Ltd., Leighton Buzzard, Bedfordshire, UK). Prior to the synthesis reactions,
all reagent solutions including sodium bicarbonate, acetic acid and injectable grade
sodium bovine heparin solutions were filter sterilised by using 0.22 pum
polyethersulfone (PES) membrane filter. The pH of each reagent solutions and their
mixtures were measured by using a pH-meter (Mettler-Toledo GmbH, Analytical,

FiveEasy Plus™, Greifensee, Switzerland).
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A totally sterile synthesis technique was implemented to produce modified sterile
solutions. Prior to synthesis of modified hydrogels, CS was sterilised by using steam
autoclaving in water dispersion form with a glycerol additive as a heat protective agent.
Glycerol as a polyol was harnessed since it is reported that polyols are capable of
enhancing gel elasticity and reducing CS degradation and viscosity loss in the solution
due to heat (Jarry et al., 2002; Yen & Sou, 1998). In addition, in the sterile modified
formulations, pre-synthesised carbonated HA (HA-5 D) was used. Hydroxyapatite
powder (HA-5 D) was prepared as explained in Section 2.1.2, and was also utilised after

steam autoclaving.

Firstly, non-modified, initial hydrogels were synthesised. Initial experiments covered
the investigation of the optimal CS concentration for facile injectability and gelation
properties of neutralised hydrogel solutions. The details of synthesis and the
characterisations of these initial liquids and crosslinked hydrogels are given in
following text. Briefly, at first, different initial concentrations of CS solutions (4, 5, 6,
7 and 8%(w/v)) were prepared and the final hydrogel solutions were obtained upon
neutralisation of CS solutions by NaHCOs3. These sole CS formulations were initially
tested in their liquid and hydrogel forms. These characterisations include qualitative
injectability assessment by comparing flow capacity of liquid hydrogels through a 19
G needle, rheology analyses to test main viscoelastic and gelation behaviours and
assessment of gelation features including the test tube inversion method to determine
incipient gelation time. Among different initial concentrations, 5%(w/v) CS solution
which accounts for ~ 2.4 %(w/v) CS in the final neutral solution led to preferable
viscosity, injectability and gelation features, thus it was chosen as an optimal
concentration. The subsequent synthesis of composite hydrogels was carried out using

this concentration.

Initial hydrogel formulations were prepared as was reported earlier in this project
(Kocak et al., 2020). In detail, the homogeneous CS solution of 5 %(w/v) was prepared
by dissolving 1 g of CS in 20 mL of 0.5 M acetic acid with constant stirring for 3 hours.
For modified injectable hydrogel formulations, preparation of the CS solution has
differed slightly due to an additional CS sterilisation step. For this, 1 g of CS was
dispersed into 10% (w/v) of glycerol-water solution for 15 min. Then, the CS dispersion

with the glycerol additive was sterilised by using the automatic steam autoclave
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operating at 132 °C and 2 bars for 20 min that included the times for ventilation and for
reaching the autoclaving temperature (5 min each). After sterilisation, the CS dispersion
was cooled down to room temperature. Then, the CS solution was obtained by the
addition of glacial acetic acid to make a 0.5 M acetic acid solution by constantly stirring

for 3 h.

For both synthesis methods, following its acquisition, the CS solution was chilled in a
fridge at 4 °C for 15 min prior to pH neutralisation. Then, 0.48 M of stock sodium
bicarbonate (NaHCO3) solution kept refrigerated at 4 °C , was added dropwise into the
cold CS solution in a flask placed into an ice bath at 4 °C while constant stirring was
maintained. For solution stability, mild ionic reaction conditions were provided by
using a dropping funnel to add reagent solution fitted into the reaction flask. This was
done to prevent air coming into contact with the solution to minimise the speed of
carbon dioxide release which can trigger gelation via a pH dependent ionic crosslinking

reaction. The reaction set up is shown in Figure 3.1.

Figure 3. 1 Experimental set up for synthesis of pH and temperature sensitive hydrogels: the
reaction flask is placed in an ice bath at 4°C, controlled by a thermometer and with a quick-fit
dropping funnel for dropwise addition to the solution.
For initial hydrogel formulations, CS/HA compositions were prepared by using non-
sintered commercial HA powders (P218R, Plasma Biotal, CAPTAL®, Buxton, UK)
whereas pre-synthesised HA (HA-5D) was utilised in the modified hydrogels. For both
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methods, a CS solution of 5% w/v was prepared as aforementioned. Then, related HA
powder was mixed into the CS solution while ensuring that the weight ratio of HA/CS
was 1/10. The HA powders were thoroughly dispersed into the CS solution overnight
by constant stirring, to obtain a homogenous mixture. Then, the solution pH was
neutralised by dropwise addition of cold NaHCOj3 solution (0.48 M) in an ice bath at 4
°C.

The composite CS/HA/Hep hydrogels of the initial formulations were produced with
three different Hep concentrations, 0.12, 0.36 and 0.60 mg/mL Hep in final solution for
SI, SII and SIII samples respectively. However, in modified hydrogels, only the lowest
Hep concentration (0.12 mg/mL) and another lower concentration (0.03 mg/mL) were
used, which were denoted as the SI and SO samples respectively. The compositions of
the different hydrogels are summarised in Table 3.1. The sterile Hep solutions were
freshly prepared by dissolving the respective amount of injectable grade sodium bovine
Hep in 5 mL of de-ionized water. The Hep solution was added dropwise into the CS/HA
mixture with maintained constant stirring. Subsequently, the pH of CS/HA/Hep
solution was adjusted by the dropwise addition of NaHCOj3 solution as described earlier.
For the control samples prepared in the absence of Hep, instead of a Hep solution an
equal volume of de-ionized water was added to obtain similar viscosity and
concentrations in the compositions. In Figure 3.2, the synthesis steps of injectable
composite hydrogels (CS/HA/Hep), the network structure of reagent mixtures and the
mechanism of pH dependent ionic crosslinking and gelation which was further
stimulated by body temperature, are illustrated. To maintain homogeneity after
synthesis and during storage, the final pH of solutions was adjusted by NaHCOs to 6.2-
6.3 and 6.3-6.5 for initial and modified hydrogels respectively.

Table 3. 1 The composition of different injectable hydrogel formulations *

Sample | Sample Codes Chemical compositions

Names (wiw, %) mg/mL
CS HA Hep | Hep

Cl () 100.00 0.00 [ 0.00 | 0.00

cli CS-0.1HA 90.91 9.09 [ 0.00 | 0.00

S0 CS-0.1HA-0.0015Hep 90.81 9.08 | 011 | 003

Sl CS-0.1HA-0.005 Hep 90.50 9.05 | 045 | 0.12

Sli CS-0.1HA-0.015 Hep 89.69 897 | 135 | 0.36

sl CS-0.1HA-0.025 Hep 88.89 889 | 222 | 0.60

*  Initial formulations include all compositions (CI, CII, SI, SII and SIII) except SO which
has the lowest concentration of Hep. In modified hydrogels, however, only SO, SI, CI
and CII compositions were used.
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Figure 3. 2 The illustration of synthesis steps of pH and thermosensitive CS based composite
hydrogels (CS/HA/Hep) with the network structures of mixtures and the ionic crosslink
mechanism stimulated by the given ionic reaction and temperature (37 °C) (This figure was reused
after modification from our earlier published paper (Kocak et al., 2020) licensed under CC BY
4.0.

After synthesis of homogeneous hydrogel solutions, ionically crosslinked pH and
temperature stimulated gelation occurred upon incubation of solutions at 37 °C. For
some characterisations, such as in the test tube invert method for determination of initial
gelation time, and in mechanical tests, 2 mL of solutions were taken into glass tubes
with a push polythene plug cap (9: 18 x 75 mm, Camlab Ltd., Cambridge, UK). These
were incubated for 48 h in order to obtain stable hydrogels. For other characterisations,
homogeneous stable gels were obtained gradually by 48 h incubation of 40-45 mL of
solution in glass dishes with lids (@: 100 x 15 mm, Steriplan®, Duran® DWK Life

Sciences GmbH, Mainz, Germany).

3.4 Characterisation of Injectable Hydrogels

3.4.1 Injectability

The injectability capacity of hydrogel solutions was evaluated through both qualitative
and quantitative analyses. Qualitative assessment of injectability of hydrogels involved
rating of the flow capacity of solutions tested through varying sized needles coupled
with a syringe. On the other hand, quantitative injectability analyses were performed in

a Universal Testing Machine (UTM). This covered the measurement of required force
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response while expelling solutions through a syringe which was either needleless or

coupled with a 19 Gauge (G) or 21 G needle.
3.4.1.1 Qualitative Injectability Analyses

The injection properties of the homogeneous solutions were determined immediately
after synthesis by comparing their flow properties. Flow performance of the solutions
were manually tested by using a 5 mL syringe coupled with different sized BD needles
(BD, Luer-Lok™, Becton, Dickinson U.K. Ltd, Wokingham, UK) ranging from 18 G to
25 G with decreasing needle thicknesses and lengths (Figure 3.3).

e | 18 GxI 1727 (1.2640 mm)
e [7 19Gx] 127 (1.0540 mm)

w5 20GxI 127 (0.8x40 mm)
21 Gx11/2” (0.8x40 mm)
22 GxI 1727 (0.7x40 mm)
23Gx1”  (0.6x25 mm)
25Gx5/8” (0.5x16 mm)

Figure 3. 3 The images of different sized BD needles used in qualitative injectability assessments
shown at left image and the corresponding sizes of needles given at right across.

Qualitative injection capacity was evaluated for each solution formulation by rating
their flow consistency and convenience with different needle sizes. The results were
demonstrated by using star symbols; between six-stars (+++x) symbolising perfect flow

and one-star (») indicating no-flow.

3.4.1.2 Quantitative Injectability Analyses

Quantitative injectability measurements were conducted by using a UTM instrument
(Instron® 3345, Norwood, MA, USA) in compression mode. The experimental design
was adapted from the literature (Cilurzo et al., 2011; Shavandi et al., 2016; Yasmeen et
al., 2014). Briefly, 5 mL of hydrogel solution was slowly filled into a 10 mL syringe to
avoid air entering into the syringe. Tests were conducted with a needleless syringe and
with the syringe coupled with a needle (19 G or 21 G). A syringe rig was employed to

fix the syringe, placed between compression plates, in place. Experiments were carried
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out by lowering the loading cell on the syringe plunger until they had contact. Then, 0.5
mm/s of crosshead speed was applied to expel 5 mL of solution for 30 mm of
displacement. An image of the experimental set up is shown in Figure 3.4. The force
changes during displacement of the syringe plunger were recorded by Bluehill®

Universal Software (Version 4.06, Norwood, MA, USA).

Figure 3. 4 The injectability test measurements set up carried out by using by using a UTM
instrument (Instron® 3345, Norwood, MA, USA) in compression mode. The injection forces were
measured during displacement of the syringe plunger at a certain speed until all 5 mL of hydrogel
solution, in a 10 mL syringe fixed into a syringe ring,was expelled .

The variable forces counted were: initial glide force (IGF): the force required to initiate
syringe plunger motion; dynamic glide force (DGF): the force required to maintain the
plunger movement; and the maximum force (Fmax): the maximum force exerted during
the displacement of the plunger (Cilurzo et al., 2011; Moreira et al., 2018). The results
were expressed as mean+SD (n=6) and plotted in GraphPad Prism (Version 7.0, San
Diego, CA, USA) software.
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3.4.2 Test Tube Invert Method for Incipient Gelation Time

The initial gelation time of hydrogel solutions were determined by using the test-tube
invert method which is a simple/common method for the determination of sol-gel
transition points of hydrogels. Briefly, 2 mL of hydrogel solution was put into a close-
lid glass test tube with a push polythene plug cap (@: 18 x 75 mm, Camlab Ltd.,
Cambridge, UK) and placed in a beaker filled with silicone oil bath on a hot plate at 37
°C. Then, the test tube was tilted horizontally after every minute to check the flow. The
time that the solution showed no flow against gravity for around 20 seconds was
recorded as the incipient gelation time (tig) (Li et al., 2014; Wu et al., 2016). The sol-
gel transition points of hydrogel solutions were analysed further via temperature sweep

tests using Rheology measurements.

3.4.3 Rheology Measurements

The viscoelastic behaviours and sol-gel transition points of hydrogel solutions were
analysed by rheology tests performed with a Rheometer (TA Instruments®, TA-AR
2000, Newcastle, DE, USA) by using a cone geometry (0 = 40 mm, 2°) (Figure 3.5).
The small chamber on the upper site of the geometry was filled with water and sealed

to provide humidified experiment conditions.

Figure 3. 5 A rotational TA-AR 2000 Rheometer (TA Instruments®, Newcastle, DE, USA)
instrument during rheology analysis of a hydrogel specimen, performed by using a cone geometry
(@ =40 mm, 2°) which is covered by a metal chamber.
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Frequency sweep tests were performed in a viscoelastic region at a constant strain of
1% and frequency range of 0.1-10 Hz at constant temperatures; 25 °C, 15 °C and 37 °C.
In addition, the oscillatory measurements were carried out at a constant frequency (1
Hz) in which the storage/elastic (G”) and loss/viscous modulus (G”) were measured
during heating between 15 °C and 37 °C and in the same range while cooling. The sol-
gel transition points of the formulations were determined via the intersection point of
the elastic (G”) and viscous (G”) (tan 0= G”/G’=1) when a material starts to exhibit more
elastic properties than liquid (Laity & Holland, 2016; Rafipoor et al., 2014).
Furthermore, in another experiment, during frequency sweeps the solution temperature
was held at 37 °C for 30 min to observe viscoelasticity changes at 37 °C over time. The
data acquisition was provided using TA Rheology Advantage™ software (TA
Instruments, V7.20, New Castle, DE, USA). The rheological data was graphed via
GraphPad Prism (Version 7.0, San Diego, CA, USA) software.

3.4.4 Morphological Analyses by Scanning Electron Microscopy (SEM)

The microstructure images of both initial and modified hydrogels were produced upon
lyophilisation of the hydrogel specimens in a freeze drier (SciQuip Epsilon 1-4 LSC,
Shropshire, UK). To freeze-dry the initial hydrogel formulations, the liquid hydrogels
(~800 uL), immediately after synthesis, were poured into the wells of a 48 well plate.
Subsequently, they were frozen at -30 °C for 24 h and dried at -20 °C for 48 h. On the
other hand, modified hydrogels were freeze-dried in different conditions due to the
involvement of glycerol, causing alterations of freezing temperature. Hydrogels were
freeze-dried, either in liquid form or hydrogel form, after gelation at 37 °C. They were
frozen at -80 °C for 24 h and dried in two stages including main drying at -20 °C for 24
h and final drying at -15 °C for 24 h.

Prior to SEM imaging, freeze-dried hydrogels were gold coated at a thickness of 5 nm.
Subsequently, images were taken in 7 kV accelerating voltage by using an SEM device
(FEI Quanta™ 650 3D FEG/FIB ESEM™, Hillsboro, Oregon, USA). All images of
modified hydrogels were obtained by FE-SEM instrument that worked at 5 kV
accelerating voltage after a change in institution (university) (Schottky FE-SEM
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instrument, JEOL JSM-7800F, Tokyo, Japan). The image analyses were performed by
ImageJ® software (Version 1.52k, National Institutes of Health, Bethesda, MD, USA).
In order to assess porosity, a series of pores were measured and counted as the mean,

minimum and maximum lengths of individual and interconnected pores.

3.4.5 Thermal Analyses by Simultaneous TGA & DSC

Thermal analyses of hydrogels and reagent materials used for the synthesis of hydrogels
including; synthetic commercial CS, HA, and Hep was carried out by use of a
simultaneous thermal analyser (NETZSCH STA 449 F3 Jupiter®, NETZSCH-
Gerédtebau GmbH, Selb Germany). The approximately 20 mg of powder samples were
weighed and analysed in alumina crucibles. The specimens were heated from 25 °C to
700 °C at a heating rate of 10 °C/min in Nitrogen atmosphere. The data was both
obtained and analysed by NETZSCH Proteus® software.

3.4.6 Mechanical Analyses by Compression Tests

The mechanical testing of hydrogels involved stress/strain measurements of hydrogels
exposed to compression force. The compression tests were performed by using a
Universal Testing Machine (Instron® 3345, Norwood, MA, USA), equipped with a 0.5
kN load cell, in compression mode. The compression tests were performed on the
modified hydrogels. The hydrogel specimens (0: 16 mm x 8§ mm) were prepared for
mechanical tests by gelation of 2 mL of solution in glass tubes with push polythene
plugs, and incubated at 37 °C for 48 h. Experiments were performed at 1 mm/min of
crosshead speed up to a certain strain point as reported in the literature (Frydrych et al.,
2015). The modified hydrogels obtained with lower pH in solution state (6.2-6.4), were
compressed to 40 % elongation, while the higher pH (6.4-6.5) hydrogels were
compressed until 75% of elongation. A demonstration of a compression test applied to
a modified hydrogel specimen placed between compression plates is shown in Figure

3.6.
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Figure 3. 6 An image taken prior to compression testing of a modified hydrogel specimen placed

onto a lower compression plate in an Instron® UTM instrument (Instron® 3345, Norwood, MA,

USA).
The stress versus strain curves were obtained as kPa and % units, respectively using
Bluehill® Universal Software (Version 4.06, Norwood, MA, USA). In addition, the
Young’s Modulus, and the force and energy at break point were automatically measured
and counted by the software according to the measured sample sizes (0: 16 mm x 8§ mm
thickness). Three samples were tested per specimen group of hydrogel composition
(n=3). The resultant graphs were plotted using GraphPad Prism (Version 7.0, San
Diego, CA, USA) software.

3.4.7 Fourier Transform Infrared—Attenuated Total Reflectance (FTIR-ATR)
Spectroscopy

FTIR-ATR analyses were performed by using Thermo Nicolet™ iS50 FTIR
spectrophotometer (Thermo Fisher Scientific Inc, Madison, WI, USA) in Attenuated
Total Reflectance (ATR) mode. The data was collected in the mid-infrared region
(4000 to 400 cm!') by using an aperture of 150 with a resolution of 16 cm™. 128 scans
where done using Detector DTGS ATR and Beam splitter, KBr. The background
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spectrum measured prior to the experiments and renewed every 2 h. The spectral data
collection and analyses were undertaken and obtained after automatic baseline
corrections in OMNIC™ software (Version 9.5.9, Thermo Fisher Scientific Inc,

Madison, WI, USA).

3.4.8 Fourier Transform-Raman (FT-Raman) Spectroscopy

FT-Raman analyses of hydrogels were carried out by wusing a FT-Raman
spectrophotometer sampling accessory fitted into Thermo Nicolet™ iS50 FTIR (Thermo
Fisher Scientific Inc, Madison, WI, USA) which utilizes a near-IR, Nd:Y VO34 excitation
laser operating at 1064 nm. The measurements were carried out by using Detector
InGaAs and Beam splitter CaF,. Spectral data were obtained at 16 cm™ resolution,
accumulating 64 scans over the wavenumber range of 4000400 cm™!. The spectra were
gathered through a square area mapping, confining nine equally distanced points on a
square, and the resultant spectra were obtained as averages and demonstrated after
automatic baseline corrections in OMNIC™ software (Version 9.5.9, Thermo Fisher

Scientific Inc, Madison, WI, USA).

3.4.9 X-Ray Diffraction (XRD) Analyses

X-Ray diffraction (XRD) analyses were performed in an XRD instrument (SmartLab
9kW, Rigaku Corporation, Tokyo, Japan) equipped with a DteX 250 Ultra detector,
parallel beam optics (Gobbel mirror), Ge(220)x2 monochromator working with CuK o4
radiation (A=1.54060 A) and 5° soller slits. Fine powder specimens were prepared and
analysed on a glass slide sample holder (15 mm x 15 mm). Freeze-dried hydrogel
specimens were directly analysed upon placement onto another suitable holder.
Diffraction patterns were obtained over a 20 angle range of 5-80° with an increment of
0.02°. XRD patterns were obtained via integrated powder X-Ray analysis software
PDXL (Version 2.1.1., Rigaku Corporation, Tokyo, Japan). For crystallographic
analyses, high quality ranked standards acquired from the ICSD® Fiz database, were

compared with the XRD patterns of the specimens.
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3.5 Results

3.5.1 Synthesis of Injectable Hydrogel Solutions

To synthesise initial hydrogels, experiments were conducted to compare the different
concentrations of CS solutions in acetic acid (4, 5, 6, 7 and 8%(w/v)), so as to obtain
homogeneous liquid hydrogels that allow for facile injectability and desired gelation
features. The primary assessment of some solutions included; qualitative injectability
by a 19 G needle, rheology analyses and incipient gelation time determined by the test

tube inversion method.

The results showed that a 4 % (w/v) of initial CS solution, which is below 2 % (w/v) in
a neutral solution, was not able to transform to a gel phase upon incubation at 37 °C.
This was associated with the critical concentration (C*) required for gelation, which
correlates inversely with the intrinsic viscosity of the polymer (Boucard et al., 2005).
On the other hand, CS solutions with initial concentrations of 7-8 %(w/v) have led to
quite viscous, already gel-like solutions after neutralisation. These solutions have
compromised the injection capacity since quite a high pressure is required to expel these

solutions during injection via a 19 G needle coupled syringe.

According to all results, a 5%(w/v) CS solution, which accounts for ~ 2.4 %(w/v) CS
in final neutral solutions was chosen as the optimal concentration. This solution
exhibited evenness and consistent flow during injection through a 19 G needle, incipient
gelation starting in 8-10 min at 37 °C and preferred viscoelastic behaviour and a sol-gel
transition point of nearly 37 °C in rheology measurements. Therefore, for synthesis of
further composite hydrogels, this initial 5%(w/v) CS concentration was utilised. Figure
3.7.a. shows the appearance of a transparent bright yellow coloured CI (CS) solution
obtained after neutralisation. In addition, composite CS/HA formulations were obtained
by dispersion of HA powder into a CS solution with the same initial concentration of
5%(w/v) with the weight ratio of HA to CS being 1/10. This liquid hydrogel
composition CII (CS.0.1HA) results in a slightly opaque homogeneous solution after

neutralisation (Figure 3.7.b.).
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Figure 3. 7 The images of liquid hydrogels obtained after gradual neutralisation by NaHCOs a.
CI: sole CS solution (with initial concentration of 5 % (w/v)) having transparent yellow colour b.
whiter and slightly opaque composite solution CII: CS/HA(10:1).

For CS/HA/Hep composite solutions, initially Hep was added in powder form at room
temperature. However, the direct powder mixing method of Hep led to formation of
large precipitates during neutralisation, as shown in the Figure 3.8. This heterogeneity
of solution was associated with strong electrostatic interactions of cationic CS and
counter charged Hep, and is assumed particularly, to be due to their direct and sudden
contact during mixing with the powder form of Hep (He et al., 2010). Therefore, a
gradual inclusion method of Hep involving dropwise addition of Hep as a water solution
into the CS/HA mixture was executed. This has provided acquisition of homogeneous

solutions after pH neutralisation, shown in Figure 3.9.

Figure 3. 8 The composite SI (CS.0.1HA.0.005Hep) solution obtained via powder mixing method
of Hep (0.12 mg/mL) into a CS/HA solution causing large precipitates after the neutralisation
process which results in a heterogeneous solution.
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Figure 3. 9 The homogenous neutral solution of SI (CS.0.1HA.0.005Hep), achieved by dropwise
and gradual addition of Hep in water solution form, is acquired without any precipitates in a. a
glass petri-dish and b. a tilted plastic container in which the solution exhibits easy flow.

In initial hydrogels, CS powder was used without sterilisation while pre-sterile modified
hydrogels were prepared from sterilised CS powders by steam autoclaving in dispersion
form of CS in water-glycerol media. Initially, CS was directly autoclaved in powder
form that caused a slight darkening of the powder that might be associated with some
degradation of polymer chains. In addition, utilisation of autoclaved CS powder in dry
form for hydrogel synthesis has led to the formation of a heterogeneous, viscous

solution with small, localised white precipitates, after neutralisation.

The autoclaving effects on the chemical properties of CS powder were investigated by
using FT-IR (ATR) and TGA analyses. The results showed that the chemical functional
groups of CS slightly decreased upon autoclaving, although less than 10% of weight
loss occurred at autoclaving temperature. Therefore, in further studies, in order to
mitigate the detrimental effect of heat on CS, it was sterilised in water dispersion form
with a glycerol additive as a heat protective agent, as is reported in the literature (Jarry
et al., 2002; Yen & Sou, 1998). This technique led to almost no colour change in CS
dispersion in water-glycerol media after 10 min of steam autoclaving. Homogeneous
solutions were obtained upon dissolving CS in acid prior to neutralization. These
modified solutions have also triggered the quicker gelation of thermosensitive solutions

starting in as quickly as 2-3 min. The modified homogeneous solutions after
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neutralisation were obtained via a total sterile technique and glycerol addition,

demonstrated in Figure 3.10.

Figure 3. 10 Photographs of sterile hydrogel solutions (2 mL) taken into test tubes upon
neutralisation: a. CI: sole CS and b. composite SI (CS.0.1HA.0.005Hep) solution.

3.5.2 Solution pH, Homogeneity, Stability and Gelation Features

In initial hydrogels, the highest pH achieved to obtain homogeneous solution without
any precipitation was at pH 6.2-6.3 at 4 °C which accounted for the slightly higher pH
at room temperature. The pH values between 6.5-7.1 were obtained upon gelation at 37
°C. The pH measurements of reagent solutions during synthesis of solutions and initial

hydrogels are summarized in Table 3.2.

Table 3. 2 The pH values measured in all steps of synthesis of initial hydrogels including pH of
reagent solutions and their mixtures, final solution after neutralization, and after gelation, which
were given with measured temperature during pH measurements. (pH values of stock acetic acid
(0.5 M) and NaHCO3 (0.48 M) solutions were 2.24 and 8.50, respectively while pH of Deionised
water (Dw) was 6.58. The pH values of Hep solutions in Dw for SI, SII and SIII compositions
were measured as 6.58, 6.56 and 6.61, respectively.)

CS CS+HA CS+(HA)+ Final solution |pH after
(Dw/Hep) pH neutralized (gelation at
Sa:’npl.e Names and by NaHCO; 37°C
e pH Temp |pH Temp |pH Temp |pH Temp |pH Temp
(°c) (°C) (°C) (°C) (°C)
Cl: CS 419 | 164 - - 430 | 147 | 620 | 65 | 6.50 | 275
Cll: CS+HA 413 | 207 | 421 | 211 | 430 | 60 | 624 | 7.7 | 651 | 250

Sl: CS.0.1HA.0.005Hep | 4.28 | 18.8 | 429 | 201 | 433 | 10.7 | 6.21 | 50 | 6.53 | 24.9
|SII: CS.0.1HA.0.015Hep | 4.14 | 189 | 416 | 158 | 433 | 78 | 622 | 75 | 6.72 | 253
|SIII: CS.0.1HA.0.025Hep | 4.23 | 17.7 | 428 | 145 | 429 | 85 | 624 | 75 | 7.01 | 220

Regarding modified sterile hydrogel solutions, the final pH could be raised up to 6.7-
6.8 at 4 °C without any resultant precipitate formation. However, after a short time,

phase separation was inferred from the presence of cloudy white precipitates in the
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liquid that compromised both solution homogeneity and injectability. The maximum
pH achieved for homogeneous solutions with no phase separation was pH 6.40-6.45 at
4 °C. The solutions possessing slightly higher pH than 6.4 (e.g 6.46) was stable at 4 °C
for 4 days. After 4 days, phase separation leading to the formation of white cloudy
precipitates occurred. The pH of the sole CS hydrogel solution was pH 6.4 at 4 °C
reached 6.8 at 20 °C. Composite solutions possessed higher pH, above 7, which are at
the center of the physiological pH range (Chenite et al., 2000). Upon gelation at 37 °C,
obtained hydrogels possessed slightly higher pH values than 7. The pH values of sterile

modified hydrogel compositions at different temperatures are summarised in Table 3.3.

Table 3. 3 The pH values of solutions at 4 °C and 20 °C for modified injectable hydrogel
formulations in different compositions.

pH of Modified

Formulations
Sample names and
codes Sol

(4 °C) (20 °C)

Cl: CS 6.43 6.78
Cll: CS-0.1HA 6.42 7.00
S0: CS-0.1HA-0.0015Hep 6.54 7.16
Sl: CS-0.1HA-0.005Hep 6.46 7.00

All liquid hydrogel formulations were stored in tightly closed universal tubes in a
refrigerator at 4 °C and stability of liquid forms were checked during their storage. From
initial liquid hydrogel formulations, CI and CII solutions without heparin that were still
flowing well once their test tubes were tilted, were stable in this regard, up to 6-months
at 4 °C. Hydrogel solutions containing Hep showed a skin like layer formation on their
surface after 3-weeks of storage at 4 °C. Although they became more viscous, the
underneath of the surface layer protected its liquid form for almost 2-months. The
solution stability of modified hydrogels were decreased in comparison to initial
formulations. Almost all compositions became more viscous after a 24 h of storage at
4 °C, and an elastic consistent flow of solutions was observed. The changes in
injectability properties of all hydrogels were investigated and details are provided in the

injectability analyses section of this chapter.

Stability of modified hydrogel solutions was observed upon storing at a lower

temperature. The aliquots of hydrogel solutions in vials (7 mL) were stored in a freezer
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at-20 °C. After 10 months of storage, these specimens were defrosted gradually at room
temperature and their solution stability and flow properties were checked. Although
there was a thin skin layer formation on the surface of the specimens, this layer served
to protect the bulk solution below, which was still an easily injectable liquid, from air
contact. It is considered that more protection of the liquid phase might be dependent on
minimizing carbon dioxide evaporation using very tightly closed narrow vials with
relatively less surface area. The injectable solutions CI and CII were still capable of
forming crosslinked hydrogels upon incubation at 37 °C. However, the SI solution
containing Hep (0.120 mg/mL) (obtained at pH 6.46) which had been exposed to phase
separation, lead to a weak white precipitate agglomeration at the bottom and liquid on
top. Therefore, the lyophilization method was found suitable for CI and CII control

samples but not for the composite hydrogels including Hep.

3.5.3 Sol-gel Transition and Gelation Features

In CS-NaHCOj; systems, gelation depends on pH and temperature (See Chapter 1).
Since gelation is driven by carbon dioxide release during an ionic reaction, it initiates
at the surface in 3-10 min and progress towards the bulk over time. Hence, more time
(3-48 h) is required for complete gelation of all of the solution. The incipient gelation
speed of different liquid hydrogel compositions were tested by using a common

practical test for hydrogels, called the ‘test tube inversion method’ was used.

As described in Section 3.5.2., the incipient gelation time (tig.) of hydrogel solutions in
the average human body temperature (37 °C) were determined by using a test tube
inversion method. The hydrogel solution (2 mL) was placed into a glass tube sealed by
a push polythene plug lid (@: 18 x 75 mm) and placed in a silicone oil bath at 37 °C.
The tube was tilted every minute to detect gelation behaviour. Figure 3.11. shows a
representative test-tube inversion method for testing for the sol-gel transition point, or
tig, for a liquid hydrogel specimen (SI) (at left) and gel formation initiated in 7 min at
37 °C which is seen in the reversed test tube (at right). In addition, Table 3.4 summarizes

ti¢. values for all initial liquid hydrogel formulations.
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Sol

Figure 3. 11 Demonstration of sol-gel transition using the test tube invert method. Liquid
composite hydrogel solution (SI, non-modified) in a test tube which flows easily when the tube is
reversed (left), and gelation started from the surface of the solution in 7 min after placing the tube
in an oil bath at 37 °C (right).

Table 3. 4 The incipient gelation time of initial hydrogel compositions was determined by the test
tube inversion method at 37 °C immediately after the synthesis of the liquids at 4 °C.

Incipient gelation
Sample Names and codes| time (t;) (min)
Cl:Cs 8
Cll: CS+HA 7
Sl: CS.0.1HA.0.005Hep 5
Sll: CS.0.1HA.0.015Hep 10
SliI: CS.0.1HA.0.025Hep 7

Modification of hydrogel formulations by exposure to the additional heat sterilisation
of CS dispersion with glycerol additive has led to a decrease in the incipient gelation
time, of 2-3 min. The incipient gelation times determined for all modified hydrogel
compositions are given in Table 3.5. Addition of HA into CS hydrogels (CII) has led to
a decrease of the gelation speed. Hep had a further contribution to gelation in composite
hydrogels in that the composite SI hydrogel sample (CS.0.1HA.0.005Hep), had a t; o, of
3 min and obtained a compact and stable hydrogel after 24 h incubation at 37 °C (See
Figure 3.12).
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Stable hydrogels (further incubated at 37 °C)

Figure 3. 12 A diagram of the sol-gel transition in a modified composite hydrogel (SI:
CS.0.1HA.0.005Hep) obtained from a solution having a final pH above 6.4. Incipient gelation
occurred at 3 min in a test tube placed in an oil bath at 37 °C is shown at left. The photographs of
stable and elastic hydrogels acquired after further incubation at 37 °C for 24 h and 48 h are shown
at the Top and Bottom images at the right side of the diagram. A hydrogel showing flexible
behaviour when pressed on by a spatula, is demonstrated at the top right corner (for a 24 h sample).

Table 3. 5 The incipient gelation time for all modified hydrogel compositions was measured by
test tube inversion method at 37 °C immediately after synthesis of liquids at 4 °C.

Incipient
Sample names and codes | gelation time
(t;g), (min)
Cl: CS 5
Cll: CS-0.1HA 4
$0: CS-0.1HA-0.0015Hep 3
Sl: C8.0.1HA.0.005Hep 3

The gelation was initiated at the surface in a few minutes while the entire hydrogel
formation in bulk took more time. The gelation speed was found to be dependent on
several factors, including the extent of air contact, surface area, and the amount and
thickness of the solution. Once hydrogels in a 37 °C fan-oven were allowed direct air
contact, the gelation reaction was visually observable, showing the formation of small
bubbles on the surface; due to carbon dioxide release. Therefore showing the
inevitability of direct contact to air speeding up the gelation process. In order to ensure
the gradual formation of stable and uniform hydrogels, direct air contact of the solutions
was avoided by obtaining hydrogels in tightly closed containers with lids (test tubes or
petri dishes). The solutions in test tubes were sealed with push caps, providing
loosening was left at level one to allow slow release of carbon dioxide for gradual
gelation. Along with air contact and open surface area, gelation is also found to be
dependent on the solution’s thickness. As reported by Boucard et al., (2005), For CS
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solutions in hydroalcoholic solvents, the gelation speed increases as the thickness of the
solution decreases and becomes irrelevant after a certain thickness due to the formation
of a skin layer on top which slows down water diffusion at a certain rate. Similar
circumstance occurred in the present gelation system in which initially, a skin like gel
formed on the top surface and becomes harder over time and reduces the reaction speed

for its bulk.

Complete stable hydrogels were obtained faster (< 24 h) in plastic petri dishes (90 mm
x 16 mm) than those of in thicker glass petri dishes (100 mm x 15 mm) (<48 h) with
heavier lids leading to slower carbon dioxide emission. In addition, the gelation of
solutions (2 mL) in test tubes (@: 18 x 75 mm) having approximately 10 mm of solution
thickness, took place slower than in those of the petri dishes (~5 mm thickness of
solution) due to lower surface area and higher thickness of the solution. However, 48 h
incubation at 37 °C was enough to form stable hydrogels either in glass petri-dishes or
test tubes. The faster reaction and liquid removal occurred in the plastic petri dishes and
stable hydrogels were acquired between 3 h to a maximum of 24 h at 37 °C. Further
incubation of up to 48 h led to the formation of solid films rather than hydrogels. For
storage reasons, glass dishes or test tubes were generally preferred for obtaining

hydrogels within.

Employing glycerol in modified hydrogels, has served the aims of heat protection of
CS and improving the elasticity and mechanical properties of hydrogels. The results
showed that the sterile technique including involvement of glycerol has contributed to
increase, at a final solution pH of between 6.40 and 6.45 by preserving solution
homogeneity. Solutions having pH below 6.4 were still weaker during handling, as
initial hydrogels. However, much more stable and elastic hydrogels were obtained when
solution pH was slightly exceeded beyond pH 6.4. The significant enhancement of
mechanical properties in modified hydrogels obtained with a solution of pH 6.40-6.45
was confirmed by compression strength tests (discussed at Section 3.5.8). These results
were attributed to the combined effect of pH and glycerol leading to further
strengthening of hydrogels, due to the formation of more hydrogen bonds leading to
further crosslinking between CS and NaHCO; salts. Furthermore, the interlocking

network structures of these hydrogels were also revealed by SEM analyses. Therefore,
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as discussed in Section 3.5.2, in addition to the effects of solution homogeneity, gelation
speed and stability was significantly affected by the pH of the last neutralised solutions.
Figure 3.13 shows the of physical strength and stability of modified hydrogels which
were obtained from solutions having different pH values and those were incubated at

37 °C for 24 h.

Sol pH<6.4 Sol pH> 6.4
Top Top Bottom

¥ vt 3 4 "

Figure 3. 13 Demonstration of the effect of last solution pH on the physical strength and stability
of modified hydrogels including CI (CS) and SI (CS.0.1HA.0.0005Hep) solutions. These
specimens were obtained with a lower and higher final solution pH of 6.21 and 6.43; and 6.25 and
6.46, respectively, upon their incubation at 37 °C for 24 h. The weaker hydrogels obtained below
pH 6.4 are shown at the left side of the image (only top surfaces) while the more stable hydrogels
obtained from solutions having pH above 6.4 are seen at the images in the middle and right side
showing their top and bottom surfaces respectively.

As shown in Figure 3.14, incubation of hydrogel solutions for 48 h at 37 °C of has led
to acquisition of stronger elastic hydrogels from different compositions. While sole CS
hydrogel (CI) was transparent, composite hydrogels were more opaque and whiter in

colour.

Cl Cll S0

Bottom

Figure 3. 14 The photographs of physically and mechanically stable modified hydrogels taken
from different angles for hydrogels with different compositions: CI (CS), CII (CS.0.1HA) and SO
(CS.0.1HA.0.0015Hep) synthesised with the last pH of 6.40-6.45 in final solution and acquired
upon 48 h of incubation at 37 °C.
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3.5.4 Injectability Measurements

3.5.4.1 Qualitative Injectability Analyses

The injectability of the initial hydrogel solutions were assessed by flow features
immediately after their synthesis. Each hydrogel solution specimen was manually tested
by evaluating the ease of injectability against air and, assessed by the fellt pressure
required to expel the hydrogel solutions through a range of needles coupled with a
syringe. The qualitative injectability results for each hydrogel solutions were tested by

using different sized needles and are summarised in Table 3.6.

Table 3. 6 Qualitative injectability assessment by rating the flow of different hydrogel
compositions through manual injection via a range of needle sizes (1).

Samples: Needle Gauge (G) Sizes

18 19 20 21 22 23 25
CI dkdkdkhk *kdhhk *kkdkhdk d*hddk *kkk dkk *%
CII *hkhhk *hkhhk *hkhhk *kkdkk *kkk *kk *%
SI dkdkhhk *hkhhk *kkdkhk *ehkkk L2 *kk *%
m *hkkhhk *hkkhhk *hkkhhk *kkkk *kkk *kk *%
wl] *hkkhhk *hkhhk *hkkhhk *kkhkk *xk *kk *%

(1) %xddr* perfect flow

*****  good drop flow

L ohhukod drop flow with slight pressure

baboad drop flow with high pressure

bl drop flow with very high pressure

* no flow
All liquid hydrogel formulations had steady and fast, perfect flow from 18-20 G
needles; these were rated with six-stars. Fast and steady drop flow was observed in all
compositions from 21 G needles. All compositions except SIII, had steady drop flow at
slight pressure when a 22 G needle was used. The SIII specimen, having the highest
concentration of Hep, exhibited a slightly more viscous behaviour in comparison to that
of other liquid formulations. The additive impact of Hep on viscosity and elastic
modulus has also been encountered in Rheology measurements, which will be discussed
in Section 3.5.5. The applied (felt) injection force to expel hydrogel solutions were
increased for injections through 23 and 25 G needles. However, all solutions had a
steady dropwise flow with applied high pressure even with 25 G needle. Overall, a
needle size of 21 G was found to be the optimal minimum needle thickness for the

efficient injection of all the liquid hydrogel compositions.
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Heparin-free samples may preserve their injectability capacity for a long term since they
showed long term liquid flow stability during storage of up to 6 months refrigerated at
4 °C. This storage stability can be increased by keeping solutions in tightly closed test
tubes. Hydrogel solutions containing Hep formed a skin-like layer on surface of
solutions in tubes after 3 weeks of refrigeration. Therefore, the longer-term storage of

the composite solutions may affect their injectability performance.

Regarding the modified hydrogel formulations prepared by autoclaving CS dispersion
in water-glycerol media; these solutions showed a similar flow trend to that of initial
hydrogel solutions in the first day of the synthesis. The flow of modified sterile hydrogel
solutions captured from the videos recorded during injection testing through a range of
needles, immediately after synthesis, are presented in Figure 3.15. The optimal minimal
needle thickness for the injection of all compositions was also found to be 21 G.
However, the viscosity of all modified liquid hydrogels increased after 24 h of
refrigeration at (4 °C). Injectability of all hydrogel solutions becomes harder when using
thinner needles. The injection test after 10 days of storage showed that there was still
flow from the thickest needle size used (18 G) using moderate pressure. A constant

elastic flow was observed by injection through the 5 mL syringe without a needle.

/
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Figure 3. 15 Photographs captured from the videos taken during from injectability tests. The
steady or drop flow features of a sterile modified composite hydrogel formulation (SI) was tested
immediately after synthesis, through a range of needles with increasing Gauge sizes.

The more elastic and adhesive solution properties that were observed in these modified
hydrogel solutions, might be attributed to the impact of glycerol on sol-gel rheology
and elasticity. The decrease in injection capacity from/after storage might be associated
with the slight break down of polymer CS due to heat applied during autoclaving (132

°C). The stronger electrostatic interactions, causing an increase in the speed of
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hydrophobic effects with neutralising agents and additionally, with Hep in composite
solutions might cause increase in viscosity and cause early gelation of the solution.
Therefore, the slight decrease of the autoclaving temperature to around 121 °C would
be beneficial except that it could not be applied due to absence of temperature control

in the available automatic autoclave.

3.5.4.2 Quantitative Injectability Analyses

Injectability tests, which involved measurements of the force applied against the
constant displacement (30 mm) of a syringe plunger over 1 min to expel 5 mL of
solution were performed in two different modes; the injection tests through a needleless
10 mL syringe, and tests through the syringe in conjunction with a needle (19 G or 21
G). The force versus displacement or time curves has shown similar patterns with those
reported in the literature (Cilurzo et al., 2011). As an instance, in Figure 3.16.a, the first
sharp peak seen with coloured dots for each sample represents the initial glide force
(IGF) required for syringe plunger movement; the second part of the graph, with stable
lines, indicate the dynamic glide force (DGF), which is referred to as the constant force
required to maintain movement of the syringe plunger, and a sharp peak seen at the end
of the graph occurs when the plunger makes contact with the end of the syringe. The
IGF was detected as the maximum force point in the early part of the experiments (<5
sec) and the maximum force measured during the whole test was referred to as Fmax.
The mean IGF and Fuax forces were calculated from the mean force values and standard
deviations in repeated tests. The DGF, which is the combination of many data points
into lines, was calculated as the mean of the forces on the common straight lines found
at the region of 5-55 seconds for all samples. The DGF calculations also included the
mean of repeated trials of each formulation (n=6) and are presented with their standard

deviations.

For initial hydrogel solutions, injectability features were tested/measured on their
synthesis day (Day 0) in needleless and 19 G needle coupled syringe modes. These
solutions were also tested after 3 days after their synthesis (Day 3) at needleless and 21
G needle coupled syringe modes. The force versus time graphs during the injection tests

obtained in Day 0 and Day 3 are given at Figure 3.16 and Figure 3.17, respectively and
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the mean IGF, DGF and Fnax forces are summarised in Table 3.7. and Table 3.8.,
respectively for Day 0 and Day 3.

—Cl —cll —sI
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Figure 3. 16 Quantitative injectability test results of non-modified initial hydrogel solutions with
different compositions including CI, CII and SI on the same day of their synthesis (Day 0). The
force measurements during injection through a 10 mL syringe a. without a needle (needleless) and
b. coupled with a 19 G needle.

Day 0 injectability test results showed that all samples had approximately 1.4 N of IGF
in needleless mode and up to ~5 N through a 19 G needle. It was seen that the DGF
increased respectively for the samples: CI, CII and SI. The composite SI sample
combining CS, HA and Hep required the biggest injectability force in needleless tests.
However, this trend changed when injection took place with a 19 G needle wherein the
maximum Day 0 DGF force (13.6 0.4 N) belonged to the sole CS (CI) sample. The
minimum Day 0 force (10.7+0.3) was obtained with the CII sample. This might be
associated with the contribution of HA to reducing shear stress, making flow easier.
The Hep involved SI sample, however, possessed a slightly higher mean DGF force
(11.9£0.2) than CII. This may be caused by the impact of Hep slightly increasing the
viscosity of the solution. This result was confirmed as well by Rheology measurements.
A similar trend was observed with the Fmax forces obtained in tests with al9 G needle,

where the highest value (14.34+1.7 N) was for the CI, sole CS sample .
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Table 3. 7 The quantitative injectability results by measurements of forces in different stages of
injection for diverse non-modified initials hydrogel solution compositions: CI, CII and SI obtained
in the same day of synthesis (Day 0). Experiments were performed using both a needleless and 19
G needle-coupled syringe. The results were expressed as mean + standard deviations (SD) (n=6)
(SD for experimental replicates).

Needleless 19 G needle
Cl Cll SI Cl Cll |
IGF (N) 4.3+0.7 3.0+1.1 3.3+0.7 49425 5.0%1.0 3.1+1.6
DGF (N) 0.7+0.1 0.9+0.1 1.240.1 13.6+0.4 10.7+0.3 11.9+0.2
Frmax (N) 4.6+0.3 4.5+0.3 4,0+0.2 14.3+1.7 11.1£1.1 13.6+1.4

*IGF: initial glide force; DGF: dynamic glide force; Fa: maximum force expressed as Newton (N)
The injectability of initial hydrogel solutions tested after 3 days (Day 3) in needleless
and 21 G needle are shown in Figure 3.17 and Table 3.8. In needleless flow tests, all
liquid hydrogel specimens have shown very similar DGF forces ranging between 1.1-
1.5+£0.1 N. The highest Fmnax of 5.320.3 N, was seen with the CI sample. In addition,
needleless injectability results were almost same on Day 0 as on Day 3. The experiments
did not show any significant change as a result of storage. In regards to injectability
tests via a 21 G needle in Day 3, all forces were higher than those of Day 0 injectability
tests done with 19 G needles and ranged between 25 and 30 N, which is comparable
with reported manual injection forces (Burckbuchler et al., 2010). The increase in

injectability force was due to needle size difference.
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Figure 3. 17 Injectability of non-modified initial hydrogel solutions with different compositions
including CI, CII and SI, 3-days after their synthesis. The force measurements during injection
through a 10 mL syringe a. without a needle (needleless) and b. coupled with a 21 G needle.

The Day 3 injectability results with 21 G needle tests have shown similar differences

between the specimens as in Day 0. Similarly, the CI sample had the highest DGF and
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Frmax measurements, which are 30.3+1.5 N and 31.5£6.2 N, respectively. The least
injection force required belonged to the CII sample (DGF: 27.6+0.4 N) and Fumax
28.244.3 N). This result may be related to the beneficiary effect of HA making flow
easier due to a reported shear stress reduction effect (Knowles et al., 2000; Raii et al.,
2012). The mean forces acquired for the SI formulation were akin to those of CII
values. However, tiny local force peaks were observed in the SI specimen which can

be attributed to higher solution viscosity.

Table 3. 8 The quantitative injectability force measurements during injection of non-modified
initial hydrogel solutions: CI, CII and SI obtained after 3 days of synthesis (Day 3). Experiments
were performed by both a needleless and 21 G needle coupled syringe. The results were expressed
as mean + SD (n=6) (SD for experimental replicates).

Needleless 21 G needle
Cl cll Si Cl Cll G|
IGF (N) 1.9+0.4 2.6+0.5 2.31£0.2 26408 1.9+0.1 5.5+2.0
DGF (N) 1.1£0.1 1.3£0.1 1.2+0.1 30.3%1.5 27.610.4 28.0£0.5
F Max (N) 5.3£0.3 3.7+0.2 2.3+0.2 31.516.2 28.2+4.3 29.9+4.3

*IGF: initial glide force; DGF: dynamic glide force; F ... maximum force expressed as Newton (N)
Although during the tests, solutions in tubes were kept cold in an ice bath, the opening
of the solution in test tubes leading to the evaporation of some carbon dioxide, might

also have partially caused the viscosity increase in the remaining solutions that were

used in tests at Day 3.

Regarding injectability tests of modified hydrogel solutions, they were tested on their
synthesis day (D0) and one day after (D1) in both needleless and 19 G needle coupled
syringe modes. The force measurement graphs for each of the modified hydrogel
formulations are shown in Figure 3.18 and the mean IGF, DGF and Fnax forces with

their standard deviations are given in Table 3.9 for both test days.

In Day 0 tests, the sole CS solution (CS) has shown the highest DGF values of 2.8+0.2
N and 18+0.8 N for needleless and 19 G needle test modes, respectively. The
fluctuations in the graph line of the CI sample might be due to local force changes
during plunger displacement indicating the highest solution viscosity of all
compositions. The injection forces during needleless flow tests were below 5 N for both

days. However, more fluctuations, reducing the evenness of flow, at the force lines of
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Hep composite hydrogels (SO and S1) were observed. From DO to D1, the least change
in solution injectability was observed with an increase of approximately 5 N. The
highest increase at DGF was belong to SO sample with an about 20 N increase reaching

almost up to 35 N.
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Figure 3. 18 Injectability of Modified sterile hydrogel solutions with different compositions
including CI, CII, SO and SI at Day 0 and Day | of the synthesis represented as DO (at left) and
D1 (at right). The force measurements versus time obtained during injection through a 10 mL
syringe for DO and D1 were given for the cases of needleless (a. and ¢.), and 19 G needle (b. and
d.).
In Hep containing samples, the increase in viscosity after storage was expected, due to
ionic interactions of counter charged Hep and CS at the molecular level. The limitations
due to storage time of the solution by the addition of Hep is also covered in Section
3.5.2. Unexpectedly, a lower mean injection force (Fmax: 24 N) was obtained for the SI
sample that had a higher amount of Hep than S0. This may be due to the degree of
homogeneity of the mixture during the tests or the synthesis. The homogeneity of the
solution is highly affected by the speed of the addition of the neutralizing agent. Its
amount and mixing speed during synthesis could directly affect the solution viscosity
and thus injectability. Therefore, more attention might be required to ensure optimal
solution homogeneity both during both the synthesis and prior to the injection tests by

sufficient mixing.
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Table 3. 9 The quantitative injectability results of Modified sterile hydrogel solutions for the
compositions of CI, CII, SO and SI. Experiments were performed using both a needleless and a 19
G needle coupled syringe. The results obtained on the synthesis day (Day 0) of the solutions, and
1 day after synthesis (Day 1) are represented as DO and D1 respectively. The results were expressed
as a mean + SD (n=6) (SD for experimental replicates).

Needleless 19 G Needle
cl ci S0 sl cl ci S0 s
IGF(N) 52 27403  30+1.1 2.3+06 3.540.2 27+12 3.1%15 29406

D0 DGF(N) 28+02 1.440.1 0.9+0.1 1.3+0.1 1810.8 14.9+0.2 14.9+0.2 12.7+£0.2

Fmax (N) 52403 5.0+0.3 5.7+04 5.0+£0.3 214+29 16.6+1.9 15.9+1.7 16.9+1.6

Not
detected

DGF(N) 24+0.2 1.6+0.2 3.0£05 29406 26.1+1.0 19.240.5 34.9+1.6 22.7+0.7

IGF (N) 3.0+£05 27402 24407 32+14 3.1+06 27402 22

Fmax (N) 3.5+04 3.8+0.3 6.6+0.7 11.6+1.0 29.0+4.1 20.3+2.7 428452 244+3.2

*IGF: initial glide force; DGF: dynamic glide force; Fuax: maximum force expressed as Newton (N)

Overall, these injectability results show that initial hydrogel solutions showed better
evenness flow and injectability performance in comparison to modified hydrogels. It
was explicit from all results that the CS+HA sample (CII) showed the best injectability
performance of all samples, having overall, the smallest DGF and Fmax among all
samples. On the other hand, the results showed that addition of Hep into CS+HA
systems increased viscosity, especially during storage. This was attributed to ionic
interactions of oppositely charged CS and Hep promoting gelation. This has been also
confirmed by Rheology analyses since composite hydrogels obtained with highest Hep
concentration possessed a higher elastic modulus and decreased gelation temperature.
The degree of the viscosity of the solution might also depend on Hep concentration and
solution homogeneity, which is affected by neutralisation reaction conditions during the
synthesis and success of mixing, prior to injection. In addition, storage time and
conditions, such as air contact or storage temperature of the solution are also found to

be significant parameters.

3.5.5 Rheology Analyses

In rheology measurements, during the temperature sweep tests, there was a slight
decrease in both viscous (G’’) and elastic modulus (G’) occurring between 15 °C to
nearly 30 °C, which was then altered by the gradual increase of G’ suppressing the G*’.

The point where both curves crossover was determined as the incipient gelation point
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(tig.) indicating that the behaviour of solution elasticity has started to become dominant
over its viscous behaviour. A key rheology graph at Figure 3.19 showing a temperature
sweep test (15-60 °C and 60-15 °C) of the sole neutral CS solution with an initial CS
concentration of 6% (w/v) demonstrates main sol-gel transition characteristics of CS
based hydrogels neutralised by NaHCOs. As can be seen in this graph, the tig was

determined as 35.9 °C for this solution.
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Figure 3. 19 The viscous (G’’) and elastic modulus (G”) changes for the sole CS solution (6% w/v
initial concentration neutralised by NaHCO3) during the temperature sweeps by heating step (1)
from 15 to 60 °C, with sol-gel transition starting at 35.9 °C and cooling step (2) where temperature
was lowered back to 15 °C.

Between ~ 33 °C to 60 °C, the elastic modulus (G”) of the solution increased up to ~500
Pa. Then, during the cooling step (2) from 60 °C to 15 °C, after a slight decrease, G’
increased slightly and stayed constant at almost the same mechanical strength acquired
during heating. This has indicated the irreversible thermosensitive gelation of CS based

pH and thermosensitive injectable hydrogels neutralised by NaHCO:s.

In Figure 3.20, elastic and viscos modulus changes in the all liquid initial hydrogel
formulations during temperature sweeps from 15 to 37 °C are given. The results have
shown that the CII sample, composed of CS and HA, possessed a lower incipient
gelation point than the sole CS solution; from 36.6 °C to 30.9 °C. A further contribution
to decreasing the gelation temperature was made by the addition of Hep in composite
(CS/HA/Hep) hydrogels. The increasing Hep concentration led to quicker gelation in
composite hydrogels, starting at 13 min, at 28 °C for SI (0.12 mg/mL), and at about 6
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min and 21 °C for the SIII (0.60 mg/mL) samples. The exceptional SII composition
showed slower gelation that started at about 31 °C. This might be associated with the
distribution of Hep in samples due to the insufficient mixing of solutions prior to
experiments. However, it is explicit that the SIII sample with the highest Hep
concentration has exhibited a significant increase at the elastic modulus as temperature
increased from about 5 Pa to 130 Pa as well as showing a lowered incipient gelation
point. The high viscosity of the SIII solution was also physically observed during
qualitative injection rating. Since this SIII solution with the highest Hep concentration
(0.60 mg/mL) can limit injectability due to its increasing viscosity during storage, this
composition was not used in further experiments despite its better mechanical strength.
The composite SI solution with the lowest concentration of Hep (0.12 mg/mL), has

been used instead (representing the maximum concentration of Hep) in further studies.
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Figure 3. 20 Temperature dependent elastic and viscous modulus changes during oscillation tests
carried out at a 1 Hz constant frequency and with heating from 15 to 37 °C at the speed of 1 °C/min
for all initial liquid hydrogel formulations: a. CI (CS) b. CII (CS.0.1HA) e¢. SI (CS-
0.1HA.0.005Hep) d. SII (CS.0.1HA.0.015Hep) e. SIII (CS.0.1HA.0.025Hep).
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In addition, liquid hydrogel solutions were exposed to a time sweep at a constant average
body temperature of 37 °C, to investigate time dependent viscoelastic alterations of the
hydrogels. A representative rheology test result, which involve a temperature sweep
from 15 to 37 °C followed by holding temperature at 37 °C for 30 min and then cooling
temperature back to 15 °C, is demonstrated at Figure 3.21. During heating (15-37 °C)
the G’ rose from about 5 Pa to 25 Pa. Following this, during the 30 min time sweep, by
holding temperature at 37 °C, the elastic modulus of the formed hydrogel increased from
approximately 40 Pa to 260 Pa. This is shown as a vertical pink line in the graph at
Figure 3.21.a. These results indicate that these CS based hydrogel formulations that start
gelation within minutes, upon injection at tissue defects, have a great potential for time
dependent strengthening and settling at body temperature. When the reversal
temperature sweep (cooling) was applied, the elastic modulus gained during heating was
maintained and stayed relatively constant with a slight increase, showing once again the

irreversible gelation behaviour of these hydrogels.
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Figure 3. 21 The elastic and viscous modulus changes for the CII (CS.0.1HA) liquid hydrogel
formulation during a temperature sweep by heating (1) from 15 to 37 °C followed by a time sweep
involving holding the temperature at 37 °C and then cooling the temperature back to 15 °C: a.
whole test including temperature and time sweeps b. a time sweep only while holding the
temperature at 37 °C.
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3.5.6 Morphological Analyses by SEM

The initial hydrogels after freeze-drying possessed an interconnected and porous
morphology. The folding polymer structure on the top surface of the hydrogels is
considered due to the vacuum during freeze-drying. The measured minimum, maximum
and mean pore diameters in hydrogels were 19.5 um, 158 pm and, 73.4 um respectively.
Figure 3.22 demonstrates the SEM morphological images of sole CS and composite
CS/HA hydrogels, comparatively. The sole chitosan hydrogels possessed a semi
crystalline polymer matrix with rough surface features. It is considered that this surface
roughness has been contributed to by the evaporation of carbon dioxide from surface
and the deposition of small crystals due to dissolved or precipitated sodium salts from
the neutralizing agent and possibly from side products of Na acetate and Na,CO; (Liu
et al., 2011; Rogina et al., 2017). The presence of salt crystals in hydrogels, were
discussed in the section on XRD analyses. The rough surface morphology contributed
to by NaHCO; is expected to induce cell attachment on the surface as has been reported
(Deligianni et al., 2000;Deng et al., 2017). Furthermore, a more crystalline rough
surface microstructure was observed in composite CS/HA hydrogels. The smaller rough
spherical HA particles seemed to attach on and cover crystalline salts that could be the

indication of ionic binding between HA and sodium salt crystals.
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Figure 3. 22 SEM microstructure images of freeze-dried hydrogels at different magnifications: (a-
¢). CI (CS): sole CS hydrogel obtained after neutralisation by NaHCOs given, and (d-f). CII
(CS.0.1HA) hydrogel with HA particles deposited on a CS matrix. Yellow arrows and green
squares respectively identify HA crystals and sodium salt crystals, originating possibly from the
used neutralizing agent. (Scale bars correspond to a. 100 um, d. 20 pm, (b and e). 10 pm, (¢ and

f). 5 um.)

The same samples were analysed by SEM after 8-months of storage in a desiccator with
silica gel. The results have shown that sole CS polymer matrix hydrogel showed a
relatively smoother surface when analysed, as well as a deficiency of salt crystals
leaving some cracks behind. This might be associated with salt induced hygroscopic
structure leading to moisture transportation and the further dissolution and evaporation
of crystals by the induction of surface tension (Koniorczyk & Gawin, 2008). In addition,

pores become more open by the removal of salts. This interconnected and porous
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morphology can be seen more explicitly in Figure 3.23 (b-g). Hydroxyapatite crystals

seem also to have deteriorated through time.

Figure 3. 23 SEM micrographs of freeze-dried hydrogels taken after 8 months of storage given at
different magnifications (a-d). CI (CS): from sole CS, and (e-h). CII (CS.0.1HA) yellow arrows
indicate HA particles. (Scale bars correspond to: (a and e). 100 pm, (b, ¢, fand g). 10 um, (d and
h). 1 pm.)

The composite hydrogels containing Hep (CS/HA/Hep) exhibited smooth surface
morphology by the coating effect of Hep that covers all crystalline salts and HA
particles which then seem to be embedded underneath. However, rough HA particles

could be still seen at some locations. As the Hep concentration increased this coating
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impact could be seen more explicitly. In Figure 3.24, the SIII composition, having the
highest amount of Hep (0.60 mg/mL), showed the smoothest morphology. The HA
crystals were located as agglomerates of small spherical particles dispersed in different
parts of the polymer matrix surface. The bigger prismatic shaped crystalline structures

were attributed to Na salts deposited on a semi crystalline polymer structure.

Figure 3. 24 SEM images of freeze-dried composite hydrogel, SIII (CS.0.1HA.0.025Hep) which
has the max Hep concentration (0.60 mg/mL). Yellow arrows show HA particles, while salt
crystals deposited due to NaHCO:s salt are demonstrated in a green square. (Scale bars correspond
to: a. 100 pm, b. 10 um, (c-d). 5 pm, e. 6 um f. 3 um.)

In the SI sample (0.12 mg/mL Hep), some bubbles appear that might be attributed to
the release of CO; during gelation. If the quick gelation occurred due to air contact with
the solution, this could have caused the forming of bubbles from burst release of CO»,

(Figure 3.25).
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Figure 3. 25 SEM images of freeze-dried composite hydrogel SI (CS.0.1HA.0.005Hep) with 0.12
mg/mL Hep, taken at different magnifications. Yellow arrows show HA particles while the green
square demonstrates the bubbles formed on the surface of the hydrogel due to CO: release during
gel formation. (Scale bars correspond to a. 100 pm, b. 10 um, ¢. 5 pm, (d-e). 20 pm f. 10 pm.)

The modified hydrogels obtained via the CS sterilisation step, exhibited a morphology,
totally different from that of the initial hydrogels. Furthermore, modified hydrogels
acquired with a pH of between 6.4 and 6.5 in final solution, differed from hydrogels
which were produced with lower pH (6.2-6.4). The hydrogels produced from solutions
having a pH above 6.4 showed a flat bone like morphology, having a hierarchical porous
structure between two flat surfaces. Figure 3.26 shows the sole CS hydrogels obtained
after the gelation and freeze-drying processes. The porosity at the cross-section of
hydrogels involved a hierarchical porous structure possessing very big pores (~500 pm)
which were separated by thick and denser walls composed of tiny micropores (~5 pm)
(Figure 3.26 e and f). Having a thinner and rougher morphology than the bottom surface
(Figure 3.26 a), the top surface of the hydrogels (Figure 3.26 b) had some closed or
open bubbling formations, considered to be formed due to CO; evaporating during

gelation.
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Figure 3. 26 SEM images of modified hydrogel, CI obtained from sole CS after neutralization by
NaHCO:s to a pH slightly higher than 6.4. Images were taken from a. bottom b. top and c. cross-
section and (d-f). the magnified versions of square areas in image c. All images have a 100 pm
scale bar except f. with a 1 um scale bar
As for CS/HA composite hydrogels possessing a pH of above 6.4 (Figure 3.27.), the
decrease of pore sizes hierarchically from the outer to inner layers of the hydrogel
structure is easily seen in Figure 3.27.c and Figure 3.27.d. The majority of HA crystals
were located at the porous regions in the cross-section of the hydrogels, while bottom
surfaces possessed only bigger HA particles due to gravity. The spherical flower like
porous HA crystals covered the macropores thoroughly and dispersed on the nearby
thin micropore surfaces. The porous and rough surface topology of HA (study’s own
synthesis, HA-5 specimen) crystals seem quite promising for bioresorption and
bioactivity performance. This was later confirmed by the SBF bioactivity studies

elaborated in Chapter 4.
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Figure 3. 27 SEM images of modified hydrogel composite CII (CS.0.1HA) having a pH above
6.4. The cross-section images were taken at different magnifications. Yellow arrows and square
show porous HA crystals covering on polymer matrix. (Scale bars correspond to a. 100 um, (b-
d). 10 pm, (e-f). 1 pm.)

Regarding composite hydrogels involving Hep (CS/HA/Hep), these possessed a similar
morphology to CS/HA hydrogels. However, the coating effect of Hep covering the
surfaces of rough HA and salt crystals was observed in modified hydrogels as well

(Figure 3.28).
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Figure 3. 28 SEM images of modified composite hydrogel, SI (0.12 mg/mL of Hep)
(CS.0.1HA.0.005Hep) obtained with a pH above 6.4 in final solution. The cross-section images
were taken at different magnifications. Yellow arrows and square show spherical HA crystals
seemingly coated by Hep. (Scale bars correspond to: (a-b). 100 um, ¢. 10 um, (d-f). 1 pm.)

Modified hydrogels obtained with lower pH than 6.4 (6.2-6.4) possessed a different
morphology filled with only tiny micropores approximately 5 pm diameter. There was
a more compact layer next to the top surface, and a more porous structure underneath.
The micropores exhibited a geometrical, honeycomb like morphology, as can be seen
in Figure 3.29. These hydrogels have been used to evaluate their bioactivity
performance and their morphology, during incubation in SBF. Their contribution to

biomineralisation will be assessed in Chapter 4.
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Figure 3. 29 SEM micrographs of a sole CS hydrogel obtained with a pH between 6.2-6.4 in final
solution after gelation and freeze drying, at different magnifications. (Scale bars correspond to: (a-
b). 100 um, ¢. 10 um, d. 1 um.)

Overall, SEM analyses showed that the hydrogels exhibited diverse morphological
properties as a result of different synthesis conditions. The initial hydrogel formulations
that were not exposed to the heat sterilization of CS, showed an interconnected and
porous morphology that was respectively more uniform than the microstructure of
modified hydrogels whose final pH at solution state was above 6.4. The commercial
HA that had been used in initial hydrogels, showed small rough spherical particle
properties which were dispersed over the CS matrix. The study’s own synthesis HA
(HA-5) used in modified formulations also possessed a spherical and rough morphology
exhibiting flower like and highly porous active surface features. In both initial and
modified hydrogels, the inclusion of Hep has led to a coating effect covering the surface

of particles and making it smoother.

It has been seen that morphology of the modified hydrogels strongly depends on the

final pH of the hydrogel solutions after their neutralisation. As aforementioned,

hydrogels obtained from a final solution having a pH below 6.4 (6.2-6.4) exhibited a

more uniform structure filled with very tiny pores (~5 pm). On the other hand, hydrogel

solutions whose pH values slightly exceed 6.4 were provided a hierarchical anisotropic

morphology having large pores (~500 pm) divided by dense small micropore walls.
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These interlocking pore walls in these hydrogels, having pH above 6.4, enhanced
mechanical stability by having a significantly higher compression strength. This is

discussed in detail in the following section.

3.5.7 Mechanical Analyses by Compression Tests

The mechanical durability of hydrogels under compression stress were measured up to
a certain percentage of strain, which were 40% and 75% for sample groups which have
a solution pH of 6.2-6.4 and 6.4-6.5, respectively. Figure 3.30 shows a demonstration
of compression testing steps of a modified stable hydrogel SO (solution pH: 6.4-6.5)

tested by a UTM in compression mode.

Figure 3. 30 The compression test steps applied on a composite modified hydrogel specimen, SO
(CS.0.1HA.0.0015Hep) a. top and b. bottom images of sample, and ¢. sample placed between
compression plates d. the loading cell is lowered until it has just a contact with the sample and for
e. and f., the sample’s appearance after an applied compression of up to 75% strain.

The compression stress-strain curves for hydrogels with lower pH (6.2-6.4) and higher
pH (6.4-6.5) are given in Figure 3.31 and Figure 3.32, respectively. For hydrogels with
lower pH (6.2-6.4), the results showed that strength range were between 1.5 kPa to 14
kPa at the 40% strain point. In comparison with the mean values of CI (CS), the CII
(CS.0.1HA) sample showed a higher strength, reaching ~7 kPa. On the other hand, the
SI sample with Hep (0.120 mg/mL) possessed the lowest mechanical strength reaching
approximately 6 kPa stress. The mean elastic modulus of initial hydrogel samples was

between 0.04 and 0.06 MPa.
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Figure 3. 31 The compression stress-strain curves performed up to a 40% strain in modified
hydrogel samples. These hydrogels were obtained at pH ranges of 6.2-6.4 in final solution in
different compositions: a. CI (CS) b. CII (CS.0.1HA) and c. SI (CS.0.1HA.0.005Hep). Black
dotted curves belong to three replicates of the same experiment whereas red curves indicate the
mean values of these repetitions.

Modified hydrogels obtained from the solutions having a pH above 6.4 exhibited a
significant increase in compression strength and elastic modulus in comparison to its
lower pH counterparts. The elastic moduli of the composite hydrogels, except for the
CII sample, were slightly higher than those of articular cartilage tissues reported to be
in the range of 0.45 and 0.8 MPa (Athanasiou et al., 1991; Mredha et al., 2017). The
mean Young’s modulus counted by software for CI, CII, SO and SI modified hydrogels
were 1.45,0.33, 1.51 and 0.88 MPa respectively. The mean stress at the 75% strain point
were in increasing order of 85, 177, 245 and 310 kPa for CII, SI, CI , and SO samples,

respectively.

A gradual deformation (creep) of the hydrogels under compression occurred during
testing. There was a trend of gradual deformation showing an uprising curve of stress
followed by a sudden slight decrease, and this pattern was repeated by one or two more
deformation stages up to the 75% strain level at the experiment’s end. The lowest first
deformation point was seen in sole CS sample (CI) starting at near 56% strain, which
was followed by two more deformation stages at 62% and 71% strain. This behaviour
of hydrogels under strain could be associated with their hierarchical interpenetrating,
latticed physical network that may be delaying the breakage of the modified hydrogels;
due primarily to the elasticity and in part, the stability imparted by their structures. The
occurrence of the first deformation was seen for all hydrogel compositions in the order
of CI<CII<SO<SI, with the highest retardancy of the first deformation seen in a
composite SI (CS.0.1HA.0.005Hep) specimen starting at 69% strain.
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Figure 3. 32 The compression stress-strain curves performed up to a 75% strain in the samples.
These modified hydrogels were obtained at a pH slightly above 6.4 in final solution in different
compositions: a. CI (CS) b. CII (CS.0.1HA), ¢. SO (CS.0.1HA.0.0015Hep), and d. SI
(CS.0.1HA.0.0050Hep) (Black dotted curves belong to three replicates of the same experiment
whereas red curves indicate the mean values of these repetitions), and e. the comparison of the
means of all sample groups.

3.5.8 Chemical Analyses

The chemical structure of the hydrogels and all raw materials were analysed by Infrared
and Raman vibrational spectroscopy techniques, and crystalline phases were detected

by X-Ray diffraction analyses.
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3.5.8.1 FT-IR-(ATR) Analyses

The ATR spectra of the reagent materials including CS, Hep, HA, NaHCOs;, and
composite initial hydrogel (SI), are given in stacked plot form in Figure 3.33. In the CS
powder spectrum (Figure 3.33.a), the broad peak located between 3200 and 3500 cm’!
was attributed to overlapping stretching vibrations of O—H and N—H bonds (Shahzad et
al., 2015). The shoulder peak to this broad peak is attributed to C-H stretching
vibrations seen at 2874 cm’!, the peaks at 1652 cm™ and 1593 ¢m™! to amide-I band or
C=0 and amide-II band or N-H deformation, respectively (Yar et al., 2017). The peaks
at 1419 cm™ and 1377 cm! were due to CH, bending and an amide IIT bond takes place
at 1323 cm™! (Shahzad et al., 2016). The C-N stretching bonds are designated at 1260
cm! while the peak at 1150 cm™ is attributed to C-O stretching vibrations (Yar et al.,
2017). The peaks at 1060 cm™ and 1025 cm! are attributed to C-O cyclic stretching
frequencies (Moreira et al., 2016; Rokhade et al., 2007). The shoulder peak manifested
at 896 cm™! is attributed to C-O-C stretching in saccharide rings of CS (Deng et al.,
2017; Yar et al., 2017).

The ATR spectra of Hep (Figure 3.33.b) showed that the broad peak region of an O-H
bond was seen at 3413 cm™!, whereas a small shoulder peak due to C-H vibration was
detected at 2945 cm™! (Sun et al., 2011). The symmetric and antisymmetric COO  group
vibrations in Hep are seen at 1610 cm™ and 1419 cm™ (Mainreck et al., 2011). The peaks
at 1149 cm™ and 1221 cm! are attributed to asymmetric S=O stretching from N-
sulphate and O-sulphate groups in Hep, respectively (Cabassi et al., 1978; Yar,
Gigliobianco, et al., 2016). Other sulphate group vibrations were seen at 989 cm! and
1021 cm™ (Mainreck et al., 2011). The wavenumber region of 750-950 cm! is attributed
to sulphate half esters, and in the spectra of Hep the absorption peaks at 817 cm™! and
at 891 cm™! were assigned to O-sulphate group vibrations due to C-O-S stretching; and

overlapping C-O-S and C-O-C rings, respectively (Grant et al., 1991;Sun et al., 2009).

175



d. ‘cs

neg
oo
o ©
0 ©
[ °
£ h
[
2
-
0
)
2
q
b. “Hep g . § 8
o o
| ) N :H
(] 0,4- -] - 1
1) Y - A N
2 © N\ "
a i [\ "
2 \ 2 ‘ [
: T | . S
o 02 ‘ \ & 2 s R @0 ]
8 | \ & ,-e % W/ <2 |5
< w \ A g \ ol N~ g JAL
y oL SRR | ! [ \&, \ AP M@ g,
i D N — / o V\J/ G
0,0 ; : : ; & T
C. 2 *HA P218R °
°
-
[
h |
c
[ 1
2
-
g £ 7
2 4 9
E "’ -
l N N A:

0-

d 0,40-*NaHCO3
1 ]

1612

©
0 N p 4
g 0,30 ‘(! - §
8
'°- 0,20-
a
2
< 9,10
0,00 :
* N
6. 10" b PR
o 9 ) <
0 | ] - o
H N
: )
n
2
5 05
0
2
< ®
N~
| <
4000 3000 2000 1500 1000 500

Wavenumbers (cm-1)

Figure 3. 33 The comparative ATR spectrums of reagent powders used in synthesis of composite
hydrogels including a. CS, b. Hep ¢. HA, d. NaHCOs and e. initial composite hydrogel specimen
SI (CS.0.1HA.0.005Hep).

In the ATR spectra of commercial HA powder (P218 R) (Figure 3.33.c) used in the
initial hydrogel formulations, hydroxyl stretching vibrations are observed at 3571 cm’!.
The symmetric stretching frequency of PO4= vi groups appear at 961 cm™' (Rehman &
Bonfield, 1997). The v3 asymmetric stretching of phosphate bonds locate at 1015 ¢cm™!
and 1089 cm™!, and the PO4~ v, bond is present at 473 cm! (Rehman & Bonfield,
1997; Rogina et al., 2017). The all absorption peaks over the wavenumber range of 550-
650 cm™! were attributed to the asymmetric bending (v4) of phosphate groups (Rehman
& Bonfield, 1997).
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The ATR spectra of sodium bicarbonate (NaHCOs3) (Figure 3.33.d) possess the peaks
at 1451 cm™ and 687 cm™' which are attributed to doubly degenerate v3 asymmetric
stretching and v4 plane bending frequencies of CO3~ (Joshi et al., 2013). The peaks at
1046 cm™! was assigned to v; vibrational modes of CO3~2 bond (Oliver & Davis, 1973).
The peak at 831 cm™! was attributed to out of plane deformation of carbonate (vs) from
HCO; ion. Other bicarbonate absorption peaks were observed at 990 cm™ and 1031
cm! due to vs C-OH stretching and v4 COH bending frequencies, respectively. The peak
at 1381 cm™! and 1612 ¢cm™! was assigned to symmetric and asymmetric stretching of
CO, respectively. The absorption bonds at 1381 cm™ and 1274 cm! are reported as due
to CO2 in HoO (Swayze & Clark, 1990). The bonds at 2446 cm™ and 3460 cm! are
attributed to stretching vibrations of hydrogen and hydroxyl bonds, respectively
(Swayze & Clark, 1990). The wavenumber region of 2150-2750 ¢cm™! is reported to

assign OH stretching bond from surface water absorptions (Ozdemir et al., 2007).

Regarding the ATR spectra of composite hydrogel (SI), shown in Figure 3.33.e, the
broad peak between 3100-3500 cm™! was due to overlapping of O-H and N-H stretching
vibrations and also masked the weak C-H vibration peaks at around 2800-2900 c¢cm'.
Another major alteration in peaks of the hydrogel spectrum in comparison to pristine
CS spectra was observed in the wavelength region of 1300-1700 cm! that hosts mainly

amide bonds.

The comparative ATR spectra of all initial hydrogel compositions are given in Figure
3.34. In addition, peak assignments from chemical functional groups are summarized
in Table 3.10. The overlapping of O—H and N—H stretching vibrations in the broad
spectral region at right is split into three adjacent peaks on its summit, located near 3410
cm!, 3280 cm™ and 3170 cm! wavenumbers. The peak intensities in this region were
lower in the spectra of the SIII sample that has the highest Hep concentration. This
might be due to the stronger interaction of O-H groups in Hep with N-H vibrations in
CS. The most explicit C—H stretching bond appeared near 2935 cm™! in all compositions

with some accompanying weaker frequencies around 3000 cm™! (Shahzad et al., 2015).
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Figure 3. 34 The overlay of ATR spectrums for all initial hydrogels with different compositions
including CI: CS, CII: CS.0.1HA, SI: CS.0.1HA.0.005Hep, SII: CS.0.1HA.0.015Hep, and SIII:
CS.0.1HA.0.025Hep are presented with a. peak numbers and b. peak assignments of chemical
functional groups.

The amide I or C=0 vibration peaks in the hydrogel spectra were observed at 1637 cm
U'and 1686 cm™. Amide IT or N-H bending bonds were appeared at 1544-1546 cm’!
except for the SIII sample spectra, with its corresponding peak upshifted to 1558 ¢cm!
(Yar, Farooq, et al., 2016; Shahzad et al., 2015). The peaks locating at around 1545 cm’
' were specifically attributed to symmetric deformation of NH3" cation due to
protonated amino groups of CS in acid, and the vibration at 1407 cm™! wavenumber was
associated with the presence of carboxylic acid linkages (Mansur et al., 2009). The
upshift of NH3;" bond from 1545 cm™ to 1558 ¢cm™! in the SIII sample spectra, having
the highest Hep amount, might indicate the interaction between symmetric stretching

of COO ions in Hep, and NH3* groups of CS (Mainreck et al., 2011).
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Table 3. 10 The peak assignments of chemical functional groups from ATR spectra of hydrogels.

Wi
Peak assignments with Vibrational modes

O-H and N-H stretching
m C-H stretching
Amide | or C=0

Amide | or C=0
m COO inHep

Amide Il or N-H bending

1544-1546, 1558 Symmetric deformation of NH3*

C-H bending or carboxylic acid presence
1407, 1408

CO42stretching v, vibration
C~N stretching

1300-1650 CO32v3 bond from NaHCO3

C-N stretching in CS
S=0 stretching in Hep
C-O stretching

1063-1066
C-O stretching in CS ring
1049-1052

1042, 1044 S-O symmetric stretching of SOs in Hep

C-O stretching

PO 4‘3 vz asymmetric stretching in HA
COs32in non-stochiometric apatites
PO, v, symmetric stretching in HA
923, 927, 928 Glycosidic bond (C-O-C) vibration

898-901 C-O-C stretching in saccharide rings of CS

801-804 Axial deformation of C-O-S

557, 560 PO, v, asymmetric bending in HA

473,474

PO 4‘3 v, asymmetric stretching in HA

asymmetric stretching of PO 4‘3 ("3) bond in HA

(Shahzad et al., 2015)

(Yar, Farooq, et al., 2016; Shahzad
etal., 2015)

(Shahzad et al., 2015)
(Bueno et al., 2015)

(Mansur et al., 2009; Yar et al.,
2017)

(Koutsopoulos, 2002)

(Shahzad et al., 2015)

(Rehman and Bonfield, 1997)
(Yaretal., 2017)

(Yar, Gigliobianco, et al., 2016)
(Shahzad et al., 2015)

(Mansur et al., 2009; Moreira et al.,
2016)

(Rehman and Bonfield, 1997)

(Harada et al., 2005; Sun, Pang and
Zhitomirsky, 2009)

(Rokhade, Patil and Aminabhavi,
2007)

(Rogina et al., 2017)
(Koutsopoulos, 2002)

(Rehman and Bonfield, 1997)
(Cabassi, Casu and Perlin, 1978)

(Deng et al., 2017; Yar et al., 2017)
(Bueno et al., 2015)

(Rehman and Bonfield, 1997)

In comparison to sole CS hydrogel (CI), composite hydrogels including HA exhibited

higher intensity peaks at the region of 1020-1065 cm™ due to asymmetric stretching of

g,
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raised at 1043 cm™ which appeared only in the SIIT sample spectra that had the highest
Hep concentration, was attributed to symmetric S—O stretching vibrations from SOz
(Sunetal., 2011). On the other hand, the crystallinity, due to phosphate (v4) asymmetric
bending bands at around 550-650 ¢cm™!, decreased with increasing Hep concentration.
This might be related to the coating effect of Hep on HA crystals making a smoother

surface with less crystallinity.

For the modification of hydrogels, to perform a total pre-sterile technique, CS
sterilization by autoclaving and utilisation of own synthesis HA (HA5-D) was carried
out. The autoclaving effect in terms of the chemical structure of CS was investigated
using ATR spectroscopy. The comparative spectra of autoclaved and non-autoclaved
CS powders are given in Figure 3.35. The results showed that the main decrease in
intensities of peaks was seen at the region of 1300-1700 cm™!, which covers the amide
bonds including amide I, amide II and amide III. In addition, there was slight decrease
in the intensities of peaks at 1151 ¢cm™ and 895 cm! which were assigned to C-O
stretching and CS ring stretching vibrations, respectively (Yar et al., 2017). On the other
hand, autoclaved CS possessed slightly more intense peaks raised from O-H and N-H
bonds between 3200 and 3500 cm™! and C—H stretching linkages in between 2800-3000
cm’l. In addition, the peaks at 1064 ¢cm™! and 1027 ¢cm™ correspond to cyclic C-O
stretching vibrations that also possess slightly higher intensity (Moreira et al., 2016;
Rokhade et al., 2007). The results showed that autoclaving has not significantly affected
the chemical bonds of CS with medium molecular weight (MMy). However, in order to
minimize the heat effect, instead of direct powder sterilization, CS was sterilized in a
hydroalcoholic media by dispersing CS into a water-glycerol solution. As has been
shown in the literature, the additive of polyols, like glycerol, significantly enhance the
reduction of heat effects and protect polymers from degradation (Jarry et al., 2002; Yen
& Sou, 1998).
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Figure 3. 35 The comparative ATR spectra for autoclaved and non-autoclaved CS powders.

In comparison to initial hydrogels, own synthesis HA powders (HAS5-D) were utilized

in modified hydrogel formulations instead of commercial HA (P218R). The HA

powders were tailored by sol-gel synthesis by optimizing the synthesis parameters e.g.

high initial pH (10.5) and low calcination temperature (200°C) followed by steam

sterilization (132 °C) for desired particle size, morphology and a composition with

small carbonate substitutions, to provide desired bioresorbability and bioactivity. The

comparison of commercial HA and own synthesis HA (HA5-D) is given in Figure

3.36. All peak positions in HA-5D spectra overlapped with those of the commercial

non-sintered HA.
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Figure 3. 36 The comparison of ATR spectra for commercial HA (P218 R) powder used in the
synthesis of initial hydrogels versus the own synthesis HA5-D powder which was utilised in the
synthesis of modified hydrogels.
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Except for the symmetric stretching of the PO47 (vi) bonds at 961 ¢cm™ and the
phosphate v> bond at 473 cm’!, all other functional group peaks in the HA-5D sample
spectra possessed higher peak intensities than those of their commercial counterparts.
A particular difference was observed in the peak intensities at 1016 cm™, in the
asymmetric stretching of PO4~ (v3) bands (Rogina et al., 2017). This indicates the
respectively more crystalline structure of HA-5D which can contribute to enhancement
of the mechanical properties of HA (Pazarlioglu & Salman, 2017; Witek et al., 2013).
On the other hand, superimposition of POs= (v3) bands that increase the
phosphate/carbonate ratio in HA-5D, might show a decrease in the amount of
carbonate ions; which might be due to a higher drying temperature in comparison to
commercial synthetic HA. However, weak carbonate bonds are still detected in both
samples at around 1420 cm™! and 1453 ¢cm™! that correspond to the v COs~2 ions, and

v, carbonate vibration peak at 876 cm™ (Rehman & Bonfield, 1997).

A comparative graph showing the ATR spectra of initial and modified hydrogels
possessing the same composition (SI) is given in Figure 3.37. In the spectra of modified
hydrogels at the region of 2500-3500 cm™! right shifts of the peaks and broadening were
very explicit. In contrast to initial hydrogels that have a broad peak region splitting into
three different peaks corresponding to O-H and N-H bonds, the spectra of modified
hydrogels possessed only a single peak raised at around 3285 cm! in all compositions.
This broadened single peak at this region was associated with the effect of glycerol,
leading to hydrogel bonding between oxygen in the OH group of glycerol, and nitrogen
in the NH> groups of CS, with the peaks merging in this region towards the glycerol
position at 3280 cm™! (Yusof, 2017).

On the other hand, the intensities of C-H bonds in modified hydrogels, located at 2932
cm! and 2879 ¢cm!, were quite stronger than those of its initial counterparts (Shahzad
et al., 2015). In the amide bond region, there was a decrease in the peak intensities
which might be a result of the autoclaving of CS. Particularly, the amide I bond is very
weak in intensity and shifts from 1637 ¢cm™ to 1641 ¢cm™. This upshift of the peak
numbers were observed in the whole amide region located between 1300 cm™! and 1700
cm! due to the higher wavelength positions of glycerol that indicates an interaction of
glycerol with amide bonds. There was significant decrease of peak intensities at

upshifted NH3* symmetric deformation bands from 1545 cm! to 1565 cm™. Also,
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HCOO-™ linkages shifted from 1407 cm™! to 1409 cm™. This could be associated with
the more neutralised and crosslinked structure of modified hydrogels in comparison to

that of the initial hydrogels (Mansur et al., 2009).
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Figure 3. 37 The comparative ATR spectra of initial and modified forms of hydrogel composition
SI: CS.0.1HA.0.005Hep.

One of the most explicit differences in the modified hydrogel was seen in the
wavelength region of 800-1000 cm™'. The peak at 1065 cm™ (C-O) almost disappears,
while the peak at 1018 cm™!, due to a C-O cyclic stretching bond, upshifts to 1032 cm-
!, This shows the interaction with glycerol that has been reported to possess a peak at
around 1029 cm™! (Yusof, 2017). In addition, the significant increase at peak intensity
1032 cm™! might be associated with stronger PO4~> asymmetric stretching (v3) vibrations
in (own synthesis) HA (HA5-D) used in the modified hydrogels in comparison to
commercial HA used in the initial hydrogels. The asymmetric bending (v4) of phosphate
groups is also seen at 652 cm™! and 565 cm™' (Rehman & Bonfield, 1997). An additional
peak appears at 997 cm™! for modified hydrogels; which may be due to the bicarbonate
ions that might appear, due to the dissociative impact of glycerol on this ion, from
NaHCOs3 corresponding to a C-OH stretching vibration. In addition, the COO
symmetric stretching vibration at 927 cm™! (Mikhailov et al., 2014) becomes stronger
in modified hydrogels. Furthermore, the modified hydrogel showed a peak at 857 cm"
! which has been attributed to O-C-O out of plane bending vibrations (v2) from CO3;72
(Swayze & Clark, 1990). Overall, glycerol used in modified hydrogels caused
significant alterations in chemical structure that cause separation of ions, leading to
further association of polymers and salts, and its own interaction with them leading to

hydrogen bonding (Yusof, 2017).
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Top and bottom surfaces of modified hydrogels analysed upon normal drying at 37 °C
exhibited very similar peak intensities for each composition indicating homogeneous
distribution of reagents in the hydrogel networks. However, except for the CI sample,
spectral peak intensities of functional groups were slightly higher at the top surfaces
than in their bottom surfaces. The ATR spectra of modified hydrogels, including top
and bottom and top surface analyses, are given comparatively for different compositions
in Figure 3.38. In top surface analyses, the peak intensities of CI, (sole CS gel) sample
spectra were the lowest; whereas the SI composite hydrogel containing HA and Hep
possessed the highest peak intensities over the whole spectral range. The broad O-H/N-
H peak and its shoulder peak which is assigned to C-H stretching bonds, were observed
around 3285 cm!; and 2878 cm! and 2932 cm™! wavenumbers, respectively. The C-H
bonds in CII and SI composite hydrogel spectra had higher intensities than CI sample
on their top surface, but bottom surface spectra were identical. Weak amide I or C=0
vibrations were observed at 1641 cm™! and 1658 cm™!, while symmetric deformations of
NH;* ions and carboxylic acid linkages were seen near 1565 ¢cm™ and 1408 cm™,
respectively. These last two bonds had a slight downward shift in the bottom surface

spectra to 1564 cm™ and 1405 cm™!, respectively (Mansur et al., 2009).
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Figure 3. 38 The comparison of ATR spectrums of modified hydrogels obtained in different
compositions (CI: CS, CII: CS.0.1HA, and SI: CS.0.1HA.0.005Hep) analysed from a. top b. and
bottom surface.
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C-O stretching vibrations were seen at 1151 cm™ in all hydrogel compositions (Yar et
al., 2017). The composite hydrogels containing HA possessed stronger peaks at 1032
cm! due to asymmetric stretching of PO4~ (v3) vibrations (Chaudhry et al., 2006). In
addition, asymmetric bending (v4) of phosphate groups were detected at 651 cm™! and
564 cm! wavenumbers, in composite samples (Rehman & Bonfield, 1997). The
shoulder peak at 997 cm™! might be attributed to C-OH stretching vibration peaks due
to the interactions of bicarbonate ions and glycerol moieties (Swayze & Clark, 1990;
Yusof, 2017). The relatively higher intensity of this peak at 997 ¢cm™ in composite
hydrogels might be contributed to by shifted v; stretching of P-O bonds in HA located
at 961 cm! as well as to sulphate group vibrations from Hep at around 989 c¢m'!
(Rehman and Bonfield, 1997; Mainreck et al., 2011). In addition, The peak symmetric
stretching COO ™ in acetate ions was designated at 926 cm™! in all modified hydrogel
compositions (Mikhailov et al., 2014).

3.5.8.2 FT-Raman Analyses

FT-Raman analyses by area mapping of a nine-point square obtained with a resultant
average spectrum is demonstrated in Figure 3.39. The FT-Raman analyses of raw
materials are given in Figure 3.40. In the CS powder spectrum, the peak detected at
3372 em! is assigned to asymmetric vibrations of NH; frequencies whereas the peak at
position 3310 cm™! is attributed to symmetric stretching of CH» bonds, and these bonds
are also assigned to overlapping OH bonds making hydrogen bonds. The high intensity
peak at 2889 cm! with its shoulder peak at 2749 ¢cm™! are attributed to C-H stretching
vibrations (Mikhailov et al., 2014; Zajac et al., 2015). The peaks at 1375 cm’! are
associated with CH, deformation. In addition, a transitional C-H bond was seen at 1459
cm!. The peaks located at 1115 and 1090 cm™! are attributed to ether group frequencies
from C-O-C bonds whereas CS ring stretching vibrations are assigned at 897 c¢cm’!

(Mikhailov et al., 2014).
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Figure 3. 39 The demonstration of the FT-Raman square area mapping analyses of an initial
hydrogel sample ST (CS.0.1HA.0.005Hep). a. during data collection: the sample at top left with a
red framed square area covering the analyses points, and the collected spectra are given at the
bottom, and a heat map at the left bottom corner showing the analyses regions. b. after data
collection is complete: the sample at right corner, heat map at left corner and the average spectra
is given at the bottom.
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Figure 3. 40 The comparison of FT-Raman spectra of reagent powders, which were used in the
synthesis of hydrogels a. Hep, b. CS, ¢. NaHCOs3 and d. the commercial HA (P218 R).
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Regarding the Raman spectrum of Hep powder, the wavenumbers detected at 1626 cm
U'and 1411 cm™! are assigned to antisymmetric and symmetric stretching of COO
vibrations (Mainreck et al., 2011). The shoulder peaks around 1271 cm™! were attributed
to S=0 asymmetric stretching from O-sulphate groups (Cabassi et al., 1978). The
strongest Raman active peak of Hep was present at 1068 cm™ due to symmetric

stretching of S-O bonds due to 2-O-SO3 bonds (Atha et al., 1996).

The fingerprint region that differentiates Hep from other glycosaminoglycans is located
at lower frequencies; between 600 cm™ and 1015 cm™! (Mainreck et al., 2011). The
peaks at the region of 800-950, hosts the asymmetric stretching vibrations of C-O-S
linkages (Cabassi et al., 1978). The peaks located at 823 cm™ and 853 cm'! are attributed
to equatorial and axial OSOs~ frequencies in residual galactosamines, respectively
(Mainreck et al., 2011). These peaks as well as the peak at 891 cm™' might be due to C-
H deformation or antisymmetric stretching of C-O-C vibrations (Atha et al., 1996;
Cabassi et al., 1978).

Raman spectra of sodium bicarbonate peaks include the strongest sharp peak at 1046
cm’! and is attributed to carbonate ions. The vs vibration of CO372 peaks are located at
1435 cm™ and 1456 cm™! whereas the locations 686 cm™ and 658 cm™! are attributed to
v4 frequency modes of carbonate (Davis & Oliver, 1972; Koura et al., 1996). The peak
at 1267 cm! is attributed to dissolved COx (Davis & Oliver, 1972).

The phosphate vibrations in the FT-Raman spectrum of HA were seen at 1146, 1049,
962, and 433 cm’!. The peak at 962 cm™! was attributed to vi P=O symmetric stretching
of phosphate bonds. The broad and most intense peak located at 766 cm™! and its
shoulder at 699 cm™! were assigned to asymmetric stretching of P-O bonds. The PO4~>
bending vibrations were assigned at 433 cm™ and the peak at 1049 cm™! was attributed
to the COs~2 bending frequency (Rehman et al., 1995; Smith & Rehman, 1994). The
peak at 1146 cm™! was designated as asymmetric stretching of P-O vibrations (v3) (Ulian

etal., 2013).

The comparison of FT-Raman analyses of all different compositions of initial hydrogels

are given in Figure 3.41. The small but sharp peak locating at around 3511 cm! was
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assigned to OH ions (Antonakos et al., 2007). The peak at 3372 cm! was assigned to
asymmetric stretching of NH> bond vibrations (Mikhailov et al., 2014). The most
intense sharp peak located at 2934 cm!' and very weak shoulder at 2896 cm™ and a
detached peak at 2748 cm’! were attributed to CH3z CH> and CH stretching vibrations,
respectively. The peaks belong to amide I bonds or C-O stretching bonds in the region
of 1646 cm™'. Amide II or N-H vibrations near 1551 cm™ and 1599 cm™'  that were
detected in hydrogels were much weaker in FT-Raman spectra than in IR spectra (Zajac

etal., 2015).
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Figure 3. 41 The comparison of FT-Raman spectra of initial hydrogels obtained in different
compositions: a. without Hep including CI: CS and CII: CS.0.1HA, and b. compositions with
different Hep concentrations: SI: CS.0.1HA.0.005Hep (0.12 mg/mL), SII: CS.0.1HA.0.015Hep
(0.36 mg/mL), and SII: CS.0.1HA.0.025Hep (0.60 mg/mL) and ¢. the overlay spectrums of all
hydrogel compositions.
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The peaks located at 1114 cm™ and 1088 cm™! were attributed to C-O-C ether bonds in
CI and CII samples without Hep, while the corresponding peaks have shifted to 1120
cm! and 1081 cm™! in sample spectrums containing Hep. These can be related to the
interaction of symmetric stretching of S-O bonds locating around 1068 cm™ (Atha et

al., 1996).

The sharp peak around 925 cm! was attributed to symmetric stretching of COO~
vibration from acetate ions. The peak at 897 cm! was assigned to symmetric stretching
of C-C frequencies (Mikhailov et al., 2014). This peak number has slightly decreased
to 896 cm™ in SIIT sample possessing the highest Hep concentration. This might be
contributed to by C-O-S stretching vibrations in Hep at this location (Cabassi et al.,
1978). The phosphate v stretching vibrations appearing at 961 cm™! and P-O vibrations
at around 766 cm’! were observed in all composite hydrogel spectrums containing HA
except for the CI hydrogel obtained from sole CS (Rehman et al., 1995; Smith &
Rehman, 1994). As the concentration of Hep increases, this peak tends to decrease. This
may be associated with the coating effect of Hep on HA crystals reducing the

crystallinity.

The peak detected at around 653 cm™! in all hydrogels was attributed to v4 frequency
modes of carbonate (Davis & Oliver, 1972; Koura et al., 1996). The sharpest peak
having the highest intensity at 653 cm™! was seen in the CII sample containing HA
without Hep, which might indicate the interaction between HA and carbonate ions.
Although it has not been confirmed, the substitution of CO37 ions in an HA crystal
lattice may occur during neutralizing of CS/HA solutions with NaHCO3, which can
provide further benefits in terms of bioresorbability of HA (Rogina et al., 2017). The
peaks at 1446 cm™! and 1422 cm! were attributed to C-H bond vibrations interacting
with CO3~2 v3 frequencies in this region (Koura et al., 1996; Zajac et al., 2015). The
weak bands appearing at 998 cm™ and 1044 cm! in the ST sample spectra were assigned
to OSO;™ equatorial sulphate and C-O-C stretching vibrations in Hep. The other
sulphate peaks observed in composite hydrogels containing Hep, seen at around 1037
cm!, 1050 cm! and 1060 cm™! were attributed to different sulphate groups including N-
SO3s, 6-0-SO; and 2-O-S0s, respectively (Atha et al., 1996).
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3.5.8.3 XRD Analyses

The XRD patterns of commercial reagents including CS, HA, Hep and NaHCO;
powders used in the hydrogel synthesis and an initial freeze-dried hydrogel SII
(CS.0.1HA.0.015Hep) are given in Figure 3.42. XRD patterns of CS and Hep powder
revealed a similar amorphous structure, involving broad peaks near each other. The
main broad peak in CS was obtained at 20.8° and a weaker peak around 13.3°, similar
to those reported previously (Dessi et al., 2013; Tang et al., 2009). The XRD pattern of
Hep showed a weak peak at 13.3° and a broad main peak at 23.5° which was comparable
to a reported XRD pattern of Hep (Bueno et al., 2015). The commercial HA (P218 R)
peaks were located at the 20 angles of 10.8°, 16.7°, 25.8°, 31.7°, 32.2°, 43.8°, 46.7° and
49.5° matching with the HA standard (ICSD Fiz, code # 26204) (Sudarsanan & Young,
1969). The NaHCO3; XRD peaks, detected at 20 angles of 18.4°, 25.6°, 29.1°, 30.5°,
34.6°, 44.6°, 47.7° and 57°, matched with the standard reference (ICSD Fiz, code #
18183) (Sharma, 1965). The XRD pattern of the composite hydrogel SII specimen
exhibited a semi crystalline structure and possessed peak positions at 26 angles of 8.77°,

11.3°,11.5°,17°, 19.1°, 22,4°,22.6°, 24.9°, 29.6° and 43.8°.
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Figure 3. 42 The comparison of XRD patterns of commercial reagent powders which were used
in the synthesis of hydrogels including Hep, CS, NaHCOs and HA (P218 R) and a freeze-dried
composite initial hydrogel sample SII: CS.0.1HA.0.015Hep. (The right -Y axis shows the intensity
of only the NaHCO; XRD pattern, due to its excess intensities. The intensity of all other samples
are indicated by the left Y axis).
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In the diffraction pattern of hydrogel samples, HA phase peaks either matched with
those of HA reagent or slightly shifted: 11.3° 17.0°, 24.9° 29.6° and 43.8°. The most
prominent sharp peak raised at 43.8°, indicates the dominant position of (113) lattice
parameters in the HA crystals present in hydrogels (ICSD Fiz, code # 26204)
(Sudarsanan & Young, 1969). The peaks raised at 20 angles of 8.8° and 17.6°
correspond to sodium acetate phase peaks reported in the literature (Ruiz-Caro & Veiga-
Ochoa, 2009). Although this has not been fully confirmed, by similar studies, it raises
the possibility of the formation of sodium acetate (NaCH3COO) and Na,COj as side
products, when CS is dissolved in acetic acid and neutralized by NaHCO3. This may
result from the reaction between free Na* ions from neutralizing agent NaHCOj3; and

CH3COOQO  in acetic acid (Liu et al., 2011; Rogina et al., 2017).

The morphology of the prismatic shaped crystals on neutralized sole CS initial
hydrogels were observed in SEM analyses and possessed a morphology similar to that
of sodium acetate trihydrate crystals exhibiting hexagonal plates in water media,
reported by Doxsee & Stevens (1990). Although it has not been fully confirmed, there
is a possibility of the presence of sodium acetate in hydrogels. In addition, the high
intensity peaks at 20 diffraction angle of 43.8° and 17° in the SII hydrogel pattern,
matches with Na;COs peak positions. However, the presence of this phase is not
confirmed, since HA has matching or close peak positions at these diffraction angles

(ICSD Fiz, code # 1852)(Wu & Brown, 1975).

3.5.9 Thermal Analyses by TGA & DSC

The TGA&DSC curves of reagent powders of CS and Hep, and HA and NaHCOj3, are
given in Figures 3.43 and 3.44, respectively. The first weight loss stage in the CS
powder occurred between 25 °C and 150 °C. This was considered to be due to the
removal of adsorbed water, accounting for about a 10% loss. It is seen that less than
10% of weight loss occurs in the autoclaving temperature (132 °C) used in CS
sterilization. The second step of weight loss starts at an onset point of 244 °C and
continues until approximately 300 °C, which indicates the evaporation of organic
molecules in CS, and accounts for an approximately 30 % weight loss. A subsequently

quicker degradation of CS occurred at the temperature range of 300 °C to 700 °C, which
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was due to degradation of all the organic components of CS (Shahzadi et al., 2016). The
TGA curve of Hep was similar to those reported in the literature (Cestari et al., 2014;
Sun et al., 2009). Hep showed a gradual weight loss up to 150 °C, reaching a loss of
approximately 15%. Subsequently weight loss was more rapid with two different
inflection points observed in the Hep DSC curves at 249 °C and 480 °C, indicating
sudden degradation stages. These degradation stages of Hep are bisected by an
endothermic peak at 414 °C on the DSC plot. After the third stage of degradation ending
at 700 °C, only about 30 % of Hep residue remained.
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Figure 3. 43 TGA/DSC curves obtained from thermal analyses of reagent powders between 25-
700 °C including a. CS and b. Hep.
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Regarding HA, the first weight loss due to dehydration of adsorbed water, occurs
between 37 °C and ~150 °C, accounting for a ~1% loss. A broad exothermic peak,
pointing at 266 °C in the first degradation step between 150 and 380 °C is attributed to
the evaporation of structural water molecules in HA. The slight weight loss at the region
of 380-700 °C was attributed to the vaporization of carbonate and carbon dioxide
molecules (Chaudhry et al., 2006; Pazarlioglu & Salman, 2017). A total of 2.9 % weight
loss occurred in the thermal treatment of HA up to 700 °C. Regarding the TGA & DSC
curves of NaHCOj, weakly bound water removal occurred in the region of ~40-120 °C.
Following this, a very sharp decrease was observed in the weight of NaHCO3 causing
an endothermic DSC peak at 158 °C. The heating of up to approximately 240 °C led to

a total weight loss of almost 40%.
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Figure 3. 44 TGA/DSC curves obtained from thermal analyses of reagent powders between 25-
700 °C including a. HA and b. NaHCO:.
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3.6 Discussion

The neutralisation of CS solutions by NaHCOs is a relatively new method. Although
CS is mostly neutralised by B-glycerol phosphate (3-GP), high amounts of B-GP to
achieve a physiological pH level can cause cell cytotoxicity (Kim et al., 2010). Di-
sodium carbonate (NaxCQO3) Li et al., (2014), and NaHCOs (Liu et al., 2011) was also
investigated as alternatives to 3-GP. In addition, NaHCO; was explored as an additive
to B-GP, and it was seen that NaHCO; enhanced the cell viability and mechanical
properties of hydrogels (Deng et al., 2017).

Composite CS/HA scaffolds or hydrogels are widely researched in bone tissue
engineering to integrate the unique biodegradable, antibacterial and cationic features of
CS and HA to increase mechanical and biological performance of scaffolds, due to their
inherent bioactivity that leads to bonding with natural tissues. In this study, novel
injectable CS/HA/Hep composite hydrogels were produced with the inclusion of highly
anionic glycosaminoglycan Hep via a polymer blending method, to ensure blood
compatibility, sustainable Hep release, and physiological activity to achieve
vascularised bone repair and regeneration. The primary aim was to acquire pH
neutralised homogeneous injectable solutions that, upon injection into targeted bone
defects, allow suitable quick in-situ gelation via natural body temperature and pH
stimuli. The liquid hydrogels (CS/HA/Hep), having different compositions, were
obtained by neutralization with NaHCOs at 4 °C. Ionically crosslinked hydrogels, on

the other hand, were acquired by the incubation of neutral solutions at 37 °C.

Initially, the most suitable CS concentration was selected from among the different
tested concentrations; from 4% (w/v) to 8 (w/v). The 5 % (w/v) initial CS concentration,
which is around 2.4 %(w/v) in final neutral solution, was chosen as optimal since it
provides evenness and is manually injectable. This concentration shows a sol-gel
transition starting at nearly 37 °C in rheology analyses, and quick incipient gelation at
37 °C between 8 and 10 min as shown in tests using the test tube inversion method. For
composite hydrogels, mixing HA particles in powdered form has resulted in

homogeneous dispersions in the CS polymer matrix.
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Hep involvement inside hydrogels is very important in terms of the stability of heparin
and blood compatibility, as well as the homogeneity of solutions in a CS/Hep
polycomplex system. Native tissues start producing platelets as a reaction against any
applied external biomaterials that impair blood circulation. Also, the functions and
effects of biomaterials may cause different health problems. Blood compatibility of Hep
results from its anticoagulant capacity, reducing blood clotting by increasing the
presence of blood cells and decreasing platelet attachment (Murugesan et al., 2008).
However, it should be pointed out that for the proper utilization of the functions and
biocompatibility of Hep, biomaterials should be monitored for its sustainable release.
Immobilization of Hep into biomaterials chemically or ionically, provides superiority
on commonly reported physical adsorption of Hep onto scaffolds, in terms of efficiency
of Hep delivery. Different applications of Hep bonded bioengineered materials have
been reported, such as Hep functionalized collagen stents (Lai & Kan, 2017), blood
compatible CS/Hep films and scaffolds (He et al., 2010) and silk fibroin/collagen
scaffolds integrated with Hep in a polymer blend, providing sustainable release of Hep

and increased biocompatibility and blood compatibility (Lu et al., 2007).

In this study, instead of chemical crosslinking, the ionic binding of Hep to a polymer
matrix, by blending into polymer mixtures, was preferred to avoid any cytotoxic effects
which can be caused by chemical crosslinkers. As well as the suitability of this method
for injectable formulations, the polymer blending method can retard the release of the
bioactive agent Hep and sustains its long-term availability and efficiency. In this regard,
making polycomplex systems, based on ionic bonding of counter charged polymers,
seems to be quite a beneficial method. It was implemented in this project to synthesise
injectable and thermosensitive CS/HA/Hep polycomplexes. As has been reported,
polycomplex networks that have an impact on retarding particle diffusion, due to
strength of ionic binding, show promise for sustainable drug delivery systems (Fatin-
Rouge et al., 2003). However, maintaining final solution homogeneity in polycomplex
systems involves some challenges, since it requires a controlled bonding of counterions
in different polymers. The ensuring solution homogeneity depends on several
parameters, including the mixing order of compounds, mixing speed and consistency,
as well the addition of polymers in liquid or solid form (He et al., 2010). In this project,

at the very first experiments, a powdered form of Hep was supplemented into a CS/HA
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solution, leading to large local precipitates that are associated with strong electrostatic
interactions of counter charged ions in a CS/Hep polycomplex system, when they come
into direct and sudden contact. This problem was overcome by drop-by-drop inclusion
of the Hep-water solution into the CS/HA mixture while maintaining constant stirring,

leading to the acquisition of a homogeneous solution.

Regarding pH neutralisation, the pH of the solution mixtures was at the vicinity of 4.3
prior to neutralisation. Its pH can be raised up to a maximum of 6.2 to 6.3 at 4 °C, at
which, homogeneous solutions are acquired without any precipitation. The pH of the
solutions were slightly higher at room temperature, and pH values reached between 6.5
and 7.1 upon gelation at 37 °C. The rising pH of solutions above 6.4 caused a
precipitation problem. This could be associated with the decrease in ionic charge when
pH is above the pKa value of CS (6.2-6.5). This proportionally effects electrostatic
repulsion and triggered formation of different domains of hydrogen bonding, causing
precipitation (Jarry et al., 2002). It is reported that as the acetylation degree of CS
decreases intrinsic pKa comes closer to pH 6.5. In addition, it is reported that the change
in the pKa of CS, depends on the electrostatic interactions in the solvent media (Sorlier
et al., 2001). The reason for achieving respectively lower pH after final neutralisation
could be due to the chosen acid concentration in the dissolution media. A more diluted
acid could provide controlled increments in pH. Recently, injectable CS/HA hydrogels
created by co-synthesis of HA in CS mixtures that could help increase the final solution
pHup to 6.9, was investigated (Rogina et al., 2017). However, in this study co-synthesis
of HA was avoided since excessive ammonia used in HA synthesis and any other side
product cannot be removed from the injectable solution. Alternatively, incrementing the
amount of HA that is used in hydrogels as well as by decreasing used acetic acid
concentration slightly, can be investigated in future studies to help efficient

incrementation of pH.

The characteristic rheological behaviour of the sole CS hydrogel solution neutralised
by NaHCO3 showed a thermo-irreversible gelation behaviour with an increasing elastic
modulus during heating (37-60 °C) that was preserved when the solution was reversibly
cooled down. The rheology analyses showed that the hydrogel solutions obtained with

a maximum Hep concentration had a significantly higher elastic modulus, enhanced by
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more than 25 folds up to 130 Pa. The beneficial effect of Hep on improving mechanical
properties of hydrogels has been reported by researchers (He et al., 2010; Lu et al.,
2007). Rheological results showed that thermosensitive hydrogels started to form in the
temperature vicinity of 37 °C in neutral sole CS solutions. This sol-gel transition point
was lowered in composite solutions to around 31 °C in CS/HA, while it decreased in
CS/HA/Hep solutions to 28 °C and to 21 °C for SI and SIII samples having minimum

and maximum Hep concentrations of 0.12 mg/mL and 0.6 mg/mL, respectively.

Although initial hydrogels showed very promising results in terms of injectability,
gelation features and interconnected porous morphology, they were physically weaker
during handling, and in their synthesis, a CS sterilisation step was not implemented.
Prior to biological testing of initial hydrogels, UV was used to sterilise the liquid
hydrogels, while when in solid hydrogel form, ethanol or UV was used (this will be
addressed in Chapter 5). However, as it has been reported, UV is efficient for surface
sterilisation but cannot penetrate deeply into matter, which may render it an unsuitable
method for the sterilisation of pharmaceutics (Ghosh and Jasti, 2004, p.404). Therefore,
in the synthesis of modified hydrogels, a sterile synthesis technique was used that
involve the heat sterilisation of CS and HA reagents and all the tools used in the
synthesis, as well as filter sterilisation of liquid reagents. Therefore, in the second step
of the project it was aimed to provide a totally pre-sterile technique for the synthesis of
hydrogels and to enhance the mechanical properties of the final hydrogels by the use of
glycerol (See section 3.3).

The sterilisation of thermosensitive injectable hydrogels is discussed in detail in
Chapter 1 (Section 1.9.4). In the light of the literature, there is still no perfect method
for the sterilisation of thermosensitive injectables based on biodegradable polymers.
One of the most promising, affordable approaches could be the non-thermal plasma
technique which works based on a dielectric barrier discharge at room conditions, which
is suitable for thermosensitive solutions and is efficient at destroying multi-drug
resistant bacteria, fungus, spores and prions in a time as short as 3 minutes (Albala et
al., 2015). However, this system was not available to this research. Other clinically
accepted methods, such as ethylene and oxide ozone treatment involve chemical

treatments that require their removal, may cause cytotoxicity and are not suitable for
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direct sterilisation of injectable liquid formulations (Dai et al., 2016). The gamma
sterilisation of CS is also reported to cause a significant viscosity decrease
compromising gelation even when protective stabilising additives are used, and is not
found suitable for thermosensitive injectables (Jarry et al., 2002). Heat sterilisation has
the best overall capacity for inactivation of all pathogens including: prions,
myobacteria, vegetative bacteria, enveloped and non-enveloped virus, bacteria spores
and fungi (Dai et al., 2016). However, it also causes decrease in the molecular weight
and viscosity loss of polymers. As reported by Jarry et al., (2002), heat induced chain
breakage and crosslinking can be reduced by steam sterilisation of CS in solution in the
presence of some polyols including: glucose, mannitol, sorbitol and glycerol. Sterility
was obtained after 10 min of steam sterilisation of CS. As reported, sugars such as
glycerol, can prevent degradation of polymers by their hydroxyl moieties forming a
protective layer between polymer chains, protecting them from breakage (Galante et al.,

2016; Yen & Sou, 1998).

Among the discussed sterilisation techniques, a pre-sterile technique involving steam
autoclaving of a CS dispersion in a glycerol-water medium was utilised. In first
experiments, the dry autoclaving of CS in a powder state was investigated. However,
dry heat caused a darkening in the colour of the CS powder, and a heterogeneous very
viscous solution with local white precipitates were obtained upon neutralisation.
Thermogravimetric analyses of CS powder showed a below 10% of weight loss of CS
in the autoclaving temperature. In addition, ATR spectroscopy studies showed a
decrease in the intensities of some chemical bonds including amide groups. Therefore,
in further experiments, steam autoclaving of CS was used, and glycerol was used as
stabilising agent mitigating detrimental heat effects and to contribute to improved final
hydrogel elasticity and strength. Prior to autoclaving, CS dispersion was prepared in a
water-glycerol media and subsequently dissolved by acetic acid and neutralised by
NaHCOs;. In contrast to the powdered form, sterilisation of CS dispersed in a
hydroalcoholic water-glycerol media did not show considerable colour change.
Furthermore, dissolution of CS after the autoclaving and neutralisation steps, yielded
homogeneous and injectable solutions. Furthermore, this method did not impair the
thermosensitive gelation behaviour of CS. These results were concordant with those

reported (Jarry et al., 2002; Yen & Sou, 1998). However, while neutral solutions had
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good injectability and flow potential on the synthesis day, the viscosity of these
neutralised thermosensitive solutions increased after 24 h of storage at 4 °C, decreasing
solution injectability. This could be due to the respectively higher autoclaving
temperature and time. Ideally, as reported , autoclaving at 121 °C for 10 min would be
sufficient for sterility (Jarry et al., 2002). However, due to the absence of temperature
and time controls in available automatic autoclaves, these parameters could not
implemented. In addition, the slightly acidic media used for CS dissolution may cause
a partial breaking down of CS, leading to some crosslinking during storage. By tailoring

these parameters, solution stability and injectability could be enhanced.

Involving glycerol in hydrogel systems had a beneficial impact on further incrementing
the pH up to 6.5, while maintaining solution homogeneity. The homogeneous solutions
with final pH ranges of between 6.4 and 6.5 enhanced the gelation speed, and decreased
the incipient gelation time from 5-10 min to 2-3 min. These results revealed the effect
of the final solution pH on gelation speed that stimulates further crosslinking in
polymers; an effect also confirmed by SEM. This was expected since gelation is mainly
driven by pH, and its increments stimulate the reaction of CS by NaHCO; leading to
the further decrease of remaining acidic NH3* groups which turn into deprotonated NHa,
making more junctions in the CS chain. However, this could be the evidence that pKa
values of CS can be raised by the addition of glycerol by reducing the ionic interactions
in CS chains in solution, via hydrophobic forces. It has been reported that change in the
pKa of polymers depends on electrostatic interactions in solvent media (Sorlier et al.,
2001). The ATR spectroscopy results also confirmed significant interactions and
changes in chemical functional groups of hydrogels upon modification. This was
associated with the effect of glycerol which causes separation of ions, making them free
to lead to further associations of polymers and salts, as well as its own interactions that

lead to strong hydrogen bonding (Yusof, 2017).

Furthermore, the mechanic properties of modified hydrogels improved significantly at
higher pH (6.4-6.5) in comparison to lower pH (6.2-6.4) solutions. The compression
modulus and compression stress at the same strain point (40%) were at around 0.05
MPa and 10 kPa; and 1.51 MPa and 19-42 kPa for hydrogels having lower and a higher

pH in solutions, respectively. The maximum compression strength obtained in the
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composite SO sample (CS/HA/Hep) soared up to 310 kPa at 75 % strain. The higher pH
hydrogels exhibited a gradual (creep) deformation in which the first deformation point
observed a nearly 56% strain for the sole CS sample and rose up to 69% in the SI
composite sample. The gradual deformation behaviour of these hydrogels could be

associated with their entangled hierarchical microstructure which delays their breakage.

The enhancing of crosslinked points and mechanical properties due to the effect of pH,
were well observed in SEM morphology images of higher pH specimens, revealing
hierarchical interpenetrating structures, comparable to that of natural bone that were
characterised by macropores reaching 500 um and denser interlocking thick micropore
(~5 um) walls separating the big pores. However, some pores were open while others
seem to be closed which might reduce interconnectivity to a certain level. The
hierarchically strengthened structure of the modified hydrogels obtained with a higher
pH could be associated with the hydroalcoholic medium due to the recruitment of
glycerol. As reported, glycerol leads to alteration of water structure covering throughout
the CS chains by reducing charge density of polymer. Having hydrophobic and
hydrophilic features, alcohol-water moieties interacting with CS ensure the formation
of hydrophobic sites leading to intra-molecular bonding of CS (Boucard et al., 2005;
Jarry et al., 2002). In addition, glycerol treatment of chitosan-gelatine crosslinked
hydrogels enhancing the elasticity and flexibility of hydrogels has been reported by
Badhe et al., (2017). Also, enhanced chain flexibility and plasticizers that provide stress
relaxation behaviour leads to a decrease in deformation and an increase in strength
(Ahmad et al., 2012). Furthermore, Nam et al., (2019) has reported that the stress
relaxation behaviour in alginate hydrogels has increased with use of another polyol,
polyethylene glycol (PEG), which provides biomimetic, more cell friendly, tuneable
hydrogels that stimulate fibroblast attachment and proliferation, as well as osteogenesis

through the differentiation of mesenchymal stem cells.

In regard to injectability properties, according to the manual assessment of injectability,
a 21 G needle size was found suitable for the injection of all compositions of both initial
and modified hydrogel solutions on their synthesis day. As reported, a 21 G needle size
can facilitate most injections carried out in orthopaedic and dental applications, which

are in the range of gauge sizes 10-16 G and 16-25 G, respectively (Burguera et al.,
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2007). In modified formulations, shear thinning, and adhesive solution flow features
were observed with an increase of solution density in comparison to initial hydrogels.
This may prevent or hinder the washing out of the solution after injection but provide,
possibly, better adhesion to an injury site. Regarding quantitative injectability analyses,
both initial and modified formulations exhibited similar injection forces, between 1-2
N and 10-15 N for the injection tests through needleless and 19 G needle coupled
syringe cases, respectively, in the tests performed on the day of their synthesis (Day 0).
For both types of liquid hydrogel, the CS/HA compositions generally lowered the
injection force needed, in comparison to that of the sole CS specimens. This has
confirmed the beneficiary impact of HA on enhancing the injection performance of CS
matrix hydrogel solutions. This might be associated with the shear stress reduction
feature of hydroxyapatite, leading to better flow features (Knowles et al., 2000; Raii et
al., 2012). The opposite effect was observed in Hep involved liquids. This was
considered to be due to the presence of counter charged ions triggering slight bonding
in the solution state, leading to an increase in viscosity. Needleless injection tests of
initial liquid hydrogels after 3 days of storage at 4 °C showed similar injection force
requirements as in those obtained on Day 0. The injection tests that used a thinner
syringe (21 G) after 3 days of storage had results still comparable with reported manual
injection forces (Burckbuchler et al., 2010). Although injectability was very convenient
on the synthesis day of the modified liquid hydrogels, the needed injection forces of
modified formulations increased respectively, and less even flow properties were
observed in injection tests after 24 h. The observed thickening of solutions after 24 h of

storage at 4 °C made injection only possible with an 18 G or larger needle.

In terms of solution stability, the modified solutions having a pH of 6.4-6.5 were
maintained for 4 days, and thereafter, phase separation occurred as is reported in the
literature (Liu et al., 2011). However, the phase separation was not observed in solutions
obtained at a pH of between 6.2 and 6.4. Initial formulations having a pH range between
6.2 and 6.4 were more stable, and their liquid forms were preserved for 6-months at 4
°C for the CS and CS/HA formulations. On the other hand, Hep involved samples
formed a thin (film) layer at the top after 3 weeks while the liquid phase below could

be preserved for just under 2 months.
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3.7 Summary and Conclusions

Injectable pH and thermo-sensitive CS/HA/Hep composite hydrogels were produced by
two different methods and their properties were compared by different characterisation
techniques. Hydrogel compositions showed facile injectability that allows suitable
manual injection by a 21 G minimum needle thickness and great gelation capacity at an
average body temperature of 37 °C. Incipient gelation time for initial and modified
hydrogels were 5-10 min and 2-3 min, respectively. However, in modified liquid
hydrogels, injectability capacity decreased upon storage for 24 h while initial hydrogel

solutions were stable for a much longer period.

Interconnected, porous homogeneous pore structures were obtained from initial
hydrogels while their counterparts modified in higher pH solutions (up to 6.5),
possessed hierarchical and interpenetrating micropore wall domains separating huge
pores. Both porous morphologies were comparable with the pore sizes required to
maintain cell activity and allow diffusion in bone tissue engineering (75-100 pum)
(Hulbert et al., 1970). In terms of surface morphology, HA incorporated modified
composite hydrogels (CS/HA) possessed rough featured spherical crystals, having high
surface area due to a specific flower like morphology of each crystal. This is promising
for their bioactive performance, and is discussed in the following chapter. On the other
hand, the comparatively smoother surface features associated with the coating effect of
Hep, were seen in the CS/HA/Hep hydrogels. Despite the fact that surface smoothening
decrease cell attachment, as reported by Giimiisderelioglu, Karake¢ili and Demirtas,
(2011), the active binding capacity of Hep for diverse living cells, proteins and growth
factors, due to its highly anionic chemical nature, led to better cell attachment,
migration and proliferation, for osteogenesis. Furthermore, in this study, the bioactivity
performance of the composite samples involving Hep has led to the achievement of
better mineralisation in stimulated body fluid (SBF) in comparison to that of controls

(to be discussed in Chapter 4).

Mechanical properties of modified hydrogels showed tuneable mechanical
enhancement when the pH in a solution state is slightly increased from 6.2-6.3 to 6.4-

6.5, 0.05 MPa, and whose compression modulus and compression strain at 40% are at
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the range of 0.05 MPa and 10 kPa; and 1.5 MPa and 40 kPa, respectively. The modified
hydrogels, having a pH of about 6.5 in solution, showed gradual deformation behaviour.
The first deformation was seen at nearly 60% for sole CS hydrogels while composite
hydrogels sustained up to around a 70 % strain. None of them were broken at the 75%
strain upon which the experiment ended. The achieved highest mean compression
strength at 75% strain and the compression modulus in composite hydrogels were 310
kPa and 1.51 MPa, respectively. These results were comparable with the tough
hierarchical double networked hydrogels; poly(2-acrylamido-2-Methylpropanesulfonic
acid)/poly(N,NO-dimethylacrylamide) (PAMPS/PDMAAm) (Mredha et al., 2017)
Furthermore, these hydrogels possess 250 and 10 folds higher stiffness and
compression modulus respectively than reported UV crosslinked methacrylated
gelatine (GelIMA) / methacrylated hyaluronic acid (HAMA) hydrogels (Eke et al.,
2017). The compression stress at first fracture points ranged between 51 and 172 kPa,
which were more than the sufficient stiffness values required, reported for osteogenic

stem cell differentiation (45-49 kPa) (Jiang et al., 2015; Zouani et al., 2013).

To conclude, novel pH and thermosensitive injectable CS/HA/Hep hydrogels have been
produced by two different methods. This contributed to acquiring significant knowledge
about their versatile chemical, structural and mechanical properties. The combinational
effects of pH and the modification process involving CS sterilisation in dispersion
media by glycerol addition, provided a desired interpenetrating morphology via further
crosslinking; due to additional hydrogen bonding and better mechanical performance.
However, negative heat effects during sterilisation could not be totally avoided since
the solution’s stability and injectability decreased upon storage, whereas injectability
was very convenient on the synthesis day. It is believed that by utilising lower
autoclaving time and temperature, decreasing acid concentration slightly, and
increasing the amount of HA, could lead to achieving better stability, increment of final
solution pH and mechanical properties. Bioactivity, in-vitro degradation and in-vivo
angiogenesis studies by CAM assay were investigated and are described in the
following chapters. These novel pH and thermosensitive injectable CS/HA/Hep
hydrogels neutralised by NaHCOs3 could be considered for potential clinical use, as

advanced pro-angiogenic bone tissue engineering materials.
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4 BIOACTIVITY, BIODEGRADATION AND DRUG
RELEASE STUDIES FOR SYNTHESIZED HYDROGELS

4.1 Introduction

This chapter describes the biochemical characteristics of injectable modified hydrogels
in diverse aspects, including swelling, in-vitro degradation, bioactivity, and drug (Hep)
determination and release. The bioactivity of hydrogels, in terms of their capacity to
form mineralised apatite layer on their surfaces was analysed by use of Simulated Body
Fluid (SBF) immersion tests at 37 °C. In-vitro degradation studies were performed by
the immersion of hydrogels (at 37 °C) in a Phosphate Buffer Saline (PBS), in the
presence or absence of lysozyme enzymes. The various associated common analyses
for these tests included weight and pH measurements, chemical analyses by FTIR-ATR,
elemental analyses by EDS, and morphological analyses by SEM, which were
performed at certain intervals of sample incubation. Similarly, the swelling capacity of
hydrogels were determined by weight and pH analyses during the incubation of
hydrogels in PBS. The Hep in modified hydrogel networks was detected by Toluidine
Blue (TB) staining and imaging. In addition, Hep stability in initial freeze-dried
hydrogels after 2-years of storage were tested by TB staining. The drug release profile
of Hep was quantitatively determined by a colorimetric TB assay based on chemical
complexation of Hep with TB leading to a colour change from blue to purple. Results
showed the homogeneous distribution of Hep on the top surface, indicating surface
functionalised CS/HA/Hep hydrogels. The release of Hep from hydrogel networks in
water media was in a prolonged manner of up to 7-days. This would be compared to the
modified higher pH solutions (6.4-6.5) that lead to a more stable and interpenetrating
hydrogel morphology, as well decreased swelling behaviour (55%); factors presumed
to enhance the sustainable release of Hep. Biomineralization was not only triggered by
HA but also by Hep in CS/HA/Hep hydrogels. This led to the significant promotion of
carbonated apatite mineral layer formation. The gradual weight loss of hydrogels was

obtained for both PBS and lysozyme media. They displayed surface cracks from day-
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14 which propagated towards the bulk of the hydrogels at day-42, showing 60% and
70% degradation in the PBS, and lysozyme media, respectively.

4.2 Materials and Methods

Materials

For preparation of the SBF solution, the following reagents were supplied: NaCl,
NaHCOs, KCI, K;HPO4.2H>0, MgCl,.6H>0O, CaCl, and Na>SOs, (Sigma-Aldrich®,
Dorset, UK), 1 N HCI and (CH,OH)3CNH2 (Tris) (Thermo Fisher Scientific™, ACROS
Organics™, Geel, Belgium). For degradation studies, Phosphate Buffer Saline tablets
(PBS-Dulbecco A, Thermo Scientific™, Oxoid™, Basingstoke, UK) and Lysozyme
from chicken egg white (< 20.000 U/mg, Thermo Fisher Scientific™, MP Medical™,
Loughborough, UK) were purchased. For Hep determination and drug release studies,
Toluidine Blue (TB), n-hexane (95+%), 1N HCI1 (Thermo Fisher Scientific™, ACROS
Organics™, Geel, Belgium) and NaCl (Sigma-Aldrich®, Dorset, UK) were supplied. In
all experiments, de-ionised ultrapure (Type-I) water (Veolia Water Technologies,

PURELAB® Chorus, 18.2 MQ.cm, Wycombe, UK) was utilised.

4.3 Swelling (Liquid Absorption) Tests

The liquid absorption capacity (swelling) of hydrogels is a significant parameter
determining drug delivery performance and needs to be quantified by testing. This
absorption capacity can be modulated by electrostatic charge density, degree of acidity
or basicity, the surrounding pH, the rate of entanglement, and the degree of

hydrophilicity (Rizwan et al., 2017).

4.3.1 Preparation of Test Samples and Phosphate Buffer Saline (PBS) Media

PBS solutions were prepared by dissolving one PBS tablet (PBS-Dulbecco A, pH
7.3+0.2 at 25 °C Thermo Scientific™, Oxoid"™, Basingstoke, UK) in 100 mL de-ionised
water and autoclaved at 132 °C in an automatic autoclave for 20 min including heating
and ventilation times of 5 min. each (LMS, Jencons Scientific Ltd., Leighton Buzzard,
Bedfordshire, UK). PBS solutions were stored in a refrigerator at 10 °C until needed for
swelling and in-vitro degradation studies.
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Hydrogel samples were prepared from 48 mL of hydrogel solution poured into glass
dishes with lids (@: 100 x 15 mm, Steriplan®, Duran® DWK Life Sciences GmbH,
Mainz, Germany) and were incubated at 37 °C for 48 h. Then specimens were cut by
using a cork borer (5/16 inch), subsequently weighted to 0.07 + 0.01 g and recorded as
Wi. Three sample replicas were prepared for each sample group and experiments were
repeated in triplicate. The specimens were immersed into 3 mL of prepared PBS media

in a vial (7 mL), and incubated in an oven adjusted at 37 °C.

4.3.2 pH Analyses

Samples in vials were swirled gently at each time intervals of 0.5, 1, 2, 4, 6, 15, 24, 48
and 72 hours and pH values of the PBS media were measured by using a pH-meter
(Mettler-Toledo GmbH, Analytical, FiveEasy Plus™, Greifensee, Switzerland) by

keeping samples on a hot-stirrer adjusted to 37 °C.

4.3.3 Weight Analyses

At designed time intervals (0.5, 1, 2, 4, 6, 15, 24, 48 and 72 hours), the samples were
taken out and weighted accurately (W) after removing their surface water. The swelling
percentage was calculated by the formula given at Equation (4.1) where W; and Wi

represent the initial and swollen sample weights, respectively.

Swelling ratio (%) = -2+ 100 (4.1)

4.4 In-vitro Degradation Tests

Biodegradation behaviours of hydrogels have crucial impact on drug delivery and tissue
regeneration efficiencies. The ideal tissue scaffolds should be mechanically stable when
they support the regeneration of damaged tissues by releasing the active agents in their
structure. Once the native tissue has started regenerating itself, ideally, hydrogel

scaffolds should be degradable. Accordingly, this parameter must be tested for.
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4.4.1 Preparation of Test Samples and Degradation Media

Degradation studies were performed in two different media, PBS and lysozyme
(prepared in PBS media). The PBS media was prepared as described in Section 4.3.1.
The lysozyme solution (5 mg/mL) was prepared by dissolving an amount of lysozyme
from hen egg white (< 20.000 U/mg, Thermo Fisher Scientific”™, MP Medical™,
Loughborough, UK) in the PBS media and stored at 10 °C.

Hydrogels were obtained as described in Section 4.3.1. The cylindrical shaped
hydrogels were prepared for degradation tests by cutting via a cork borer (5/16 inch).
Four sample replicates from each sample group were prepared, and experiments were
repeated three times. The samples were prepared in the same condition for both PBS
and lysozyme media test groups. Each hydrogel sample was weighted to a similar mass
of 0.120.05 g and recorded as Wi. Then, photographs of a first sample from each group

was taken with a ruler, and this was repeated in each time intervals.

The hydrogel specimens, including 3 mL of media solutions (PBS or lysozyme), were
placed into 7 mL vials and incubated at 37 °C for the tests at different time intervals: 1,
3,7, 14, 21, 28, 35 and 42 days. The sample tubes were manually swirled two-times a
day. The sample media were renewed every 3-days and these samples were stored at 10

°C for further drug release studies.

For chemical analyses by ATR and microstructure changes by SEM, hydrogel samples
were prepared separately. Samples for each group were prepared in triplicate, and were
immersed into 3 mL of media, including PBS and lysozyme specimens incubated at 37
°C, over certain periods. At certain time points (14, 28 and 42 days) the samples were
taken from the media and washed with de-ionized water and subsequently freeze dried

(freezing at -80 °C for 24 h & drying at -20 for 24 h) prior to ATR and SEM analyses.
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4.4.2 pH Analyses

During degradation tests, pH alteration in media was determined by measuring the pH
of the solutions via a pH-meter, at each designed time intervals (1, 3, 7, 14, 21, 28, 35
and 42 days). This was performed on sample tubes placed on a hot stirrer adjusted to 37

°C.

4.4.3 Weight Analyses

After pH measurements, samples were placed into the wells of a 24 well-plate and
washed with 1 mL of de-ionized water thrice to remove any ions adsorbed on the
surface. Then, all samples were placed into new vials with slightly loosened lids and
incubated at 37 °C for 24 h for the removal of surface water while still maintaining their
gel form rather than as dried film. After 24 h incubation, hydrogels were weighted
which were recorded as (Wt). The weight loss was expressed as the dry weight

remaining ratio or weight loss percentage at Equation (4.2) and (4.3), respectively.

Dry weight remaining ratio (%) = Wt/Wi* 100 4.2)

Weight loss (%) = (Wt — Wi)/Wix 100 (4.3)

After weighing, the images of certain samples were taken in each time intervals for

physical observations of degradation.

4.4.4 Morphological Analyses by SEM

The morphological analyses of hydrogels, before and after incubation in a media
(PBS/Lysozyme) for 14, 28 and 42 days were analysed in freeze-dried form by SEM.
The top, bottom and a cross-section of each sample was prepared on one metal stub.
Subsequently samples were gold coated (5 nm) and imaged by applying 5.0 kV of an
accelerating voltage using a Schottky FE-SEM (JEOL JSM-7800F, Tokyo, Japan)
instrument equipped with EDS (50 mm? area) with a Silicon Drift Detector (SDD)
(Oxford Instruments, UK).
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4.4.5 Chemical Analyses by FTIR-ATR

In-vitro degradation samples were analysed for their chemical structure changes at time
intervals of 0, 14, 28 and 42 days. A Thermo Nicolet™ iS50 FTIR spectrophotometer
instrument (Thermo Fisher Scientific Inc., Madison, WI, USA) in Attenuated Total
Reflectance (ATR) mode, was utilised for chemical analyses. Spectra were acquired in
the mid-infrared region (4000 to 400 cm™) by using a DTGS ATR detector and a KBr
infrared beam splitter. The analyses were performed by using an aperture of 150 with a
resolution of 16 cm™ accumulating 128 scans. The background spectrum was acquired
prior to the experiments and renewed after 120 min. The spectral data were acquired
and analysed in Thermo Nicolet OMNIC™ (Version 9.5.9, Thermo Fisher Scientific
Inc, Madison, WI, USA) software in which spectra were overlaid after automatic

baseline correction of each spectrum.

4.5 Bioactivity Tests by Simulated Body Fluid (SBF)

The mineralised carbonated apatite layer formation capacity of biomaterials facilitate
bioactive surface features that provide binding between natural tissues and biomaterials.
Bioactivity evaluation in an SBF is based on a chemical reaction between the
biomaterial surface and ions from salts in the SBF, facilitating formation of an hydroxy
carbonate apatite layer (Ohtsuki et al., 2009). SBF is an ionic solution that mimics the

composition of blood plasma and has been first developed by Kokubo (1991).

4.5.1 Preparation of Test Samples and SBF Media

In the current study, conventional SBF (c-SBF) with a refined recipe was prepared as
per the protocol reported by Kokubo and Takadama, (2006). Briefly, 1 L of SBF was
prepared in a smooth graduated plastic beaker free from any scratches (Thermo Fisher
Scientific™, Nalgene™ PMP, Loughborough, UK). The amounts of various salts were
dissolved one-by-one in de-ionised water, kept at 36.5+1.5 °C in the following
sequence,: NaCl (8.035 g), NaHCOs3 (0.355 g), KCI (0.225 g), KsHPO4.2H>O (0.231
g), MgCL.6H20 (0.311 g), 1 M HCI (39 mL), CaCl» (0.292 g), Na>SO4 (0.072 g) and
with pH adjustment by the gradual addition of (CH2OH);CNH> (Tris) (6.118 g) and 1
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M HCI (0-5 mL). The final SBF solution was produced at a pH of 7.4 at 36.5 °C and
stored in a tightly closed plastic bottle kept at 10 °C up to a month to avoid any possible

crystal nucleation compromising solution stability and efficiency.

Hydrogels were obtained as described in Section 4.3.1, and they were cut into small
circular specimens by using a cork borer (1/4 inch) for bioactivity tests. Following that,
each sample was weighted to similar masses (0.03+0.003 g) and recorded. Three
replicates of samples were prepared, and these experiments were repeated in triplicate
for each time intervals of 7, 14, and 21 days. Specimens were placed into individual
universal test tubes and 10 mL of prepared SBF solution (pH 7.4) was warmed to 37 °C
and added onto samples for their complete immersion. The required minimum media
amount in the SBF protocol was calculated from the given Equation (4.4), which was
symbolised with a V and S represents the surface area of the specimen (Kokubo &
Takadama, 2006). The SBF media was refreshed after 7-days. The media taken in each
stored at 10 °C before use for drug release studies.

S
V== (4.4)

4.5.2 pH Analyses

The pH of SBF incubation media samples at each time intervals (7, 14, and 21 days)

were measured on a hot stirrer at 37 °C.

4.5.3 Weight Analyses

After pH measurements, samples were put into 24 well-plates, washed thrice with de-
ionised water, and weighted following removal of surface water. This weight was
recorded as W;. Subsequently, samples were freeze-dried (freezing at -80 °C for 24 h;
main drying at -20 °C for 24 h) and weighted, which were recorded as Wg. Dry mass
percentage of samples were calculated (see equation 4.5 below) and compared between
time intervals as a measurement of mineralisation. The freeze-dried samples were stored

in a desiccator for further analyses including, SEM, EDS and FTIR-ATR.
Dry Weight Ratio (%) = Wi/Wfd = 100 4.5)
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4.5.4 Chemical Analyses by FTIR-ATR

The mineralised hydrogel samples after incubation in SBF for different intervals of 0,
7, 14, and 21 days were characterised by FTIR-ATR spectroscopic analyses. The ATR
spectroscopic data collection was performed by using the same parameters used for
chemical analyses of degradation samples as described in Section 4.4.5. The data was
presented as an overlay of spectra after automatic baseline correction in Thermo Nicolet

OMNIC™ (Version 9.5.9, Thermo Fisher Scientific Inc., Madison, WI, USA) software.

4.5.5 Morphological Analyses by SEM

The microstructures of the mineralised hydrogels after 7, 14 and 21 days of incubation
in SBF were analysed in freeze-dried form. The top, bottom and cross-section images
of gold coated (5 nm) specimens were acquired via a Schottky FE-SEM instrument
(JEOL JSM-7800F, Tokyo, Japan) by applying a 5.0 kV of accelerating voltage and a

9 to 12 mm working distance.

4.5.6 Elemental Analyses by EDS

Mineralised apatite layer formation capacity on hydrogels was investigated via EDS
elemental analyses. A Schottky Field Emission Scanning Electron Microscope
(FESEM) (JEOL JSM-7800F, Tokyo, JAPAN) in conjunction with an X-ray Energy
Dispersive Spectrometer (EDS) with a large area (50 mm?) equipped with a Silicon
Drift Detector (SDD) (Oxford Instruments, UK) was utilised. The analyses were
performed by mapping of elements and their mean weight percentage in the

compositions.

4.6 Drug (Hep) Delivery Analyses by Toluidine Blue (TB) Assay

Toluidine Blue (TB) is a cationic metachromatic stain that serves as a complex making
agent with anionic glycosaminoglycans including Hep due to the content of sulphuric
acid esters. The formation of chemical TB/Hep complex alter the solution colour from

blue to purple. By adding an immiscible organic compound, TB/Hep complex could be
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separated by surface adsorption. The optical density measurements of the remaining
unreacted TB solution in the mixture is extracted and its optical density measurements
are used to count the concentration of Hep (Gattas-Asfura et al., 2006; Maclntosh,

1941).

In this study, TB staining was used to determine the distribution of Hep inside hydrogel
networks. In addition, the amount of Hep released in a media at different time intervals
was quantified by TB assay in which TB/Hep complexes were made in the presence of
a hexane compound, and absorption measurements of an un-complexed dye solution

was performed as reported in the literature (Sun et al., 2011).

4.6.1 Toluidine Blue (TB) Solution Preparation

0.005 % (w/v) of Toluidine Blue (TB) solution was prepared in 0.01 N HCI solution
containing 0.2 w % of NaCl, as reported (MacIntosh, 1941). The TB solution was
freshly prepared every week and stored in a glass bottle covered with aluminium foil

and kept at room temperature.

4.6.2 Local Hep Determination

The hydrogel samples were cut into circular shapes by using a cork borer (@: 3/8 inch)
and immersed into 2 mL of TB solution in vials and left for 30 min. The stained samples
were washed three times with de-ionised water to remove unbounded TB stains. The
images of samples were taken by phone camera and under an optical microscope
(EVOS™ XL Core Configured Microscope, Invitrogen™, Thermo Fisher Scientific Inc,
Madison, WI, USA).

4.6.3 Drug (Hep) Release Studies

The TB assay protocol was used to determine drug (Hep) release from hydrogel
networks based on optical density measurements of unreacted TB solution extracts
underneath the formed TB/Hep complexes, which are then correlated with Hep

concentrations via an obtained standard curve.
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TB-Hep complexes were obtained by using a TB protocol adapted from the literature
(Kim et al., 2000;Lu et al., 2007). For this, 1.5 mL of prepared TB solution was poured
into vials. Then, 1 mL of the standard Hep solution in known concentration was added
and mixed with TB. After swirling, the mixtures in vials, they were rested at room
temperature for 30 min. Following that, 1.5 mL of hexane was poured into the mixtures
and swirled vigorously for at least 30 sec to provide a complex layer formation on top
of the solutions. The formation of a TB-Hep complex in the presence of hexane could
be visually verified, especially at higher concentrations of Hep due to the colour change
in the solution, having a purple complex layer on top separated by unreacted blue TB
solution below. The unreacted TB solution located at the bottom of the vials were
carefully extracted; avoiding taking hexane solution or any precipitate from the
complex. 100 pL aliquots of the media were placed into 96 well-plates with 10
replicates per sample. Then, absorbance measurements of the solutions were performed
with a micro-plate reader instrument (800TS, BioTek® Instruments GmbH, Bad
Friedrichshall, Germany) using 630 nm wavelength of the light. The acquired data was
analysed, and the mean of the absorbance values were plotted against TB concentrations

in GraphPad Prism (Version 7.0, San Diego, CA, USA) software.

For the correlations of the Hep concentrations in the TB/Hep mixtures, a standard curve
was obtained via absorbance measurements of noncomplex TB solution aliquots that
were prepared for the Hep standard solutions in increasing concentrations. Hep standard
solutions were individually prepared in a media (water or SBF) at different
concentrations of: 0, 20, 40, 60, 80, 100, 120, 140 pug/mL that include the range of the
Hep concentrations of approximately 30 and 120 pg/mL in the modified hydrogel
samples: SO and SI respectively. The required standard solution concentrations were

prepared as 10 mL aliquots diluted from the prepared stock solution (200 pg/mL Hep).

To investigate the drug release profile of hydrogel samples in D.H>O, hydrogels were
prepared from solutions (approx. 45 mL) that were cast into glass dishes with lids (Q:
100 x 15 mm, Steriplan®, Duran® DWK Life Sciences GmbH, Mainz, Germany) and
incubated at 37 °C for 48 h. Then, the hydrogels were cut into small circular specimens
by using a cork borer (5/16 inch). Following that, each sample was weighted to similar

masses (0.1+£0.05 g), recorded and incubated in 10 mL of D.H>O in universal test tubes.
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At different time intervals (4 h, 1, 3, and 7 days), 1 mL of Hep release media was taken
and replaced with 1 mL of fresh D.H>O. The Hep release media (1 mL) was then added
into 1.5 mL of TB solution, and the steps for making TB/Hep complex were carried out
as previously described. The acquired absorbance measurements were correlated with
the concentration of Hep by using a standard curve equation. Furthermore, the drug
(Hep) release in SBF media was undertaken in the same way, but by using supernatant
SBF as a Hep release media, taken during bioactivity studies at 7, 14 and 21 days of

experiment intervals, and refreshed in every 7-days.

4.7 Statistical Analyses

Statistical analyses on data were performed in GraphPad Prism (Version 7.0, San Diego,
CA, USA) software. 2-way ANOVA analyses were performed by using TUKEY

multiple comparison method. A correlation of p < 0.05 was considered as significant.

4.8 Results

4.8.1 Swelling Analyses by Weight and pH Change

The swelling capacities of modified hydrogels were tested by incubation in PBS for
different time intervals of up to 72 hours (h). Figure 4.1.a shows the percentage swelling
of different hydrogel compositions. The sole CS hydrogel (CI) possessed the highest
swelling ratios during all experiment periods whereas the minimum swelling ratios were
seen with the composite CS/HA/Hep (SI) sample, which could be more efficient for
prolonged drug release applications. The swelling equilibriums reached in 6 h for CI,
CII and SI samples were 68%, 61% and 55%, respectively. The swelling pattern of all
compositions showed the similar trends that the most swelling occurred in first 30 min
and increased gradually up to 6 h in which the maximum swelling occurred. After 15 h,
hydrogels showed a tendency to slightly loose the absorbed liquid for up to 72 h
possibly due to the starting of degradation.

The pH profile of the supernatant media of hydrogels incubated in PBS are given for
the same incubation periods in Figure 4.1.b. In contrast to their swelling ratio, the

highest pH values belonged to SI composite sample while the sole CS hydrogel CI,
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possessed the lowest solution pH. This could be associated with the final pH of the
composite hydrogels having respectively higher pH in comparison to sole CS hydrogels.
In addition, the absorption of anions from salts in PBS are attracted by cationic sites of
CS that decrease the pH of the media. In the same way, due to less liquid absorption in
composite hydrogels, CII and SI possessed respectively higher pH in the supernatant

media.
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Figure 4. 1 The swelling analyses results of different modified hydrogel compositions: CI (CS),
CII (CS.0.1HA) and SI (CS.0.1HA.0.005Hep) with standard error bars (n=3) a. % liquid
absorption ratio, and b. pH change in supernatant PBS media in which hydrogels were incubated
at different time points of swelling tests up to 72 hours.

It was seen that pH of the media increased for up to 15 h, which was parallel to the
rising swelling ratio pattern. In the first 15 h, the pH of CII and SI rose to approximately
7.70, while the pH of CI increased to around 7.55. Between 15 and 24 h, there was a

sudden decrease in the pH of all solutions that was parallel with the deswelling of the
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hydrogels, as losing some water decreases pH. The deswelling continued until 48 h in
Cl and SI samples that both showed a decrease in pH to around 7.4 and 7.6, respectively,
and subsequently, rising slightly at the 72 h interval.

4.8.2 In-vitro Degradation Analyses

4.8.2.1 Weight and pH Analyses During Degradation

The in-vitro degradation based on weight decrease of the samples and pH alteration in
media during the incubation of samples in both the presence and absence of the
lysozyme enzyme (5Smg/mL) in PBS over 6-weeks, were studied for different time
intervals (the resultant plots are shown in Figure 4.2). During the first day of incubation
in both media, hydrogels lost almost 20% of their weight. This high weight loss ratio at
the beginning could be associated with water lost due to further gelation at 37 °C during
drying for 24 h. The degradation speed of hydrogels incubated in the presence of

lysozyme was faster in comparison to sole PBS media specimens.

In lysozyme specimens, a nearly 50% degradation was seen at day-14, following by a
gradual degradation reaching the vicinity of 70% at day-42. On the other hand, PBS
specimens showed gradual but slower degradation reaching around 35% of weight loss
in the first two-weeks, following by a total 60% degradation after 42-days. In PBS
specimens, the CII sample showed the least degradation although it had the highest
standard deviation; while the degradation rate of SI samples was the fastest. However,
for both PBS and lysozyme specimens, the in degradation were not statistically
significant (p: 0.0959). However, a significant difference (p<0.0001) occurred between

the time intervals of the degradation tests.

216



90+

- Cl (PBS) - CI (Lys+PBS)
#4(<0.0001) Cli(PBS) - CllI (Lys+PBS)
ns(p:0.5873) =+ S| (PBS) -+ Sl (Lys+PBS)
80
1)
©
14 70-
m N
£ N
£
g 60+ pom *(p:0.0278)
Q
14
5 501
0
S
E 40- *(p:0.0274)
X *(:0.001)
30_ **(n<0.0001)
ns(p:0.99),
20 1 1 1 : i 1 1 I 1 1 1 1 1 1 1 I 1 1 1
1 2 4 8 16 32
Days

Figure 4. 2 The comparative in-vitro degradation weight analyses plotted as the percentage of dry
weight remaining ratios of the modified hydrogels: CI (CS), CII (CS.0.1HA) and SI
(CS.0.1HA.0.005Hep) in different time intervals up to 42 days, during incubation in PBS and
Lysozyme (5 mg/mL) in PBS solution with standard deviation (n=4). Statistical analyses
performed by 2-way ANOVA; Tukey multiple comparison tests were performed with a: 0.05. The
adjusted p-values above show differences of the degradation profile of the CI sample in PBS media
(purple line) while below p-values belong to comparison of the SI sample in Lysozyme + PBS
media (bright green line). The p-value connected with a vertical line demonstrates the significant

difference between the CI sample in PBS and Lysozyme + PBS media at day 14.

The comparative pH alteration plots of the degradation of samples in both PBS and
lysozyme media specimens are given in Figure 4.3. The pH range over the whole
degradation period was lower in Lysozyme media specimens (~6.9-7.5) while sole PBS
media specimens were higher (~7.2-7.7). During the first 3 days, the pH of the hydrogel
supernatants in both media showed an increase that could be associated with swelling
of the hydrogels. A sudden decrease in the pH was observed between day-3 and day-7,

which indicates the start of deswelling and weight loss.
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Figure 4. 3 The pH alteration of supernatant media taken at different time intervals of up to 42
days in the in-vitro degradation tests of modified hydrogels in a. PBS and b. Lysozyme (5 mg/mL)
solution in PBS. The involved hydrogel specimens are CI (CS), CII (CS.0.1HA) and SI
(CS.0.1HA.0.005Hep).
Between 7 and 21 days, pH became almost stable at around 7.3 for the sole PBS media
specimens, while lysozyme specimens showed an increase in pH level of up to 7.4

followed by a decrease until day-28 and an increase until day-42 returning to around

7.4, equalising with the pH of the PBS media specimens.

The physical indications of degradation in hydrogel specimens were also compared by
taking photographs of the same specimens from each sample group in every time
intervals (See Figure 4.4). There was decrease in the sample thicknesses and other

dimensions, and some cracks appear in the samples over the degradation period.
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Figure 4. 4 The appearance of modified hydrogels during in-vitro degradation tests: the same
specimens were photographed in each time intervals up to 42 days which were incubated in PBS
and lysozyme (5 mg/mL) media are given in the left and right column, respectively. Test
specimens, labelled at the top of the columns belong to CI (CS), CII (CS.0.1HA) and SI
(CS.0.1HA.0.005Hep) specimens.
During incubation with lysozyme media, there was darkening in the sample colour from
beige to brown. The breakdown of some samples into small pieces were seen. In one
sample of sole CS in lysozyme, the media became a dark brown hard film having only
the polymer skeleton after 42 days. (See Figure 4.5). In addition, a sample incubated in

PBS became very fragile and totally broke down into small pieces when it was taken

out the media at day-42.
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Figure 4. 5 The appearance of a modified hydrogel, CI (CS) becoming a hard, brown thin film
after 42 days of incubation in Lysozyme (5 mg/mL) media in PBS during in-vitro degradation test.
(The image of the sample with a ruler on a tissue at left and on a white paper at right).

4.8.2.2 Morphological Analyses by SEM

The morphological degradation of hydrogels was investigated by SEM analyses of
freeze-dried hydrogels taken at 14-, 28- and 42- days of incubation in both PBS and
lysozyme sample groups. The microstructure images of the samples were also compared
with prepared hydrogels before incubation in any media, after freeze drying. These were
nominated as Day-0 samples. Figure 4.6 shows the comparison of microstructural
images of the sole CS hydrogel (CI) specimen PBS and lysozyme media groups, at
different time intervals, taken from top, bottom and cross-section. As can be seen in the
images, the hydrogel specimens possessed cracks after 14-days of incubation in both
PBS or Lysozyme media. Progressive degradation was seen in the samples having large
cracks with deterioration and final break down of the bulk of the hydrogels at day-42
(Figure 4.6.j-1). Hydrogels initially having a flat surface were broken and degraded,

leading to an appearance of porous microstructure in the bulk (See Figure 4.6.1).
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Figure 4. 6 The SEM micrographs of modified hydrogel CI (CS) during degradation in PBS and
in Lysozyme (Smg/mL Lysozyme in PBS) media. The images at the three columns from left to
right show top, cross-section and bottom sites while the vertical labels given at left represent the
following: DO: hydrogels before incubation in media (a-c); D14 PBS : after 14 day incubation in
PBS (d-f); D14 Lysozyme: after 14 day incubation in Lysozyme (g-i), D42 Lysozyme: after 42
day incubation in Lysozyme media (j-1). (The scale bars at the images are respectively (a-d, f-g
and i-j). 100 pm, (e and ). 10 um, and (h and k). 100 pm.)

The SEM images of composite the modified hydrogel, SI (CS.0.1HA.0.005Hep)
specimen during different time points of the degradation tests in PBS and lysozyme
media are given at different positions in Figure 4.7. It has been seen that surface cracks

appeared in 14-day specimens, whereas the signs of breakdown in the bulk of the
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hydrogels can easily be noticed in Day-28 samples that belong to PBS test group (Figure
4.7.d-e). A large crack in the cross-section region (Figure 4.7.h) and degradation at the

bottom surface in a high magnification image (Figure 4.7.1), were clearly seen.

Top Cross-section Bottom

D28 PBS D14 PBS

D42 PBS

D42 Lysozyme

Figure 4. 7 The SEM micrographs of modified composite hydrogel SI (CS.0.1HA.0.005Hep) during
degradation in both PBS and Lysozyme (Smg/mL Lysozyme in PBS) media. The images in the three
columns from left to right show top, cross-section and bottom sites while the vertical labels given at
left represent the following: D14 PBS : 14-days of degradation sample in PBS (a-c); D28 PBS : 28-
days of degradation sample in PBS (d-f); D42 PBS: 42-days of degradation sample in in PBS (g-i),
D42 Lysozyme: 42-days of degradation sample in Lysozyme media (j-1). (The scale bars at the images
are respectively (a and f-g). 10 um, (b-e, h and j-k). 100 pm), 10 um, (i and I). 1 um.)
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The day-42 degradation sample in lysozyme media show a large cavity in the middle of
the top surface progressing towards the bulk of the specimen (Figure 4.7.j), big cracked
regions at the cross-section (Figure 4.7.k), and deterioration at the bottom surface

(Figure 4.7.1).

The appearance of HA crystals in composite CII (CS.0.1HA) and SI
(CS.0.1HA.0.005Hep) hydrogels during degradation tests are shown in Figure 4.8. As
can be seen in the images, needle-like spherical crystals forming flower shapes are
dispersed over the polymer matrix (Figure 4.8.a). In the SI (CS.0.1HA.0.005Hep)
composite sample, the effect of the Hep coating on the surface was to slightly smoothen

the crystal surfaces as has been mentioned in the previous chapter (Figure 4.8.b).

Figure 4. 8 The HA crystals present in SEM micrographs of modified composite hydrogels during
degradation tests in PBS a. CII (CS.0.1HA) after 14 days of incubation (10 pm scale bar); and b.
SI (CS.0.1HA.0.005Hep) after 28 days of incubation (1 pum scale bar).

4.8.2.3 Chemical Analyses by ATR

The chemical changes in hydrogels during incubation in PBS and lysozyme (5Smg/mL
in PBS) were analysed at different time intervals of the in-vitro degradation tests,
including Day-0 (hydrogels prior to incubation in any media), Day 14, Day 28 and Day
42, from both top and bottom surfaces. The spectral graphs obtained from top surfaces
of PBS and lysozyme specimens are presented, for each sample group: CI (CS), CII
(CS.0.1HA), and SI (CS.0.1HA.0.005Hep), in Figure 4.9, Figure 4.10, and Figure 4.11,
respectively. Gradual decreases were seen at most peak intensities of the chemical

groups during the degradation periods of all samples. The biggest change was observed
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at the peak region belonging to O-H and N-H groups locating between 3200-3500 cm"
!, and C—H stretching bonds between 2800-3000 cm™! (Shahzad et al., 2015).
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Figure 4. 9 The comparative ATR spectra of degradation samples, CI (CS) modified hydrogels at
different time intervals over 42 days of incubation in a. PBS and b. Lysozyme in PBS solution
(5mg/mL).

In addition, the peaks at 1078 c¢cm™ corresponds to cyclic C-O stretching vibrations

(Rokhade et al., 2007), and the peaks at 993 cm™' and 1031 cm™! are due to vs C-OH

stretching and v4 COH bending frequencies, respectively (Swayze & Clark, 1990). The

samples in lysozyme display much less intensity at day-21 and at day-42 in comparison

to the Day-0 counterpart specimen. Furthermore, the decrease in the intensities of peaks

at 1151 cm™ and 895 cm!, which were assigned to C-O stretching and CS ring

stretching vibrations, also indicated degradation (Yar et al., 2017).
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Figure 4. 10 The comparative ATR spectra of degradation samples, CII (CS.0.1HA) modified

hydrogels at different time intervals over 42 days of incubation in a. PBS and b. Lysozyme solution

in PBS (5mg/mL).
The single peak at 1567 cm™!, due to N-H bending linkages (Shahzad et al., 2015) in
PBS samples, was split into two peaks in lysozyme specimens, at around 1553 cm™ and
1618 ¢cm™ and are attributed to asymmetric stretching of COO . In addition, the
presence of lysozyme caused an increase of the amide-I bond at 1649 ¢cm™! confirming
the chemical interaction of lysozyme with CS (Mizuguchi et al., 1997) which did not
occur in the PBS specimen spectrums. Moreover, the intensity of peaks at 1416 cm’!
and 1383 cm! resulting from CH; bending vibrations (Shahzad et al., 2015) showed an

explicit decrease in all samples.
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Figure 4. 11 The comparative ATR spectra of degradation samples, SI (CS.0.1HA.0.005Hep)
modified hydrogels in different time intervals over 42 days of incubation in a. PBS and b.
Lysozyme solution in PBS (Smg/mL).

4.8.3 Bioactivity Analyses by SBF

4.8.3.1 Weight and pH Tests

The bioactivity of the hydrogels in terms of carbonated apatite mineral deposition on
their surface during incubation in SBF were measured by comparing by their % dry
weight ratio determined at different time intervals up to 21 days. At day 7, the CII
(CS.0.1HA) samples showed a significantly higher percentage of dry weight ratio than
the CI (CS) sample (p: 0.0091) which was associated with the additive effect of HA on
mineralisation. However, no-significant difference was observed between CII
(CS.0.1HA) and SI (CS.0.1HA.0.005Hep) specimens (p: 0.5453) at day-7. During all
incubation periods, the CI, sole CS sample showed much less of an increase in its

weight, accounting for only 0.7 % from day-7 to day-21. Between the 7 and 14-day
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intervals, there was an increase in the dry weight ratio of both CII and SI samples which
were 1.4 % and 2.5 %, respectively, whereas the weight change between 14 and 21 days
was negligible in both samples. At day-21, there was a significant difference not only
between CI and CII, but also CII and SI. The weight ratio of SI was significantly higher
than the CII specimen (p=0.0183), indicating that the final composite hydrogel
possessing Hep also contributed to in-vitro biomineralisation in SBF; which can be
associated with the highly anionic nature of Hep attracting ions in SBF promoting

apatite formation.
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Figure 4. 12 The bioactivity test results performed by incubation of modified hydrogels (CI (CS),
CII (CS.0.1HA) and SI (CS.0.1HA.0.005Hep)) in SBF media in different intervals up to 21 days
to investigate biomineralization by a. the comparison of % of the dry weight ratio of hydrogels
and b. the pH changes in different time intervals of the bioactivity tests. Results were expressed
as a mean + SD (N=3). Statistical analyses were performed by 2-way ANOVA; Tukey multiple
comparison tests were performed with a: 0.05. Weight increase percentage values between time
intervals for the same sample group were demonstrated with loosely dashed lines, and the
statistical difference between samples were shown with solid line with adjusted p values.
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Regarding pH alteration, the highest pH was possessed by SBF supernatant media that
belonged to the SI sample, while the CII sample had the second highest pH at most
intervals of the bioactivity test. All media specimens showed an increase at the pH up
to 21-days. A faster pH increase between time points was observed with a parallel trend
for CII and SI composite samples in which the mean pH change was 7.46-7.53 and 7.40-
7.47, respectively.

The physical indication of mineralisation on the top surface of hydrogels were observed
by taking comparative photographs of each specimen composition from their top and
bottom surfaces in their wet and freeze-dried forms. The representative sample
photographs are given in Figure 4.13. As can be seen in the images, day-0 hydrogels

possess from a beige to cream colour.

cl cl sl cl ci sl
Day 0 hydrogels Day 0 hydrogels

Day 7 wet hydrogels

®

Figure 4. 13 The physical indication of biomineralisation during bioactivity studies of modified
hydrogels incubated in SBF media up to 21 days. The images of Day-7 and Day-21 samples are
shown at left and right column, respectively. From top to below image labels ‘Day-0 hydrogel’
indicates the specimens before incubation in SBF, ‘Day-7 wet hydrogels’ represents the samples
incubated 7 days in SBF and imaged after washing, and ‘Day-7 (freeze-dried)’ demonstrates the
samples freeze-dried after washing. The test specimens are labelled on top of the columns belong
to CI (CS), CII (CS.0.1HA) and SI (CS.0.1HA.0.005Hep).

After 7 days of incubation in SBF, the composite hydrogels including CII and SI

hydrogels had a white layer formation on their top surfaces becoming harder and whiter
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upon freeze-drying, while there was not a change in their bottom surfaces. Furthermore,
CII and SI samples possessed much whiter and harder mineral layer after 21 days of
incubation in SBF. On the other hand, there was not a noticeable colour change of sole
CS sample (CI) on its neither top nor bottom surface after incubation in SBF even after

21 days.

4.8.3.2 Morphological Analyses by SEM

The microstructure images of freeze-dried hydrogels taken in different intervals (7, 14
and 21 days) of the bioactivity studies were studied comparatively by SEM. Figure 4.14
shows the SEM images of sole CS (CI) hydrogel after incubation in SBF for 7 and 21
days. There was not any indication of crystalline mineral formation in microstructure
images of the CI sample at different orientations after SBF incubation up to 21 days. In
terms of morphology, modified CI hydrogel, which was obtained from a solution having
pH between 6.2-6.4 showed dense, tiny micropores at its cross-section and an almost
flat, top and bottom surface morphology. After 21-days of incubation in SBF media,
the little holes formed on the top surface might be associated with some degradation of
the sample surface. The honeycomb-like microporosity is seen at the cross-section
images of hydrogels in Figures 4.14.(c and f) while big micropores can be seen

underneath the top surface of the hydrogels in Figure 4.14.e.
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Figure 4. 14 The SEM micrographs of modified hydrogel CI (CS) during bioactivity studies in
SBF. The left and right column belong to the samples exposed to 7-days and 21-days of incubation
in SBF media, respectively. The images a and d belong to top surface of samples while b, ¢, e, and
f are cross-section images. (The scale bars at the images are as follows: (a-b and e). 100 um, (c-d
and f). 10 um)
CII (CS.0.1HA) involving HA, possessed a rough mineralised layer covering the
whole top surface of the specimen analysed after incubation in SBF for 7 up to 21
days (Figure 4.15). Seen explicitly in a high magnification image at Figure 4.15.h,
the carbonated apatite crystals possessed single flower like crystals formed with a
needle like surface morphology showing the biggest crystal size at around 1 pm
dispersed throughout top surface of the specimens. This surface topography is

indicative of highly bioactive surface features which may provide very efficient

bonding with natural bone tissues. Formation of some cracks at the top surface, seen
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in 21-day SBF specimens, was attributed to some degradation in the sample.

Day 7 Day 21

Figure 4. 15 The SEM micrographs of the top surfaces of modified composite hydrogel CII
(CS.0.1HA) samples after incubation in SBF media for 7 days and 21 days at left and right column,
respectively. (The scale bars at the images are (a and €). 100 um, (b and f). 10 pum, and (c-d. and
g-h). 1 um)
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The morphology of a composite hydrogel specimen containing also Hep, SI
(CS.0.1HA.0.005Hep) after 7 and 14 days of incubation in SBF are shown
comparatively in Figure 4.16. The flat top surface with some bubble holes (Figure
4.16.a) and smooth bottom surface (not shown), and small micropores in the cross-
section images (Figure 4.16.f) with less and more dense layered areas (Figure 4.16.1-1)

and some big pores at certain locations (Figure 4.16.¢) were observed.

Figure 4. 16 SEM micrographs of a modified composite hydrogel SI (CS.0.1HA.0.005Hep) in
SBF. Starting at left, the first and second column pairs belong to the sample after 7 and 14 days
incubation in SBF media, respectively. The images a-d and e-f are top and cross-section images,
respectively for 7-day samples while g-h and i-l images are top and cross-section images,
respectively for 14-day samples. (The scale bars at the images are as following: (a, e, g and j-k).
100 pm, (b-d and h). 1 pm, (f, i and I). 10 um)

In terms of crystalline structure, a highly mineralised layer with rough crystals was
hidden under the polymer matrix due to the coating effect of Hep on the top surface.
This is explicit in Figure 4.16.b. This crystalline morphology is uncovered by observing
the sample regions possessing some cracks in the top surface, as seen in Figure 4.16.d
and in its magnified image in Figure 4.16.c. Similarly, seen in Figure 4.16.g, there is a
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rolled polymer layer on the top surface of the specimen and on the uncovered area
possessing a lighter colour. When this region is magnified in Figure 4.16.h, spherical

apatite crystals accompanied by flake like morphology are seen.

4.8.3.3 Elemental Analyses by EDS

The in-vitro biomineralization in the hydrogel samples was also assessed by performing
elemental analyses via EDS following SEM imaging. The EDS analyses of the hydrogel
specimens from each group were analysed at different time intervals. The compositional
analyses for freeze-dried CI, CII and SI hydrogels obtained after 7 days of incubation in
SBF are given in Figure-4.17, Figure-4.18, and Figure-4.19, respectively.

. Map Sum Spectrum
Wth o
& 551 01
0 244 01
Au 101 01
N 8.1 0.2
Cl 18 0.0
Na 0.5 0.0

] 19 6 7 8 5 ] 9

C Kal 2 Cl Kal

10pm 10pm 10pm

N Kal 2

Na Kal 2 O Kal

[ vy | | grropeou | (oo |

10pm 10pm 10pm

Figure 4. 17 The EDS analyses determining elemental composition of modified hydrogel CI (CS)
after 7 days incubation in SBF media and freeze-drying a. SEM micrographs from top surfaces of
the specimen b. elemental composition, ¢. the colour mapping of elements distributed on the
sample and d. colour distribution density for each individual element on the specimen region.
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For CI (CS) as can be seen in Figure 4.17, calcium and phosphorous were not detected
as solely polymer matrix components such as, C, O, N, and Na. In addition, Au is found
due to coating and CI, present in trace amounts, might be due to an impurity in the
reagents. On the other hand, the elemental composition of CII (CS.0.1HA) is indicated
by the high intensity peaks of Ca, P and O, elements which comprise calcium phosphate-
apatite mineral deposits (Figure 4.18).
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Figure 4. 18 The EDS analyses determining elemental composition of modified composite
hydrogel CII (CS.0.1HA) after 7 days incubation in SBF media and freeze-drying a. SEM
micrographs from top surfaces of the specimen b. elemental composition, ¢. the colour mapping
of elements distributed on sample and d. colour distribution density for each individual element
on specimen region.
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In the CII sample, the Ca/P ratio was 1.9, which is slightly higher than that of
stochiometric HA (1.67). This high ratio could be related to phosphate deficient HA due
to CO3-2 B-type substitution with the PO4-3 site of HA, as is reported in the literature
(Landi et al., 2003). The carbonate source might have been contributed by both
NaHCO3, used for neutralising the hydrogels, and the non-sintered HA involved in the
synthesis, having little carbonate substitution. B-type CO3-2 is favourable to reducing
stability of HA by enhancing its bioresorption that increases the bioactivity and

efficiency of HA.
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Figure 4. 19 The EDS analyses determining elemental composition of modified composite
hydrogel SI (CS.0.1HA.0.005Hep) after 7 days incubation in SBF media and freeze-drying a. SEM
micrographs from top surfaces of the specimen b. elemental composition, ¢. the colour mapping
of elements distributed on sample and d. colour distribution density for each individual element
on specimen region.
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In addition, in the hydrogel composition with Hep (SI: CS.0.1HA.0.005Hep), the EDS
analyses also showed the presence of Calcium phosphate at high intensity with a Ca/P

ratio of 1.77. This could also be evidence for B-type carbonate substitution in HA.

4.8.3.4 Chemical Functional Group Analyses by ATR

The freeze-dried modified hydrogel specimens before incubation in SBF (Day 0) and
after immersion in SBF at different intervals of 7, 14 and 21 days were chemically

analysed by FTIR-ATR spectroscopy.

The comparative spectra of the CI (CS) sample without HA is given in Figure 4.20. The
CI sample spectra possessed higher intensities in O-H and N-H bonds between 3000-
3500 cm™ and in C-H groups (2800-3000 cm™'). In the amide bond region, detected
peaks were for: amide-I or C=0 bond at 1649 cm™!, amide-II or N-H deformation at
1567 cm!, and amide IIT vibrations at 1324 cm!. The peaks at 1416 cm™! and 1383 cm-
!are attributed to CH, bending (Shahzad et al., 2015; Yar et al., 2017).
ol
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Figure 4. 20 The comparative ATR spectra of bioactivity test specimens of modified CI (CS)
hydrogels (top surfaces) in different experiment intervals up to 21 days.
The C-N stretching bond was detected at 1250 cm™! while the peak at 1150 cm! is
attributed to C-O stretching vibrations (Yar et al., 2017). The peaks at 1078 ¢cm™! and
1031 cm! are due to C-O ring stretching frequencies (Moreira et al., 2016; Rokhade et
al., 2007). The shoulder peak manifested at 894 cm™ is attributed to C-O-C stretching
in saccharide rings of CS (Deng et al., 2017; Yar et al., 2017). However, phosphate

bonds were absent in the CI spectra after all incubation durations in SBF. In addition,
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there was a gradual decrease in the peak intensities of most functional groups, especially

O-H and N-H bonds, which indicate a gradual degradation of samples over time.

The ATR analyses of all hydrogels before incubation in SBF (Day 0) in Figure 4.21.a,
and the comparative spectra of composite samples after 7, 14 and 21-days of incubation
in SBF are given in Figure 4.21.b, and Figure 4.21.c. for the CII (CS.0.1HA) and SI
(CS.0.1HA.0.005Hep) samples, respectively.
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Figure 4. 21 The comparative ATR spectra of modified hydrogels (top surfaces) a. before
incubation in SBF (Day-0) including CI(CS), and the comparative spectra of b. CII (CS.0.1HA)
and c¢. (CS.0.1HA.0.005Hep) after incubation in SBF for different periods (7, 14, and 21-days).
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The composite CII (CS.0.1HA) and SI (CS.0.1HA.0.005Hep) hydrogels showed intense
crystalline phosphate peaks locating in the region of 450-1100 c¢m™' dominating the
other frequencies including, O-H/N-H (3000-3500 ¢cm™'), C-H (2800-3000 cm™!), and
amide groups (1200-1700 cm™) starting from Day-7. The sharpest peaks of the spectra
were found at 1018-1020 cm! due to the v3 asymmetric stretching of vibrations of
phosphate bonds. The more Raman active vi symmetric stretching of PO4> bonds were
detected as a weak shoulder peak at 963 cm™! or 964 cm™! at Day-7 and onward. Upon
incubation in SBF, the spectra of specimens showed sharp peaks at 559 cm™! and 601
cm!; elevated due to v4 asymmetric bending of PO4 vibrations. The weak shoulder
peak at 473 cm’! manifested due to the v> phosphate bending mode (Antonakos et al.,
2007; Rehman & Bonfield, 1997). The peaks raised at 875 cm™ or 876 cm! in CII and
at around 878 c¢cm™! in SI specimens, were attributed to v CO3? bonds (Gibson &

Bonfield, 2002; Rehman & Bonfield, 1997).

There was a progressive decrease at the peak intensities throughout the spectra from
day-7 onwards. This could indicate possible degradation of the hydrogels, and a slight
decrease in crystallinity due to the resorption of crystals during incubation. These
results, supported also by EDS analyses, provide chemical confirmation of carbonated
apatite layer formation on hydrogel surfaces. In addition, the promotion of in-vitro bio-
mineralisation by the composite hydrogels CII (CS.0.1HA) and SI:
(CS.0.1HA.0.005Hep), was confirmed by weight, pH and morphology analyses and

could be potential candidates for the promotion of in-vivo bioactivity.

4.8.4 Heparin Determination and Drug (Heparin) Release Studies

4.8.4.1 Local Heparin Determination by Toluidine Blue (TB) Assay

Identifying Hep locations inside a hydrogel network was achieved by complexation of
Hep with a colorimetric stain, toluidine blue (TB). The purple stained regions on
hydrogels after TB staining indicated the presence of Hep. Figure 4.22 gives the
comparative photographs of two hydrogel specimens; a control (CII: CS.0.1HA)
specimen without Hep and SO: CS.0.1HA.0.0015, a Hep sample comprising the

minimum Hep concentration (33 pg/mL). The purple colour formed only at the top
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surface as a thin layer of the SO sample whereas bottom surfaces were blue indicating
the absence of Hep (Figure 4.22.d). The control samples (CII) possessed blue colour in
their all sites (Figure 4.21.b).

Figure 4. 22 The photographs of Toluidine Blue (TB) stained hydrogels (30 min) for local
determination of Hep via purple colour formation in TB/Hep complexes. The images belong to the
composite modified hydrogels having a pH of 6.4-6.5 in solution, including the CII (CS.0.1HA)
control sample without Hep and the SO (CS.0.1HA.0.0015Hep) sample containing the minimum
Hep concentration (33 pg/mL). CII and SO hydrogels a. before TB staining and b. after TB
staining, c. SO hydrogel specimens in two different plastic petri dishes from their top surfaces, and
d. the comparison of top and bottom surfaces of an SO hydrogel specimen.

Furthermore, local distribution of Hep in hydrogels were imaged under an optical
microscope. In Figure 4.23, the optical microscope images of CII: CS.0.1HA and SO:
CS.0.1HA.0.0015Hep samples are demonstrated from their top and bottom surfaces
comparatively. This method also enabled observation of the microstructure of samples
in hydrogel forms. The images, observed from their top surfaces, showed that hydrogels
comprise many bubbles in their networks. These bubbles might occur during CO»
release during gelation, and due as well to their abundant water content. In bottom
surface, the beige coloured particles were attributed to respectively bigger HA particles

that formed as sediment due to the effect of gravity.
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Figure 4. 23 The optical microscope images of Toluidine Blue (TB) stained hydrogels (30 min)
for local determination of Hep, indicating a TB/Hep complex by purple colour: The comparison is
of (a-d). CII (CS.0.1HA) control sample without Hep and (e-p). SO (CS.0.1HA.0.0015Hep) with
33 ng/mL Hep. These composite modified hydrogel specimens were prepared with a pH range of
6.2-6.4 in solution. The purple to pink colours indicates Hep locations distributed on the samples.
The yellow particles at the bottom surfaces belong to HA particles. (Scale bars correspond to the
following: (e-f). 0.4 mm, (c, g, Kk, 0). 0.05 mm, (d, n and p). 0.1 mm and other images (a-b, h-j, I-
m). 0.2 mm)

The control hydrogel, CII, possessed more greenish colour and, they did not exhibit
purple coloured locations. On the other hand, the SO specimen with Hep shows a purple
colour distributed evenly on its top surface. In higher magnifications, the purple to pink
colour becomes more explicit. At the bottom surface of SO there were a few particles
stained in blue or purple colour, but it was negligible in comparison to the top surface.

These results have shown that the hydrogels possessed a Hep functionalised top surface
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feature. The presence of Hep on the top surface having a coating effect with smoother
surface features covering the polymer matrix and HA crystals was confirmed earlier by

SEM analyses.

The local presence of Hep was confirmed at higher concentrations in modified
hydrogels in the more stable forms produced with a solution pH above 6.4 (6.4-6.5).
The images of a TB stained SI hydrogel (CS.0.1HA.0.005Hep) having 120 pg/mL Hep
is shown in Figure 4.24. This sample showed a dense and thick purple complex layer

on only the top surface, providing a functionalised surface, while Hep was absent at
a. b.
c. d.

Figure 4. 24 The photographs of a Toluidine Blue (TB) stained composite modified hydrogel, SI
(CS.0.1HA.0.005Hep) with 120 pg/mL Hep, which was obtained with a pH 6.4-6.5 (stable
hydrogel) indicating the presence of Hep with dense purple colour. The appearance of SI sample
from different angles given as a. top, b. bottom, c. top to lateral, and d. lateral images.

other locations.

Furthermore, the stability and presence of Hep at initial hydrogel compositions were
investigated by TB staining and optical microscope imaging after 2-years of storage in
their freeze-dried forms. Figure 4.25 shows the optical microscope images of different
initial hydrogel compositions including a control sample CII (CS.0.1HA.), and
hydrogels with different concentrations of Hep including SI (120 pg/mL Hep) SII (360
pg/mL Hep) and SIIT (600 pg/mL Hep).
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Figure 4. 25 Toluidine blue stained freeze-dried initial hydrogels to indicate local Hep after 2-
years of storage to investigate their stability a-b. CII (CS.0.1HA) as control, ¢. SI
(CS.0.1HA.0.005Hep)-120 ug/mL Hep d-f. SII (CS.0.1HA.0.015Hep)-360 pg/mL Hep and g-h.
SHI (CS.0.1HA.0.025Hep)-600 pg/mL Hep (Scale bars : (a and d-h). 0.2 mm and (b-c). 0.05 mm)

The results revealed that the hydrogel compositions having higher Hep concentrations
were still well possessed of Hep bound in their hydrogel networks. This is seen by the
dark purple colour on the hydrogel surface, particularly in SIII. The SI sample was blue
and some dark areas were present but almost no clear purple colour was detected

indicating that little or no Hep remained. In the CII control sample, the hydrogel matrix
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seemed respectively bright and there was one point that had a purple stained particle.
Although this sample does not contain Hep, this staining might result from
contamination by contact with other samples comprising Hep. Alternatively, the
possible sulphate impurities in chitosan can make a complex with TB, since it has been
reported that the presence of sulphuric acid esters in polymers can lead complexation

with any metachromatic stain (Maclntosh, 1941).

4.8.4.2 Heparin Release Studies

Drug release studies were performed using the TB assay protocol for the quantitative
analyses of Hep released from hydrogels incubated in a media for specific periods. In
this study, drug release was performed either by using the release media of hydrogels
incubated in de-ionised water (D.H>O), or the SBF media supernatants which were
allocated while refreshing the solutions at certain time points of the bioactivity tests (7,

14 and 21 days).

Firstly, standard Hep solutions were prepared in D.H>O or SBF which were in the range
of Hep concentration in the samples. By considering the lower concentrations in
modified hydrogels including the maximum Hep concentration, 120 pg/mL of Hep in
the SI sample and the minimum 33 pg/mL of Hep in the SO sample. Standard solutions
were prepared in the following concentrations: 0, 20, 40, 60, 80, 100, 120, and 140
pg/mL of Hep.

As described earlier, to make complex solutions 1.5 mL of TB solution was mixed with
1 mL of standard solution in a plastic vial, and let stand. 30 min. Then, 1.5 mL of hexane
was added forming a complex purple coloured layer at the top. The TB/Hep/hexane
(1.5/1/1.5) complex was obtained upon vigorous shaking while the non-reacted aqueous
TB solution was acquired from underneath the jelly complex. The absorbance of
aliquots non-complexed solutions were measured at 630 nm wavelength in a microplate
reader. The purple TB/Hep complex solutions and noncomplexed solutions in blue tones

illustrated in Figure 4.26.
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Figure 4. 26 Heparin (Hep) standard solutions prepared in gradually increasing concentrations
from 0 to 140 pL in vials and made complex with toluidine blue (TB) by using hexane (Hex)
while the ratio of TB: Hep: Hex was 1.5:1:1.5 a. the TB/Hep complex formed after vigorous
shaken on the top of the tubes on purple colour, b. after extraction of some of the unreacted TB
solution and the solutions were settled, and c. the extracted unreacted TB solutions which were
used in absorbance measurements to obtain a standard curve for different concentrations of Hep.

All absorbance measurements for gradually increasing Hep concentrations were
plotted in Microsoft Excel to form a linear standard curve obtained with a line equation
and R? value. In the Hep concentrations, for those with above 60 pg/mL of Hep
solution, the unreacted solution colour was very clear and they had very low optical
density approaching zero (approx. 0.13) that were not proportional to Hep
concentrations. Therefore, in the experiments, it was decided to use only the workable
range of concentrations up to 60 pg/mL of Hep. Figure 4.27 shows the noncomplexed
TB solution extract aliquots prepared in a well-plate with increasing Hep
concentrations of up to 60 pg/mL for absorbance measurements, the resultant standard
curve plot with a linear average in the range up to 60 pg/mL of Hep concentration and
the following non-linear region of the rest, where absorbance bottoms out at

approximately 0.13..
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Figure 4. 27 Absorbance measurement for Hep standard solutions in D.H20 to obtain a standard
curve for different concentrations of Hep: a. The colour difference at unreacted liquid extracts
were placed as 100 pL aliquots with 8 replicates into columns at increasing concentrations, and b.
Hep standard curve obtained with absorbance measurements of specimens at 630 nm wavelength
of the light. The linear region from 0 to 60 pg/mL Hep concentrations (shown by green rectangular
frame) by dark-blue straight line used as standard curve having the line equation and R? value on
top while nonlinear portion of rest of the curve is given in yellow colour.

Hep release studies were performed on the Hep release media of hydrogels which were
immersed into 10 mL of D.H>O and incubated at 37 © C. At different intervals over a
week, TB assays were carried out by using 1 mL of Hep release media instead of the
Hep standard solution, to obtain the TB/Hep/hexane (1.5/1/1.5) complex, and measure
the optical densities of the extracted noncomplexed liquids. The absorbance
measurements at time intervals and the cumulative drug release profile of the SO sample
(33 pg/mL Hep) were plotted along with the standard deviation (n=3) (given in Figure
4.28). In these results, unexpectedly, the absorbance values of the 4-hours (Day-0) and
Day-3 intervals, for CII control sample without Hep, were almost identical to each other.
This might be caused by a transparent hexane compound mixed into the liquid extracts,
decreasing the colour intensity in CII samples, if in the initial experiments, protocol was
not performed properly. In addition, SO possesses a very small amount of Hep (33
pg/mL) leading to having closer absorbance values to those of the CII specimen. The
percentage of cumulative drug (Hep) release calculated from the standard curve was
22.6 £ 0.9 % after the first 4 h (day-0), and reached 36.9 = 0.05 % after 24 h (day-1).
The greatest increase of drug release occurred between day-1 and day-3 where
cumulative release went from approximately 36% to slightly over 70 %. After a week,
only 8% of the drug remained in the samples. Although a progressive release was
observed the speed of Hep release could be considered still too fast. This could be
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associated with the used, less crosslinked hydrogels, obtained below a pH of 6.4 in the
modified formulation solution. It would be very beneficial to perform drug release
experiments with higher pH counterparts (6.4-6.5), assumed to lead to more sustainable
drug release, due to their more crosslinked and stable hydrogel forms. However, these
experiments could not be performed due to time limitations in the project and a covid

19 lock-down period where facilities were unavailable.
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Figure 4. 28 The drug (Hep) release study performed with the D.H>O immersion media of
hydrogels incubated at 37 °C, in different time periods of 4 hours (Day 0), Day 1, 3 and 7. a. the
change of the absorbance values of TB extract solutions were performed by using Hep release
media for modified hydrogel specimens obtained with a pH 6.2-6.3 in solution, including CII
(CS.0.1HA) as a control and SO (CS.0.1HA.0.0015Hep) with 33 pg/mL Hep b. the cumulative
Hep release of Hep from SO (CS.0.1HA.0.0015Hep) calculated from the standard curve.
A further drug release study was performed by using the SBF supernatant media that
were allocated from the 7, 14 and 21-day intervals of the bioactivity studies. The Hep
standard solutions were prepared in SBF in different concentrations of up to 60 pg/mL
and the standard curve was obtained via absorbance measurements of non-complexed
aqueous TB solutions (the line equation is y=-0.0096x +0.7254 and R?>=0.9694). Figure

4.29 gives the comparative absorbance measurements of the sole TB solution, and
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noncomplexed TB solutions taken from the release media of CII and SI samples
incubated in SBF which were taken at 7, 14 and 21 days of the bioactivity study. The
TB solution had high absorbance values ranging between 1 and 1.1 over the whole
period. Having a high standard error, the mean absorbance value of the SI sample was
0.65 = 0.14 % and slightly increased to 0.68 £ 0.02 %. On the other hand, CII control
samples had respectively higher absorbance values between 0.72 and 0.76 which was
almost the same as the absorbance value for the SI sample at day-21. The counted drug
release amount during first two weeks was quite low, at around 14 % and 17%,
respectively with a high standard deviation. However, the Hep concentration measured
at day 21 was negative. Therefore, these experiments performed in SBF release media
need to be repeated for confirmation of the results. However, the drug release

experiments could not be repeated due to covid 19 lock down.
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Figure 4. 29 The drug (Hep) release profile in SBF performed by using the supernatant media
taken during bioactivity studies at different time interval over 21 days. The absorbance
measurements are of the sole TB solution and the TB extract solutions of modified hydrogel
samples after complexation with hexane including CII (CS.0.1HA) both used as controls and SI
(CS.0.1HA.0.005Hep) with 120 pg/mL Hep. (The decrease of absorbance indicates an increase of
Hep concentration).

4.9 Discussion

The hydrogel compositions did not show a very high swelling ratio in PBS media (pH
7.4). It was in the range of 55-68 % of the equilibrium point after 6 hours. The swelling
ratio of the hydrogels in this study were more than the swelling ratio of reported
CS/HA/PVA hydrogels reaching to the equilibrium in about 20 min with 17% of

swelling (Tang et al., 2009). On the other hand, the swelling ratio of hydrogels in the
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current study was much lower than from reported CS/HA/TCP hydrogel compositions
having swelling ratios ranging between 1000-2000% (Shavandi et al., 2016). The
relatively smaller swelling ratio of hydrogels in this study could be associated with the
well ionically crosslinked interpenetrating structure of the tested modified hydrogel
specimens, having a slightly higher pH in solutions (6.4-6.5) in comparison to the
weaker modified hydrogels obtained at below 6.4 pH (6.2-6.3) which were discussed in
the previous chapter. In addition, the smallest swelling ratio of the composite hydrogels
(CS/HA/Hep) might be related to a counter charged CS and Hep polycomplex system
that strengthens the gel network due to stronger electrostatic bonding. Less swelling
could be beneficial for sustainable drug release applications. The mitigated burst release
and sustainable release of basic fibroblast growth factor (bFGF) was reported to be
achieved by Hep functionalisation of CS-alginate polycomplexes (Ho et al., 2009). In
addition, Hep integrated CS/hyaluronic acid conjugates produced by an ionotropic
gelation technique was reported, and these gels showed successful prolonged release of
Hep to the lungs for asthma treatment (Oyarzun-Ampuero et al., 2009). At lower pH
media, CS is expected to have a much higher swelling ratio since its cationic structure,
causing a strong cationic charge in acidic media, leads to repulsion forces and
subsequent swelling (Rizwan et al., 2017). Additionally, it was reported that Hep based
hydrogels had less swelling in PBS in comparison to water media, due to the
involvement of salts in PBS that are attracted by anionic Hep rather than by occurrence

of electrostatic repulsion (Tae et al., 2007).

Regarding in-vitro degradation of modified hydrogels, they exhibited gradual
degradation in both PBS and lysozyme media. The lysozymes slightly accelerated the
gradual degradation speed in comparison to sole PBS media. Total degradation in
lysozyme and PBS media reached up to 60% and 70 %, respectively after 6-weeks.
These results were mostly concordant with the reported degradation studies of TEOF
crosslinked hydrogels and CS/PVA hydrogels loaded with Hep, which showed
degradation between 30% and 50% in 10-days, but acceleration of degradation by
lysozyme was negligible (Shahzadi et al., 2016). In this study, around a 10% more
degradation difference contributed by lysozyme is considered due to the chosen higher
concentration of lysozyme used. In another study reported by Qasim et al., (2015) the

used lysozyme concentration in PBS was the same as in the current study; CS/HA

248



scaffolds showed a similar degradation rate, nearly above 40% of weight loss at day-7

reaching 60% after 28 days.

The degradation difference between the different hydrogel compositions were not found
to be significant, but the degradation between time intervals were statistically
significant for each sample. The crack formations on the hydrogel surfaces started from
day-14 and continued to propagate leading to break down of the bulk of the polymer
network. Very large cracks and severe deterioration of the samples after 42-days were
observed in SEM images that confirmed the morphological degradation. Furthermore,
chemical analyses of the hydrogels by FTIR-ATR spectroscopy showed the gradual
decrease of the peak intensities of most chemical functional groups. In particular, the
O-H/N-H region 3100-3500 cm™ and the adjacent shoulder peak of C-H bonds in the
region of 2800-3000 cm™!, and C-O ring stretching and bending vibrations at around
900-1200 cm!, showed an explicit progressive decrease in the peak intensities. In
addition, an increment of amide-I bond at around 1650 cm™! and the changing peak
shape around 1550-1620 cm™ due to COO  stretching vibrations, showed the chemical
interaction of lysozyme with CS. As reported, degradation rate can be modulated by the
degree of acetylation (DA) of CS; as the DA of CS increases the degradation rate
increases (Nordtveit et al., 1996; Ren et al., 2005). In this study, the used CS had

medium molecular weight and a highly deacetylated form.

Bioactivity studies performed by SBF showed the promising in-vitro biomineralization
potential of the composite hydrogels; (CS-HA) and (CS-HA-Hep) supported by various
characterisations. On the other hand, sole chitosan hydrogels showed almost no
mineralisation in-vitro. The gradual increase of the dry mass percentage of hydrogels
were attained and the dense white mineralised layer formation on the top surfaces were
easily noticed. The needle like carbonated hydroxyapatite layer deposition on the
surface of the composite hydrogels were confirmed through microstructural imaging by
SEM. The elemental analyses of composite hydrogels by EDS showed the high intensity
Ca, P, O, and H peaks as well as C, having a respectively higher Ca/P ratio of
approximately 2 % which might be associated with possible B-site carbonate substituted
apatite formation. The prominent phosphate bonds including v3 asymmetric stretching

(~1020 cm™), vi symmetric stretching (963 cm™') and v, phosphate bending (473 cm'!)
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and v4 asymmetric PO4 bending vibrations at 559 cm™ and 601 cm™! with an increment
at peak intensities and sharpness were detected from prominent phosphate peaks in
hydroxyapatite. In addition, the presence of carbonate (v2) substitutions were confirmed

by the peaks raised around 875 cm'!.

The positive effect of HA in bioactivity in terms of mineralisation is very well known
for serving as crystal nuclei for further apatite formation, as is reported in the literature
for CS/HA scaffolds (Kong et al., 2006). Furthermore, in this study, it was seen in
longer term (at day-21) that the CS/HA/Hep hydrogels showed significantly higher
mineralisation than CS/HA hydrogels, indicating that Hep also induced the
biomineralisation process in CS/HA/Hep hydrogels. In terms of the effect of Hep on
mineralisation, the Hep conjugated fibrinogen injectable gels are reported to induced
alkaline phosphatase activity leading to mineralisation (Yang et al., 2010). Furthermore,
Hep functionalised poly(caprolactone) (PCL) membranes showed osteogenic
differentiation via alkaline phosphatase activity with induced osteocalcin production,

and osteoblast-like cell proliferation (Giimiisderelioglu et al., 2011).

The local presence of Hep was confirmed by TB staining, marking purple coloured
homogeneous distributions of Hep locations as a functional layers on the top surface of
composite hydrogels. The smooth surface feature caused by the coating effect of Hep
on the top surface of hydrogels was also confirmed by SEM analyses. This surface
functionalisation by Hep might be very beneficial to attract living entities, such as cell,
proteins and growth factor which are bound by Hep due to its highly anionic nature.
Thus, the functional composites produced by cooperative bioactive properties of both
HA and Hep are considered to promote a strong interaction and bonding with natural
bone tissue. The stability of Hep in hydrogel networks was investigated via initial
hydrogel formulation after 2 years of storage in freeze-dried form. Hydrogels with
higher Hep concentrations of above 0.36 mg/mL were still stained in purple colour by
TB, and dense homogenous purple colour distribution was seen with the SIII sample
having the maximum Hep concentration (0.60 mg/mL) indicating that it still possessed
a significant amount of Hep. Drug release in water media showed the gradual release of
Hep in 7 days for the SO hydrogel composition (solution pH 6.2-6.3) that had the lowest
Hep concentration (0.033 mg/mL). The results showed a more sustainable release of

Hep than reported shape memory hydrogels (Guo et al., 2018) and polyurethane-silk
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membrane composites (Yang et al., 2011). In addition, N,N-Dimethyl CS/Hep
polycomplex tested in Simulated Intestinal Fluid (SIF) at pH 6.8 showed around 60%
of Hep release in the first 24 h and was stable up to the 48 h when the test was ended.
However, in Simulated Gastric Fluid (SGF) at pH 1.2, more sustainable release of Hep
was seen around 5% which was related to the initial low pH of this polycomplex (3.0)
which has led to bonding of anionic Hep due to cationic sites of CS (Bueno et al., 2015).
In this study, the used solution pH to obtain gels were between 6.2 and 6.3 which then
rose to around 6.8-7.2 upon gelation. The hydrogels obtained upon further solution
neutralisation of up to pH 6.4-6.5 led to better mechanical strength and stability, as has
been discussed in Chapter 3. Therefore, the more electrostatically crosslinked, stable
hydrogels are presumed to lead to the more prolonged release of Hep. The Hep release
experiments performed by using SBF release media taken from bioactivity studies
showed non-conclusive results. However, these experiments could not be repeated due

to the remaining short time of the project and the covid lock down period.

4.10 Summary and Conclusions

The swelling capacity of modified hydrogels (CS/HA/Hep) obtained with a solution pH
slightly above 6.4 was low (55%) enough that they could be desired for sustainable Hep
or other targeted drug release applications. The tested modified hydrogels that were
produced with a lower solution pH (6.2-6.3) possessed gradual release of Hep up to 7
days. However, to enhance its bioavailability and function for binding angiogenic
growth factors, cells and proteins, a more sustainable release is preferred. Therefore,
the experiments with modified hydrogels obtained from higher pH solutions (6.4-6.5),
due to their reduced swelling results and mechanical stability, are expected to lead to
the more prolonged release of Hep. In terms of bioactivity, the CS/HA/Hep hydrogels
tested in SBF highly induced biomineralized carbonated apatite layer deposition on
hydrogels, not only due to HA, but also further promoted significantly by Hep. The
gradual degradation of all hydrogels in PBS and slightly better degradation in lysozyme
media were obtained regardless of the hydrogel compositions. Overall, Hep surface
functionalised CS/HA/Hep injectable hydrogel compositions were obtained that are
good candidates for use as bioactive and biodegradable sustainable delivery tools for

Hep or other targeted drugs or active agents for vascularised bone regeneration.
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5 BIOCOMPATIBILITY AND ANGIOGENESIS OF
SYNTHESIZED HYDROGELS

5.1 Introduction

In this chapter, the biological analyses of hydrogels in terms of biocompatibility and
angiogenesis performance are included. The cell cytocompatibility, cell adhesion
proliferation, and cell differentiation in term of ECM deposition capacities of hydrogels
were investigated by utilising MG-63 osteoblast-like cell lines. The cell cytotoxicity
and proliferation were evaluated by employing cell friendly repeatable Alamar Blue
(AB) assay, and cell adhesion was observed under optical microscopy. The promotion
of hydrogels to produce ECM components; calcium and collagen, were investigated by
colorimetric Alizarin Red (AR) and Sirius Red (SR) assays, respectively. Angiogenesis
was investigated with different hydrogel compositions having varying concentrations
of Hep and without Hep for initial and modified hydrogel formulations individually. An
ex-ovo (shell-less) Chick Chorioallantoic Membrane (CAM) assay was recruited by
thermosensitive liquid injection on CAM tissue of chick embryos that form hydrogel
upon incubation at 37.5 °C. The micro vascularisation on CAM in contact with samples
was imaged, and the vascular index was counted to compare angiogenesis in different
specimens. In addition, histology studies using Haematoxylin-Eosin (H&E) staining
was performed on retrieved CAM-hydrogel tissue sections to assess angiogenesis and

tissue-sample reactions morphologically.

5.2 Materials and Methods

5.2.1 Materials

For cell culture studies, MG-63-Human osteosarcoma cell lines, preserved in Liquid N
at The University of Sheffield, from passage number-63 were used. The following
chemicals were supplied: Dulbecco’s Modified Eagles’ Medium (DMEM) (Biosera,
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Sussex, UK), Fetal Calf Serum (FCS), L-glutamine, Penicillin & Streptomycin,
Amphotericin-B, Trypsin-EDTA, Formaldehyde and Resazurin sodium salt (Sigma-
Aldrich®, Dorset, UK), Phosphate Buffer Saline (PBS) (Dulbecco A, Thermo
Scientific™, Oxoid™, Basingstoke, UK), Ethanol (>99.8%, AnalaR NORMAPUR®,
VWR-Prolabo Chemicals, France), Dimethyl Sulphoxide (DMSO) (Fisher Scientific,
Thermo Scientific™, Loughborough, UK). For ECM deposition assays: Alizarin Red,
Direct Red-80 (Sirius Red) and Saturated Picric Acid (Sigma-Aldrich®, Dorset, UK);
Perchloric acid 70% (ACROS Organics ", Thermo Fisher Scientific, Geel, Belgium);
Sodium Hydroxide and Methanol (Thermo Scientific™, Oxoid™, Basingstoke, UK)

were purchased from suppliers.

For CAM assays, fertilised chicken eggs were supplied on the date they were laid.
(Henry Stewart & Co. Ltd, Louth, UK). For histology staining and sectioning,
Haematoxylin (Harris modified) & Eosin-Y (H & E) stains (Sigma-Aldrich®, Dorset,
UK); Industrial Methylated Spirit (IMS) and Xylene (Fisher Scientific, Thermo
Scientific™, Loughborough, UK); Tissue freezing media (Leica, Germany); and DPX

mounting solution (Merck Chemical Ltd., Germany) were supplied.

5.3 Cell Culture Studies

The biocompatibility of hydrogels was assessed by cell cytocompatibility, cell
proliferation and cell attachment tests with cultured osteosarcoma cells (MG-63). In
addition, ECM deposition capability on hydrogels was investigated, after cell culturing,

by using colorimetric assays for measurement of calcium and collagen.

Cell Growth, Sample Preparation and Cell Seeding

To investigate cell cytotoxicity and proliferation, osteoblast-like MG-63 cell lines
which were grown in a DMEM culture media supplemented with 10 % of FCS, L-
glutamine (2mM), penicillin (100U/mL)/streptomycin(1.2pg/mL) and amphotericin -
B (0.0625 p g/mL), were utilised . The cells were incubated in a humidified incubator
(37 °C, %5 COz2). The adherent MG-63 cell-lines were detached, by using trypsin-
EDTA when they reached 80-90% confluency and passaged. The utilised cell-line
passage numbers in the experiments were between 65 and 71.
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For cell culture studies, hydrogel samples were freeze-dried from solutions (500 pL) in
the wells of a 48 well-plate. Foam like porous cylindrical hydrogels were obtained and
prepared with four sample replicates from each of the sample groups. In addition, some
experiments were performed, using hydrogels obtained by incubation at 37 °C. Samples
were sterilised by immersing them into 70 % ethanol for 30 min, and then evaporating
the ethanol for 1 h in a Biological Safety Cabinet (Type-II) (BSC). Sterile samples were
then washed with PBS thrice with incubation between washes for 15 min to remove

ethanol residue.

Three individual cell-culture experiments were performed. In the first experiment
freeze-dried hydrogels were seeded with a low cell number (2x10°) in metal rings
placed in 12 well-plates. Following removal of the metal rings after 24 h, this culture
was grown in the same well plates up to 28 days in 2 mL of growth media. The second
method, performed with freeze dried hydrogels, is explained in detail in the following
paragraph. In the third method, hydrogel samples, obtained from liquid hydrogels upon
incubation at 37 °C, were used after cutting them into circular shapes (~@: 8 mm).
Hydrogels, cultured in 1 mL of growth media in a 24-well plate without using metal

rings, were seeded with 5x10* cells per sample.

The second method with the optimal cell seeding density is explained in this section.
Freeze-dried hydrogel foams (~@: 8 mm) were placed inside sterile stainless-steel rings
(@: 10 mm) in the wells of 12-well plates. Prior to cell seeding, samples were
conditioned with 200 pL of serum containing DMEM for 1 hour. Then, a MG-63 cell
suspension with a concentration of 2x10° cell/mL was seeded onto each hydrogel
specimen, by 100 uL drops to achieve the final concentration of 2x10* cell/mL per
sample and then incubated in 1 mL of growth media. The cells, using the same
concentration, were also seeded into empty wells of Tissue Culture Plastic (TCP) as a
control. After cell seeding, the well plates were incubated overnight at 37.5 °C for cell
attachment. The next day, the metal rings surrounding samples were carefully removed
by using a sterile tweezer. Samples were then transferred into a new 24-well plate. The
Alamar Blue (AB) assay was performed after 24 h to test for cell attachment and
cytotoxicity. In the rest of the experiments, samples with attached cells were grown in

the same 24-well plate in 1 mL of cell growth media. The cell proliferation was
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maintained up to 28-days of the culture and measured by AB assay in different time

intervals, including 1, 4, 7, 14, 21 and 28 days.

5.3.1 Alamar Blue (Resazurin) Assay

Resazurin (alamarBlue®) is a blue coloured non-fluorescent stain that is reduced to a
fluorescent resorufin compound inside the cells as a result of oxygen consumption and
the enzymatic activities of cells. This reduction leads to a pink colour that can be
detected by optical density or fluorescence measurements and is an indication of the
cell’s viability or cytotoxicity. Since resazurin is non-toxic to the cells, the experiments
can be carried out on the same cells for repeated measurement. Hence, the Alamar Blue
assay saves the cells and samples, and reduces cost, time and energy (Brien et al.,

2000).

5.3.2 Preparation of Resazurin Solution

First, a 0.251 g/L of resazurin stock solution was prepared by dissolving 0.125 g of
resazurin in 500 mL of de-ionised water. This solution was sterilised by pouring it
through a 0.22 pm polyethersulfone (PES) filter into a sterile glass bottle, covering it
with aluminium foil to prevent light contact and storing it at 10 °C . Resazurin solution
(1 mM) for cell culture experiments was freshly prepared for use in each experiment

day by dilution of a stock resazurin solution in sole serum-free DMEM (ratio 1:10).

5.3.3 Alamar Blue Assay

In-vitro cell viability and proliferation assays were performed by using a standard
Alamar Blue (AB) assay protocol. Briefly, at three determined culture intervals,
cultured samples were washed with 1 mL of PBS. Then, samples were immersed into 1
mL of resazurin solution in the wells of a 24 well-plate, which was covered with
aluminium foil to prevent light contact, and incubated for 4 hours. After 4 h, the reduced
resazurin media (resorufin), which transforms from blue towards pink tones, were taken
in triplicate from each well as 200 pL aliquots, and poured into the wells of a 96 well-

plate with a zigzag pattern to prevent fluorescent interference of adjacent wells. The

255



fluorescence values of the aliquot solutions were measured in a microplate reader (Bio-
TEK, North Star Scientific Ltd. Leeds, UK) by using excitation and emission light
wavelengths of 540/35 and 635/32 nm, respectively.

5.3.4 Cell Attachment Observation by Optical Microscopy

During cell culture studies at different time intervals, the closed cell-culture plates were
observed under optical microscopy, photographed quickly and returned for incubation

at 37 °C. Care was taken to avoid any contamination of the culture.

5.3.5 Extracellular Matrix Production Assays

The effects of cell-seeded hydrogels on Ca*? ion release as an indication of
mineralisation, and the formation of collagen as an organic matrix were investigated by

using colorimetric Alizarin Red (AR) and Sirius Red (SR) assays, respectively.

5.3.5.1 Calcium Deposition Analyses by Alizarin Red Assay

The Alizarin Red (AR) solution (1% (w/v)) was prepared by dissolving AR stain in de-
ionised water and sterilising it by filtration (0.22 pm, PES membrane filter). The cell
seeded hydrogels were cultured for 28 days, and subsequently fixed with 3.7% of
formaldehyde and stored in PBS at 10 °C until utilised for AR assay.

The cell seeded hydrogels in 24 well-plates were washed thrice with de-ionised water.
Then, samples were submerged into a certain volume of AR solution and rested for 30
min. Subsequently, the supernatant AR solution was removed and washed while under
orbital shaking for 5 min. This process was repeated until the release media became
clear. Following this, AR stains bound to samples were released by immersion into 5%
(v/v) of perchloric acid for destaining with the help of gentle orbital shaking for 15 min.
Then, aliquots (150 puL) of the released media containing AR were placed into a 96
well-plate in triplicate, and absorbance values were measured at the 405 nm wavelength
of light. The optical density measurements were then converted to AR concentration in

the samples by correlation with a previously obtained standard curve. To obtain the AR
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standard curve, the solutions with different concentrations of AR in perchloric acid
(5%) were prepared (0, 5, 10, 25, 50, 100, 250, 500 and 1000 pg/mL), and the
absorbance measurements of 150 pL of aliquot solutions were performed at the 405 nm
light wavelength. After subtracting the absorbance value for 0 pg/mL AR (sole
perchloric acid) from the mean absorbance values of each sample group, the remaining
mean values were plotted against the corresponding AR concentrations using a line

equation and R? value.

5.3.5.2 Collagen Deposition Analyses by Sirius Red Assay

After performing the AR assay on fixed cell culture samples (28-days), the Sirius Red
(SR) assay was applied to the same specimens to determine their collagen deposition
capacities. The SR solution (1% (w/v)), was prepared by dissolving SR dye in saturated
picric acid and was filter sterilised (0.22 um, PES membrane filter). The specimens
retrieved from the AR assay were washed thrice in de-ionised water and immersed into
a set volume of SR solution by leaving it in an orbital shaker for 18 h at 100 rpm. Then,
supernatant solutions were taken out, and the samples were washed in water for 5 min
intervals under gentle orbital shaking to remove unbound stains.. Then, the samples
were immersed in 0.2 M NaOH: Methanol (MeOH) (1:1) solution under orbital shaking
at 100 rpm for 20 min to release any SR stain bound to the samples. Following this, the
aliquots of the stain released media (150 uL) were put into a 96 well-plate in triplicate
for absorbance measurements at 405 nm. The collagen concentration in the samples
were detected by correlation from the previously obtained standard SR curve. The
standard curve was obtained for the following concentrations of standard SR solutions:
0,1,2.5,5,10, 25, 50, 100 pg/mL, prepared by diluting stock SR solution with 0.2M
NaOH: MeOH (1:1) and their absorbance readings performed at 405 nm. After
subtraction of the control values for 0 pg/mL SR solution, the mean absorbance values
were plotted against the different concentrations. Using a line equation, a trendline with
R? value were obtained. The SR concentration in the samples were calculated by using

this standard line equation.
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5.4 Angiogenesis Evaluation by Ex-ovo Chick Chorioallantoic Membrane (CAM)
Assay

The effects of different hydrogels on angiogenesis were investigated by using a chick
embryo model. An ex-ovo (shell-less) Chick Chorioallantoic Membrane (CAM) assay
technique was applied in sterile clean room conditions. This technique was applied as
reported by Mangir et al., (2019) with some differences to apply thermosensitive
injectable hydrogels on CAM. Same day laid fertilised hen eggs were supplied (Henry
Stewart & Co.Ltd, Louth, UK) and stored at (10+1 °C) until the experiments started in
one to a few days. Prior to incubation, eggs were purified from any dirt and dust by
using rough tissues sprayed with 20% IMS sterilizing spray. The egg incubators
(RCOM King SURO, P&T Poultry, Powys, Wales) were sterilised by 70% alcohol. The
eggs were transferred into an egg incubator placed inside a Biological Safety Cabinet
(BSC), and incubated for 3 days in horizontal humidified (60-80%) rotating egg
incubators at 37.5 °C.

After 3 days of incubation, the eggs were cracked by using a sterile ex-ovo technique.
Standard weighing boats were prepared prior to egg cracking by cutting their edges and
sterilisation with 70% alcohol. The boats were left in the BSC until all the alcohol was
evaporated. The rotational parts of the egg incubators were stopped at least 15 min
before egg cracking to ensure a static position of embryos on top which were then
marked by a drawn horizontal line. Four eggs were carefully transferred into the BSC
for cracking at each time, keeping the drawn lines on top. Eggs were cracked by hitting
them onto the sharp edge of a beaker twice or thrice allowing the leakage of some egg
white into the beaker. Then, the egg was carefully transferred into a sterile weighing
boat containing 2 mL of a sterile 1% (v/v) Penicillin (100U/mL)/Streptomycin
(1.2pg/mL) solution in PBS. To crack an egg, a special finger positioning of two hands
was applied by holding the egg horizontally with index fingers and thumbs on the top
and bottom, respectively. Then, a gentle downward pressure was made with the thumbs
and ring fingers below by providing a vacuum effect by contact of the egg white with
the solution in the weighing boat. Then, egg content was slowly released out of shell
while maintaining the embryo’s position on the top and in the middle of the egg yolk.

The accurate practice of this technique prevents any damage to the egg yolk and
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embryo. The live, heart beating and blood circulating embryos in the weighing boats on
petri-dishes were closed with lids and labelled, then gently transferred onto a hot-plate
set at 37 °C. After 4 eggs were cracked, they were gently transferred into a static
incubator at 37.5 °C with % 60 humidity. The embryos were checked daily, and their

development and survival status were recorded.

The sample implantation took place at day-7 when chick embryos develop circulatory
vessels and the shiny CAM border becomes explicit. In this study, to mimic in-vivo
injection of hydrogels, the liquid hydrogel solutions were directly applied on the CAM
as a liquid, which then formed hydrogels upon incubation at 37.5 °C. Prior to
implantation, pre-sterile hydrogel solutions were terminally sterilised by UV to prevent
any airborne contamination. For this, the liquid test specimens in vials were placed into
an ice box to prevent gelation in room temperature and sterilised under UV light for 1
h. To maintain body temperature, each embryo was kept on a hot stirrer adjusted to 37
°C during the hydrogel injection. Then, sterile hydrogel solution in a micro-syringe was
applied as a 100 puL drop between two major arteries of the embryo and at the midway
of the embryo’s formation and the shiny CAM border. Upon gelation from the surface
of the hydrogel solution from a few minutes on the hot stirrer at 37 °C, the chick
embryos were gently transferred back to the incubator at 37.5 °C. The steps in ex-ovo

CAM assay for thermosensitive injectable hydrogels are demonstrated in Figure 5.1.

At day-10 and day-14 intervals, newly formed blood vessels surrounding the samples
were photographed alongside a scale by using a digital USB microscope (Maplin, x400)
supported with white lightening from below and sides. At day 14, the images of the
embryos were also taken after the injection of a white cream solution underneath the
sample for imaging contrast, by using a 20 mL syringe coupled with a 20 G needle (BD,
Becton, Dickinson UK Ltd., Wokingham, UK). After the imaging of each sample, the
hydrogel samples with attached CAM tissue were retrieved, and the embryos sacrificed
by cutting the major artery, using a dissection kit, to minimizing pain to the embryo.
Hydrogel samples retrieved with adjacent vascular CAM tissue were washed and fixed
in 4 mL of formaldehyde (3.7%) in vials for 24 h. Then, tissue-samples were washed

with PBS twice and preserved in 70% ethanol at 10 °C until needed for further histology
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analyses. The embryonic waste in the firmly closed plastic bottles were frozen at -20

°C to be later discarded according to regulations for animal waste.

For initial hydrogels, the tested hydrogel compositions were the CII(CS.0.1HA) sample
without Hep; and the SI(CS.0.1HA.0.005Hep), SII(CS.0.1HA.0.015Hep) and
SHI(CS.0.1HA.0.025Hep) samples having 0.12, 0.36, and 0.60 mg/mL of Hep,
respectively. The test specimens for modified hydrogels involved CI(CS),
CII(CS.0.1HA) samples without Hep and the SI and SO (CS.0.1HA.0.0015Hep)
samples having 0.12 and 0.03 mg/mL of Hep respectively. In addition, filter paper (F.p.)

?
/

D7-sol injection & gelation at 37 °C

was used as a control.

AL -

D0-incubation

NS

D14 Imaging & sacrificing I

Histology Retrieved sample

Figure 5. 1 Demonstration of an ex-ovo CAM assay steps for in-situ forming injectable
thermosensitive hydrogels (CS/HA/Hep): 1. the incubation of fertilized hen eggs in day-0 (DO0), 2.
cracking at day-3 (D3), 3. the solution injection into CAM tissue and in-situ gelation at average
body temperature (37.5 °C) at day-7 (D7), 4. the imaging of micro-vessel formations at day-10
(D10) and day-14 (D14) which is also the sacrificing day of embryos (5), 6. quantifying blood
vessels from CAM images via the vascular index method and 7. histological assessment of CAM-
tissue sections. (This diagram was reused from our published paper (Kocak et al., 2020) licensed
under CC BY 4.0.).

260



5.4.1 Quantification of Angiogenesis by Vascular Index Method

Angiogenesis was quantified from CAM images taken at day 14 through a ‘vascular
index” method reported by Barnhill and Ryan, (1983) by using Image]® Software
(Version 1.52 k, National Institutes of Health, Bethesda, MD, USA). Briefly, newly
formed micro vessels attaching to a hydrogel sample were counted if a blood vessel
locates within an imaginary circle drawn with 1 mm annulus, if the angle between the
vessel and a virtual central line is equal or less than 45°. A vessel branching inside the
imaginary circle was counted 1 whereas a diverging vessel outside the circle was
quantified as 2. The vascular index was counted from at least 6 sample images per
sample group along with the standard deviation (SD) for initial hydrogels. In the
following analyses, with modified hydrogels, from 9 up to 11 sample images were
involved per sample group for counting the vascular index and the calculation of the

mean and SD.

5.4.2 Histology

The fixed and preserved CAM tissue-samples were histologically analysed to observe
angiogenesis, morphology of blood vessels and biomaterial-tissue interactions. For
tissue sectioning, hydrogel-tissue specimens were prepared by moulding with tissue
freezing media in circular or square sample moulds and snap frozen in liquid N». Frozen
samples were then adhered onto metal stubs and sectioned at 10 pum thickness in both
horizontal and vertical angles in a cryostat (Leica Biosystems, CM 1860 UV, Nussloch,
Germany). Tissue sections were collected on Polysine adhesion slides (25 x 75 x 1.0
mm, Thermo Fisher Scientific™, Germany) and dried at room temperature prior to the

Haematoxylin and Eosin (H&E) staining.

For H&E staining of hydrogel-CAM tissue sections, a standard protocol was applied
including staining by H&E and washing between stains; dehydration by graded alcohol
(IMS): 70% and 100% and Xylene treatment. The stained histology sections were left
to dry at room temperature. Then, the sections were treated with DPX mounting solution
and covered with protective coverlids. The H&E stained histology slides were imaged

at different magnifications by using a Motic (Barcelona, Spain) optical microscope, or

261



an EVOS™ XL Core Configured Microscope (Invitrogen™, Thermo Fisher Scientific
Inc, Madison, WI, USA) to image some of the slides.

5.5 Statistical Analysis

The results were expressed as a mean with standard deviations (SD) for repetitions. The
statistical analyses were performed in GraphPad Prism (Version 7.0, San Diego, CA,
USA) software by using TUKEY multiple comparison tests when p< 0.05, by using
Two-way ANOVA for cell culture studies and by One-way ANOVA for CAM

(angiogenesis) analyses.

5.6 Results

5.6.1 Cell Viability and Proliferation

The cell cytocompatibility of hydrogels was investigated by three main experiments on
4-week cultures with varying cell concentrations. Figure 5.2. shows the measurements
of cell metabolic activities as indicators of cell viability via Alamar Blue assay by
fluorescent reading at regular time intervals. The results of two different experiments
are shown in Figure 5.2.a and Figure 5.2.b that were performed by seeding cells on
freeze-dried hydrogels in different cell densities. In the first experiment (Figure 5.2.a),
2,000 cells were seeded per sample and were grown in 2 mL of media in a 12 well-
plate. In the second experiment, the cell concentration was 20,000 cells/sample
incubated with 1 mL of media in a 24 well-plate (Figure 5.2.b). Cell compatibility was
also analysed in the hydrogel forms of samples which were obtained upon gelation of
solutions at 37 °C. These hydrogels were seeded by 50,000 cells/sample and the cell

viability results for this culture is given in Figure 5.2.c.
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Figure 5. 2 The cell viability and proliferation analyses by fluorescent measurements up to 4-

weeks of cultures in three individual experiments: a. freeze-dried hydrogels (solid foam) seeded

with 20,000 cells/sample grown in 1 mL media in 24 well-plate, b. freeze-dried hydrogels (solid

foam) seeded with 2,000 cells/ sample grown in 2 mL of media in 12 well-plate, ¢. oven-dried

hydrogels (obtained in gel form at 37 °C) seeded with 50,000 cells per hydrogel which were grown

in 1 mL media in 24 well-plate (Hydrogel specimens used in experiments shown in graphs a. and

b. are CI(CS), CII(CS/HA), SI(CS.HA.0.005Hep) and SITII(CS.HA.0.005Hep), and CI, CII and SI

samples in the experiment are shown in plot . (The experiments were performed with 4 sample

replicates and results are expressed as the mean+SD).
In the first experiment group (in Figure 5.2.a.), the fluorescent intensities of samples
were in the vicinity of 500 in day 1 and showed a slight increase during the first week
of culture. The slow growth can be associated with the low cell seeding density per
sample in this experiment that has slowed down the speed of transition from the lag
phase to the log phase of cell growth. The delayed log phase occurred between 7 and
14 days at which exponential cell growth occurred showed by a sudden doubling
increase in cell metabolic activities. Then, gradual cell growth was observed in the
cultures for the rest of the culturing period up to day 28, reaching in the vicinity of 2,000
in fluorescent intensities. The cell metabolic activities with all sample groups were very
similar. At the second experiment (Figure 5.2.b.), the higher cell seeding concentration
(20,000 cells/sample) led to shortening the lag phase, and higher cell viability was seen

at the initial stage, reaching around 1200 fluorescent intensities at day-7, which was

comparable with the day-14 results of the first experiment with lower cell
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concentrations. The highest cell viability was obtained with the composite CII
(CS.0.1HA) sample at day-4, day-7, and day 14 which was very similar to that of the
SIII (CS.HA.0.025Hep) composite sample with Hep. During day-21 and day-28 a
slightly higher fluorescent intensity was observed with the CI sole CS sample. Between
week 2 and week 4, slower but gradual cell proliferation was observed in all samples as

was expected.

The cell viability results in the hydrogel form of the samples in the third experiment are
given in Figure 5.2.c. The first day viability results showed better cell attachment in the
CI sole CS sample, initially. The transfer of the samples with attached cells into a new
well plate in day-1 led to a much higher difference in cell metabolic activities between
the CI and composite hydrogels for up to 7-days. This was due to the initial cell
attachments from the higher initial cell concentration (50,000 cells/sample) in
comparison to the other sample groups. Although much fewer cells remained in the
composite hydrogels after plate transfer in day 1, they reached the fluorescent level of
the CI sample in time. In day-14 and day-28, the highest cell viability was observed in
the composite SI (CS.HA.0.005Hep) sample. The cells were gradually proliferated
during the experiments with a slight decrease was seen in fluorescent intensities at day

28.

Overall, the hydrogels did not lead to cell cytotoxicity, and gradual cell proliferation
was observed in all culture experiments. The cell seeding at density (2,000 cell/mL) on
hydrogel samples (@: 8 mm) was found to be very low, retarding the log phase cell
growth, although it reached similar viability values with the second experiment after
almost three weeks. Since MG-63 cell lines grow very fast, rather than 50,000 cells per
sample, the seeding density of 20,000 cells per hydrogel (@: 8 mm, 2-3 mm thickness)
was found to be optimal. The best initial cell attachment mostly belonged to the sole
CS hydrogel cultures. Although the transfer of samples to different plates after cell
attachment had a lower number of remaining cells, the composite hydrogels reached the
same or higher levels of cell viability as the others, over the culture days. Although
researchers apply different cell culture protocols, as a result of experience gained in this
work, it would be more beneficial to carry out cell attachment and cell proliferation
assays separately. Sample transfer into another plate after 24 h of cell attachment can

lead to a big difference in the remaining cell number on samples, which then may not
264



be completely comparable with different samples in terms of their cell-proliferation
attributes. In addition, it would be more useful and accurate to compare the same cell
density in both hydrogels obtained at 37 °C and in freeze-dried hydrogel form in the
same conditions. to make a better comparison. It was planned to repeat these
experiments with the desired optimal conditions, with shorter term of proliferation
assays, with three experiment replicates in the same conditions. However, this was not
possible due to the shortening of the project time, and the additional lockdown

situations.

5.6.2 Cell Attachment/Morphology Observation by Optical Microscopy

The cell morphologies during cell growth and proliferation, and the cell attachments at
the edges of the hydrogel samples were observed by optical microscopy imaging at
different time intervals during cell culture studies. The images of cultured cells with
freeze-dried hydrogels seeded with a density of 20,000 cells/sample, which were taken
at day-16 and day-28 of the culture, are given in Figure 5.3. These comparative images
of culture plates show the cells and the adjacent samples that seem darker in colour due
to the opaqueness of the samples. On day 16 of cell culture imaging, proliferated and
spreading cells were observed. Cell culture plates seem much more confluent, with

cells spreading across the wells in the well-plate at the 28" day of the culture.

Figure 5. 3 The cell morphological images by optical microscopy: 28-days of cell culture study
performed via seeding 20,000 cell per sample on freeze-dried hydrogels at different intervals: at
day-16 (a., b., and c. for CI (CS), CII (CS.0.1HA), SI (CS.0.1HA.0.005Hep) samples,
respectively); and day-28 ( d., e and f. for CI, CII, SI, respectively). (Scale bars are 0.2 mm)
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The imaging of control samples which were incubated in sole growth media without
cells gave the opportunity to observe the hydrogel morphologies under optical
microscopy. Figure 5.4 demonstrates the comparative images of sample groups in the
freeze-dried forms of hydrogels. The long chain polymer matrix of CS making a porous
network was observed. The shiny HA crystal particles attached onto the polymer matrix
were noticeable in the image of the SIII (CS.0.1HA.0.025Hep) composite sample in
Figure 5.4.1. Since the samples were incubated in media for 28 days, some degradation

was observed, which could be seen at the edges of the samples as in Figure 5.4.c.

Figure 5. 4 The appearance of freeze-dried hydrogel samples incubated in media without cells for

28-days a-b., and ¢-d show CI (CS) and CII (CS.0.1HA) samples, respectively and e-f SIII

(CS.0.1HA.0.025Hep) samples. (Scale bars: (a-d). 0.2 mm, and (e-f). 0.05 mm)
Due to the transparency of the sole CS sample (CI), it allowed imaging of cell
attachments on the hydrogel samples. The images of hydrogels that were obtained upon
incubation at 37 °C and seeded with 50,000 cells/sample at different culture days are
given at different magnifications in Figure 5.5. A low magnification image (x4) shows
dispersion of cells on the sample, which is shown on Figure 5.5.a. The cell attachment
on samples and the proliferating and spreading of cells across the sample can be seen
more explicitly in Figure 5.5.b and Figure 5.5.c. In other images (e-h), the darker fields
hosting the samples and the good cell attachments on the hydrogels can be easily
observed, especially in Figure 5.5.e.
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Figure 5. 5 Cellular morphology images by optical microscopy during cell culture studies. The
images belong to CI, sole CS sample in hydrogel form obtained upon incubation at 37 °C and
seeded by 50,000 cell per specimen. The images a-d show sample surfaces with attached cells in
transparent CS hydrogels at Day-28 of culture after cell fixation. The other images taken at e-f.
Day 15 and g-h Day 21 show the cell attachments on the circular sample edges or adjacent to the
samples. (Scale bars: a. 0.4 mm, (b, e, and g). 0.2 mm, (c¢-d and h). 0.1 mm and f. 0.05 mm)

In addition, the cell attachment to composite hydrogel specimens CII (CS.0.1HA) is
given in Figure 5.6. The spherical cell nuclei were seen in cell-cultures with the CII

sample at day 10 in Figure 5.6.a., and the good spreading of long cell morphologies

were observed in other images at different time intervals.

Figure 5. 6 Cellular morphology images by optical microscopy in cell culture studies performed with
samples in hydrogel form obtained upon incubation at 37 °C: 28 days of cell culture study performed
via seeding of 50,000 cells per hydrogel specimen of the CII (CS/HA) sample at different intervals:
a-b. Day-10, c-d. Day-15 and e-h. Day-21 (The darker areas at the corners of images belong to
samples and the brighter areas with attached adjacent cells are in the wells of the well-plate). (Scale
bars: (a and g). 0.1 mm, (b and h). 0.05 mm, (c-d and f). 0.2 mm and e. 0.4 mm)
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The images of the composite SI (CS.HA.0.005Hep) sample during cell culture are
compared in Figure 5.7. The edge of a shiny control sample (SI) incubated in media
without cells is shown in Figure 5.7.e. A big cell cluster attached at the edge of the
sample and adjacent attached individual cells are seen in Figure 5.7.a and Figure 5.7.b.
In addition, at the edge of a sample, a weak hydrogel piece is surrounded with cells

inside the sample as well, are seen in Figure 5.7.c.

Figure 5. 7 Cellular morphology images during the cell culture study by optical microscopy for
the hydrogel form of the SI (CS.HA.0.005Hep) sample seeded by 50,000 cells/hydrogel and
imaged at different intervals: a-e. Day-15, f-h. Day-21 (The image e belongs to the sole SI sample
incubated in media without cells while other images belong to the cell seeded samples in the wells
of a well-plate). (Scale bars: a. 0.4 mm, (b-f). 0.2 mm, (g-h). 0.05 mm)

5.6.3 Calcium and Collagen Deposition during Cell Culture

5.6.3.1 Calcium Deposition Evaluation via Alizarin Red Assay

The calcium and collagen deposition in cell-seeded hydrogels were measured by
consecutive AR and SR experiments, following cell fixation at the end of the cell-
proliferation experiments in day 28. The standard curve obtained by plotting absorbance
measurements of AR standard solutions against their corresponding concentrations at
increasing values is given in Figure 5.8.a. The optical density of concentrated solutions
(500 pg/mL and 1000 pg/mL of AR) could not be detected at 405 nm of wavelength,
and therefore, were not involved in the standard curve. The AR stain concentration in
samples were calculated by correlations from the standard curve equation and shown in
Figure 5.8.b. The mean highest amount of AR concentration, which was 140.5+27

pg/mL, was found in the CII composite sample (CS.0.1HA). Calcium was already
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present in CII and SI samples due to presence of hydroxyapatite. However, it was
surprising to see that the sole CS sample (CI) and the ST (CS.HA.0.005Hep) composite
hydrogels showed very close values in their AR concentrations.
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Figure 5. 8 The results of Alizarin Red (AR) assay for calcium deposition in hydrogel specimens:
CI (CS), CII (CS/HA), SI (CS.HA.0.005Hep) which were tested after 28-days of cell culture
(50,000/hydrogel) a. The AR standard curve obtained with plotting absorbance measurements of
AR solutions in different concentrations (0, 5, 10, 25, 50, 100 and 250 pg/mL in perchloric acid
(5%(w/v)) and b. AR concentrations in samples obtained via correlating the absorbance
measurements of AR destained solutions (sample immersion media containing AR dye released
from samples after staining) with the standard curve equation, which indicates calcium deposition
capacities.

As discussed in the previous chapter, the SI sample showed a slightly lower calcium
content than the CII sample in EDS analyses, during bioactivity tests in SBF. However,
the weight analyses showed that the best mineralization was obtained on the SI sample

in weight-based analyses.

The images of hydrogel samples after staining by AR and destaining by perchloric acid
are shown in Figure 5.9. After performing AR staining, and absorbance measurements
of aliquots of destained solutions, the remaining acid in the well plates caused further
swelling of the hydrogels leading to their dissolution, as shown in Figure 5.10. The

degradation made them very difficult to handle preventing further SR analyses.
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AR stained and washed

De-stained in Perchloric Acid

Figure 5. 9 The images during AR staining for calcium measurements of hydrogel specimens (obtained
upon gelation at 37 °C): CI (CS), CII (CS/HA), SI (CS.HA.0.005Hep) without cells as control and the same
hydrogel groups seeded with cells (50,000 cells per hydrogel) fixed after 28-days of cell culture. The above
image was taken after samples were stained by AR and washed to remove unbounded AR stains whereas the
image below shows samples destained by perchloric acid which provided dissolution of bound AR in samples
to a liquid phase. The swelling occurred in hydrogels due to acidic media.

Cl Cl+cells cll Cli+cells SI Sl+cells

Figure 5. 10 The images of swollen hydrogels after destaining and waiting in acid for long time
showing a high amount of swelling leading to weakening and dissolution of these hydrogels in
acidic low pH (Test specimens: CI (CS), CII (CS/HA), SI(CS.HA.0.005Hep)). Therefore, these
samples could not be used for further SR analyses for collagen determination.

Another individual cell culture experiment was performed with freeze-dried composite

SI (CS.HA.0.005Hep) hydrogel with increasing cell concentrations (40,000-85,000).

The results of the AR assay performed with this SI sample, with varying cell

concentrations, are given in Figure 5.11.
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Figure 5. 11 The correlated AR concentrations in freeze-dried SI (CS.HA.0.005Hep) hydrogels
with increasing cell concentrations (40,000-85,000) as an indication of calcium deposition, which
were tested after 28-days of culture and cell fixation.

The counted calcium concentrations mostly increased by increasing cell concentration
which range between 63423 and 77+22 pg/mL for the concentration of 40,000-85,000
cells/sample. However, the calcium concentration slightly decreased in the sample
having 85,000 cells/hydrogel concentration, and a negative mean value was obtained
for the samples seeded with 100,000 cells that was not plotted. The images of freeze-
dried hydrogels taken after staining by AR solution and destaining by perchloric acid
are shown in Figure 5.12.
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Figure 5. 12 The images during AR staining for calcium measurements with a composite hydrogel
SI (CS.HA.0.005Hep) in freeze-died form. The SI sample without cells is shown as a control.
Increasing cell concentrations (40,000-100,000) were tested by AR assay after 28-days of culture
and cell fixation in a 48 well-plate. The AR stained and the samples destained by perchloric acid
leading to swelling of the hydrogels are at the top and bottom halves of the image, respectively.
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5.6.3.2 The Collagen Deposition Evaluation by Sirius Red Assay

The standard curve obtained from the absorbance measurements of standard SR
solutions at varying concentrations is shown in Figure 5.13.a. The SR concentration in
freeze-dried SI hydrogel seeded with cells at gradually increasing concentrations
(40,000-85,000 cells/sample) are counted by correlation with the standard curve
equation and plotted in Figure 5.13.b. In addition, the samples during the SR assay steps
are demonstrated in Figure 5.14. Some absorbance readings were out of range or gave
negative values during the measurements of destained solution of samples. The results
given in Figure 5.13.b were obtained from the means of only the obtained positive
absorbance values with their standard deviations. Therefore, these results may not
indicate the real mean values, but they might show approximate values. The obtained
negative values of SR concentrations can result from an insufficient destaining step to
remove all bound SR stain in samples since most samples seemed still dark in colour
after treated with the destaining solution (0.2M (NaOH:MeOH)). The images of
samples during SR assay are presented with all the different steps in Figure 5.14. The
quantitative results for collagen deposition in hydrogel samples may not be very
conclusive and need repetition. However, this could not be performed due to time

constraints on the project completion time and the unforeseen lockdown period.
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Figure 5. 13 The results of the Sirius Red (SR) assay for collagen deposition in freeze-dried hydrogel, of
the composite SI specimen (CS/HA.0.005Hep) with increasing cell concentrations (40,000-100,000) tested
after 28-days of cell culture, and cell fixation. a. The SR standard curve obtained by plotting absorbance
measurements of SR solutions with different concentrations (0, 1, 2.5, 5, 10, 25, 50, and 100 pg/mL in picric
acid (1 %(w/v))) b. The correlated SR concentrations in freeze-dried hydrogels as an indication of calcium
deposition and the concentrated SR solution as a control.
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Figure 5. 14 The images during SR staining for collagen deposition assay with a composite
hydrogel SI (CS.HA.0.005Hep) in freeze-died form. SI sample without cells shown as control and
with increasing cell concentrations (40,000-100,000) were stained by SR assay after 28-days of
culture and cell fixation. The SR staining, washing and destaining step of samples by a basic 0.2M
(NaOH:MeOH) solution leading to shrinkage of hydrogels (the bottom image) are demonstrated.

5.6.4 The Angiogenesis Studies by CAM Assay

The effects of injectable hydrogels on formation of new micro vessels (angiogenesis)
were investigated by Chorioallantoic Membrane (CAM) assay on chick embryos. The
effect of different hydrogel compositions in the absence or with varying concentrations

of Hep were investigated. The initial and modified hydrogels were tested separately.

The angiogenesis results of initial hydrogels counted by the vascular index method was
plotted for different sample groups including CII (CS.HA), SI (CS.HA.0.005Hep) and
SHI (CS.HA.0.025Hep) in Figure 5.15. The SII (CS.HA.0.025Hep) sample with the
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middle concentration of Hep was not involved in vascular index counting due to the

very limited sample images obtained being insufficient for the comparison.

According to results with the initial hydrogels, the SI (CS.HA.0.005Hep) sample,
having the lowest Hep concentration (0.120mg/mL), was found to be the best in pro-
angiogenic response; slightly better than the CII (CS.HA) sample without Hep. In
statistical analyses using an un-paired t-test, the difference between CII and SI was not
significant (p: 0.3482) while that of ST and SIII was significant in difference (p: 0.0408).
However, One-way ANOV A showed no significant difference between all samples and
adjusted p values for CII&SI, CII&SIII, and SI&SIII, which were 0.5918, 0.4035 and
0.0837, respectively.

60- @ ci
S|

5 B s
g 50 -
£
: |
s
3 40- —
@
> T

30-

o]| Si Sl

Sample Groups

Figure 5. 15 The vascular index counted from CAM images taken at Day-14 of chick embryos’
incubation (which is also the sacrificing day) for each sample group as the Mean + SD for 6
specimens with tested initial hydrogels: CII (CS.HA) without Hep, SI (CS.HA.0.005Hep) (0.12
pg/mL Hep in hydrogel solution), and SIIT (CS.HA.0.025Hep) (0.60 pg/mL Hep).

The comparison of CII (CS.HA) without Hep and SI (CS.HA.0.005Hep)-(0.120
mg/mLHep) samples are shown by representative images demonstrated in three
different versions for two representative samples in a group are shown in Figure 5.16.a

and Figure 5.16.b, respectively.

274



Direct imaging — After Cream Injection — North-east Shadow
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Figure 5. 16 The comparative CAM images taken at Day-14 (the sacrificing day of chick embryos)
with tested initial hydrogels: two representative sample images from a. CII (CS.HA) and b. SI
(CS.HA.0.005Hep) sample groups. The three images in rows from left to right show, respectively:
direct imaging of CAM, after white cream injection underneath the CAM as a contrast for red
blood vessels, and the processed versions of the middle images by North-east shadow in ImageJ
Software (All scale bars are 2 mm).

The day 14 images show newly forming blood vessels shaping and growing towards
and branching out of the circular hydrogel samples were very explicit in both groups,
which was slightly better in the SI sample group. The comparisons of other

compositions with higher Hep concentrations: SII (CS.HA.0.015Hep) - (0.36 mg/mL)
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and SIII (CS.HA.0.025Hep) - (0.60 mg/mL) are given in Figure 5.17.a and Figure
5.17.b, respectively. Although the samples with higher concentrations also indicated
angiogenesis to some extent, this varied from sample to sample, which can be seen in

the images.

Dlrect |magmg — After Cream Injection —— North-east Shadow
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Figure 5. 17 The comparative CAM images taken at Day 14 (the sacrificing day of chick embryos)
with tested initial hydrogels: two representative sample images from a. SII (CS.HA.0.015Hep) and
b. SIIT (CS.HA.0.025Hep) sample groups. The three images at rows from left to right show,
respectively: direct imaging of CAM, after white cream injection underneath the CAM as a
contrast for red blood vessels, and the processed versions of the middle images by North-east
shadow in ImageJ Software (All scale bars are 2 mm).
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A proangiogenic response was seen in even the control samples without Hep. It was
presumed that this could be contributed to by HA since the effects of bioceramics on
angiogenesis was also reported (Zhai et al., 2012, 2013; Malhotra & Habibovic, 2016).
Therefore, in the following experiments it was decided to involve the sole CS sample
as a control and simple filter paper as another control. In addition, since the SI sample
performed better in angiogenic response than SIII, in the subsequent experiments, only
the SI sample and the additional lower Hep concentration (0.03 mg/mL) SO
(CS.HA.0.0015Hep) sample have been involved in CAM analyses of modified
hydrogels.

The investigation of angiogenesis with modified hydrogels involved the CI, CII, SI and
SO hydrogel samples as well as filter paper as another control. The comparative vascular
index count is given in Figure 5.18. The highest vascular index of 45.7+4.7 belongs to
the composite SO specimen with 0.03 mg/mL Hep. This was significantly higher than
those counted for CI sole CS (p:0.0298) sample and filter paper (F.p.) (p:0.0026).
Having higher variation between samples, CII and SI samples showed closer mean
values with SO, and the difference between SO and SI was not found statistically

significant (p:0.2902).
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Figure 5. 18 The vascular index counted from CAM images taken at Day-14 as the Mean + SD
from 7-11 specimens for each tested modified hydrogel group: CI (CS) and CII (CS.HA) without
Hep; and SO (CS.HA.0.0015Hep) (0.03 png/mL Hep) and SI (CS.HA.0.005Hep) (0.12 pg/mL Hep)
as well as Filter Paper (F.p.). The adjusted p-values counted by one-way ANOVA method are
CI&S0(*): 0.0298, F.p.&CI1(*):0.0287, F.p.&S0 (**): 0.0026, S0&SI(ns):0.2902.
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Although some proangiogenic response was observed with the CI sample, it was not
statistically significant with that of filter paper in vascular index (p: 0.9449). However,
the mean vascular index with the CII sample was significantly higher than filter paper

(p: 0.0287).

The experiments with filter paper also showed a response on CAM that to some extent
could also be attributed to the PBS used to wet samples before implantation. It would
be better to use filter papers without any treatments. The representative images of CAM

experiments with filter paper implants are shown in Figure 5.19.

Directimaging ——  After Cream Injection

Figure 5. 19 The CAM images taken at Day-14 of filter paper (F.p.) implants (@: 5.5 mm) applied
in Day-7 after being wet by PBS, which was used as negative control in comparison to hydrogels.
The images of two representative samples are given in two rows including direct imaging of CAM
(at left) and after white cream injection underneath the CAM as contrast to blood vessels (at right),
(All scale bars are 2 mm).

The CAM images with the sole CS sample (CI) and CII with HA (CS.0.1HA) which
are modified hydrogels, are compared in Figure 5.20.a and Figure 5.20.b, respectively.
Although some proangiogenic response was seen with the sole CS hydrogel (CI), it was

less in comparison to the CII sample with HA.

278



Directimaging — After Cream Injection — North-east Shadow

BT N

R P

Cl-2

Cll-2

Figure 5. 20 The comparative CAM images taken at Day-14 (the sacrificing day of chick embryos)
with tested modified hydrogels: two representative sample images from a. CI (CS) and b. CII
(CS.HA) sample groups. The three images at rows from left to right showing, respectively: direct
imaging of CAM, after white cream injection underneath the CAM as a contrast for red blood
vessels, and the processed versions of the middle images by North-east shadow in Image]
Software (All scale bars are 2 mm).

The comparative CAM images of composite hydrogels (CS/HA/Hep): SI and SO
samples having 0.12 and 0.03 mg/mL Hep, respectively are seen in Figure 5.21a, and
Figure 5.21.b, respectively. Both samples seem to have good proangiogenic response

contributing to the formation of a good number of new vessels on CAM. In addition,
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particularly in the SO sample, the maturation of blood vessels, as well as the presence
of a good number of micro-vessels, was seen in most sample images. Therefore, the SO
(CS.HA.0.0015Hep) hydrogel composition comprising a small amount of Hep (0.03
mg/mL) showing the best proangiogenic response and leading in blood vessel

maturation was chosen as the optimal composition among all the samples.

Direct imaging — After Cream Injection — North-east Shadow
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Figure 5. 21 The comparative CAM images taken at Day-14 (the sacrificing day of chick embryos)
with tested modified hydrogels: two representative sample images from a. SI (CS.HA.0.005Hep)
and b. SO (CS.HA.0.0015Hep) sample groups. The three images at rows from left to right show,
respectively: direct imaging of CAM, after white cream injection underneath the CAM as a
contrast for red blood vessels, and the processed versions of the middle images by North-east
shadow in ImageJ Software (All scale bars are 2 mm).
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5.6.4.1 Histology Analyses of Hydrogels Tested in CAM Assay

The observation of CAM tissue-hydrogel interactions, density and morphology of blood
vessels during CAM development were investigated by histology analyses, which were
performed with the initial hydrogels. Hydrogels become very fragile upon snap freezing
by liquid N3, leading to breakage of the samples during sectioning. Therefore, it was
hard to obtain whole section images. However, histology images still provided
information regarding the structure of growing blood vessels in some regions and tissue-
sample interactions. Figure 5.22 shows horizontal tissue sections of CAM with the CII

hydrogel sample.

v 2o

Figure 5. 22 The histology images of Hydrogel- CAM tissue sections (horizontal) after H&E
staining, obtained via optical microscope imaging. The images belong to one initial hydrogel
specimen CII (CS.0.1HA). (Scale bars: (a- b). 0.4 mm; (¢-d). 0.2 mm, (e-f). 0.1 mm, respectively.
Green stars indicate blood cells while yellow and black arrows show the blood vessels, and
hydrogel samples, respectively).
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The circular hydrogels which were integrated with CAM tissue and growing blood
vessels at the edges are seen in these images. Tissues growing into sample sites showed
good interaction of hydrogels with CAM tissues. In addition, the vertical sections of
one CII sample with attached CAM tissue is demonstrated in Figure 5.23. This sample
showed good attachment with adjacent CAM tissue, which contained big round blood

vessels filled with many red blood cells.

Figure 5. 23 The histology image of CAM sample sectioned in vertical direction after H&E
staining for an initial hydrogel specimen CII (CS.0.1HA). (Scale bars: a. 0.2 mm and b. 0.1 mm)

The histology images belonging to an SI (CS.HA.0.005Hep) composite sample
containing 0.12 mg/mL Hep are shown in Figure 5.24. Although this sample was
exposed to breakage during freezing process, the obtained images still show excellent
tissue-hydrogel interactions in which samples were totally integrated with tissue

possessing many blood vessels with blood cells.
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Figure 5. 24 The histology image of the composite initial hydrogel specimen, SI
(CS.HA.0.005Hep)-(0.12 mg/mL Hep) retrieved from CAM. (Scale bars: (a-b and d). 0.2 mm and
c. 0.1 mm, respectively. The green stars indicate blood cells while yellow and black arrows show
the blood vessels, and hydrogel samples, respectively).

In addition, histology images of an SIII (CS.HA.0.025Hep) composite hydrogel with
0.6 mg/mL Hep is given in Figure 5.25. Some micro vessels in darker purple colour at
tissue adjacent to the sample growing in from different directions, and a sample piece
surrounded by the tissue, can be seen in Figure 5.25.c. Blood vessels with different

shapes and filled with blood cells are seen, especially in Figure 5.25.a and Figure 5.25.b.

The histology sectioning images of another sample; SIII are presented in Figure 5.26.
The difference in the lighting of these images was due to using a different optical
microscope (EVOS™ XL, Thermo Fisher Scientific Inc, Madison, WI, USA) after a
university change. The well-integrated CAM tissue at the sample edges (Figure 5.26 (a
and b)) and the bulk of the sample totally interacting with CAM tissue with long thin

blood vessels at certain vicinities are seen in Figure 5.26 (c and d).
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Figure 5. 25 The histology image of the composite initial hydrogel specimen, SIII
(CS.HA.0.025Hep)-(0.60 mg/mL Hep) retrieved from CAM. (Scale bars: (a-b). 0.4 mm and (c-
d). 0.2 mm. The green stars indicate blood cells while yellow and black arrows show the blood
vessels, and hydrogel samples, respectively).
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Figure 5. 26 The histology images of the composite initial hydrogel specimen, SIII
(CS.HA.0.025Hep)-(0.60 pg/mL Hep) retrieved from CAM, given with 0.2 mm scale bars (the
green stars indicate blood cells while yellow and black arrows show the blood vessels, and
hydrogel samples, respectively).
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5.7 Discussion

In cell culture studies, hydrogel compositions did not show any cytotoxicity effect on
the cells, and cells gradually proliferated during the culturing of up to 28 days. The
measured fluorescent values for cell proliferation were similar to those reported for a
short-term biocompatibility study of CS-HA based freeze-gelated scaffolds with MG-
63 cell lines (Qasim et al., 2015). In the first experiment group, slower initial cell growth
was observed in culture due to the lower cell (MG-63) seeding density (2000
cell/sample in 2 ml media). The cell seeding density of 20,000 cells per hydrogel (0:8
mm x 3 mm) cultured in 24-well plate by using 1 mL growth media was found to be the
optimal seeding condition as was found in the second experiment. In this experiment,
the initial cell attachment after 24 h was very similar in samples, and composite
hydrogels showed better cell viability than the sole CS sample (CI) in progressing
cultures up to 14-days. In third experiment, performed with hydrogels produced via
gelation at 37 °C and seeded with a comparatively higher cell count (50,000
cell/hydrogel), the highest initial cell attachment after 24 h was with the sole CS (CI)
sample which can be associated with more open pores in the sole polymer matrix
leading to better attachment of cells at high seeding density. Although with initial low
cell attachment and with less remaining cells after 24 h, the composite hydrogels
including SI (CS.0.1HA.0.005Hep)-(0.12 mg/mL- Hep) showed very regular cell
proliferation and showed the best cell viability values at day-14 and day-28 of the
culture. The beneficial effect of HA and Hep at increasing cell compatibility is reported
by different studies. The effect of HA in contributing to absorption of serum proteins
including fibronectins and vitronectins leading to the attachment of integrins and hence
providing attachment of osteoblast precursor cells has been reported (Kilpadi et al.,
2001). In addition, better adhesion and proliferation of osteoblast cells with increasing
HA concentration in injectable CS-HA and in sodium tripolyphosphate (TPP) scaffolds
was reported (Uswatta et al., 2016). Also, the addition of Hep in silk fibroin/collagen
scaffolds has been reported to enhance cell viability (Lu et al., 2007). The Hep coated
alginate/polyacrylamide hydrogels used as artificial veins promoted adhesion of Human
Umbilical Vein Endothelial Cells (HUVECs), which was due to the fibronectin binding
capacity of Hep which attracted the endothelial cells (Deng et al., 2017). In this study,
the cell viability of samples varied between test intervals, and the cell proliferation

performance with all compositions were similar. This can be due to the low
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concentrations of HA and Hep used, which could not show profound effects. The
highest ratio of calcium deposition with hydrogels after 4 weeks of cell culture was in
the CII sample (CS.0.1HA) while respectively lower and similar concentration values
were obtained for CI (CS) and SI (CS.0.1HA.0.005Hep) specimens. The collagen

deposition assays were not conclusive.

The angiogenesis studies with CAM assay showed that composite hydrogels
(CS/HA/Hep) with the low Hep concentration SO (0.03 mg/mL) showed the best
proangiogenic response which was significantly higher than sole CS (CI) sample and
filter paper as controls. This composition (SO) has led to not only formation of new
micro vessels but also showed an impact on maturation of blood vessel that could be
very promising in bone tissue engineering to promote angiogenesis. The injectable
hydrogels from CII composition (CS-HA) which was better than that of the sole CS
(CI) sample (although not statistically higher) also showed good pro-angiogenic
response in CAM experiments. The role of bioceramics on angiogenesis, including
calcium silicate ceramics (Zhai et al., 2012, 2013) and calcium phosphates (Malhotra
& Habibovic, 2016) were investigated. It has been reported that the co-culture of
osteoblast and endothelial based cells on HA and TCP ceramics has led to the formation
of micro-capillary vessel like structures which could be useful in pre-vascularised
scaffolds systems (Unger et al., 2007).

The pre-vascular scaffold systems involve some limitations in terms of discrepancy of
cells due to their origin and difficulty in connecting pre-formed vessel structures with
present vessels in the body (Malhotra & Habibovic, 2016). Although the strategies for
rapid vascularisation by utilising angiogenic growths factors, such as VEGF and bFGF,
their safety due to stability issues and high cost, limit their usage alone. To provide their
sustainable release, angiogenic growth factors are bound with Hep or HPSG in a
scaffold which monitors proliferation and migration of endothelial cells forming blood
vessels (Chiodelli et al., 2015; Oliviero et al., 2012). Due to high cost and stability issues
in the utilisation of external growth factors, promoting in-vivo attraction of growth
factors led by a guided scaffold regenerative system by itself is another promising
strategy. The researchers have reported Hep loaded chemically crosslinked CS-PVA
hydrogels (Shahzadi et al., 2016) and chitosan-PVA-PCL hydrogels (Yar, Gigliobianco,
et al., 2016) showed significant increase in newly forming blood vessels in an in-vivo

CAM model (tested by opening square hole on the egg shell and sample implantation
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on CAM). In addition, Hep functionalised deproteinated bone matrix coated with CS-
Hep scaffolds, led to blood perfusion and formation of new micro vessels in rabbits 3
days after the implantation, with significant tissue infiltration into the scaffolds (Sun et

al., 2011).

Novel CS/HA/Hep injectable compositions designed in this project for bone
regeneration, provided integration of bioactive HA and Hep in a CS polymer matrix,
showed excellent pro-angiogenic response and significantly enhanced newly forming
blood vessels and their maturation in comparison to sole CS hydrogels. The ex-ovo
CAM technique was optimised for in-situ gelling on thermosensitive injectable
hydrogels in chick embryo CAM tissue. Histology analyses showed good tissue
interactions, infiltration of hydrogels into tissues and formation of abundant micro
blood vessels. In terms of the mean vessel counts and obtained CAM images, these
hydrogels show better pro-angiogenic response than reported sole or deoxy-ribose
added poly-3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV) based biomaterials, and
were comparable with their VEGF loaded counterparts as positive controls and as pro-
angiogenic wound healing materials (Dikici et al., 2020). Therefore, in optimal
compositions, injectable CS/HA/Hep hydrogels, by having a functional Hep layer on
top, could eliminate the utilisation of any external growth factors. Instead, they would
bind indigenous angiogenic growth factors and proteins, which regulate endothelial
cells, and guide the formation of endothelial tubules. It would be very useful to
investigate in the future, the effect of Hep comprised hydrogels on the proliferation and
migration of endothelial cells, their efficiency in binding proteins such as fibronectins

and to investigate their role in guidance of endothelial cells.

5.8 Summary and Conclusions

In-situ formed novel injectable CS/HA/Hep hydrogels showed biocompatible features
that allowed good proliferation of osteoblast like cells. Significantly increased
microvascularity and rapid maturation of newly formed blood vessels was achieved by
using composite hydrogels at optimal compositions with low Hep amounts (0.03 and
0.12 mg/mL). These bioactive and pro-angiogenic thermosensitive injectable hydrogels
could be very efficient in the provision of strong anchorage with native bones at defect

sites through rapid vascularisation leading to bone regeneration.
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6 SUMMARY, CONCLUSIONS AND FUTURE WORKS

6.1 Summary

In this study, in-situ formed novel injectable CS/HA/Hep hydrogel compositions were
designed and developed, as bioactive and proangiogenic, degradable functional
biomaterials, for bone repair and regeneration. Two types of hydrogels were developed,
initial and modified hydrogels, which were characterised separately and compared in
certain aspects, which are mainly dealt with in Chapter 3. First, the initial injectable
hydrogels were synthesised and optimised for certain properties. This set of hydrogels,
produced with different compositions, mainly after dissolving optimised amount of CS
in acetic acid (5% (w/v) at initial solution) and mixing it with commercial HA at a ratio
of 1/10. The Hep solutions were gradually added to the CS/HA mixtures by a polymer
blending method which provided the acquisition of homogeneous solutions in a
counterion polycomplex system. Solution neutralisation, using a weak base, NaHCO3
at 4 °C, was then performed using a sol-gel method for thermosensitive solutions to
adjust the pH of the acidic CS solution. Subsequently, crosslinked hydrogels were
formed upon incubation at 37 °C. Initial hydrogels were evaluated according to different
aspects involving, solution homogeneity, final pH, injectability, rheology, solution
storage capacity, and gelation performance at 37 °C. Biological analyses focused on
cell: cytocompatibility, attachment, proliferation, and ability to differentiate into ECM
compounds such as calcium and collagen; which were tested for. In addition,
accompanied by histological analyses, angiogenesis studies were conducted by using
an ex-ovo (shell-les) CAM assay on chick embryos by in-situ formation of hydrogels

from the solutions at 37.5 °C (See Chapter 5).

As elaborated on in Chapter 3, to improve the mechanical properties of initial hydrogels
and provide a totally pre-sterile system involving CS sterilisation, hydrogel synthesis
was modified in the second part of the study. In the new synthesis technique, CS was
sterilised by heat by water-glycerol hydroalcoholic media in dispersion form, in which

glycerol was used as a heat protective and mechanical strengthening agent. In addition,
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the HA powders that were produced, following investigation of certain parameters and
optimisation using small carbonate substitutions in non-sintered form, used after
autoclaving in modified hydrogels to achieve the project goals of better bioresorption
and mineralisation of HA. These modified hydrogels were tested mainly by the same
methods used for testing initial hydrogels excluding cell compatibility, rheology and
histology studies. Angiogenesis evaluation was carried out by CAM assay (See Chapter
5). Modified hydrogels were also analysed in terms of their compressive strength
measurements (See Chapter 3), swelling, bioactivity, biodegradation and drug release

properties (See Chapter 4).

6.2 Conclusions

e HA powders were synthesised by the sol-gel method and optimised by comparing
different synthesis parameters, including pH and heat treatment (See Chapter 2). The
initial pH of reagent solutions had a significant impact on HA phase purity at high
sintering temperatures. The solutions with initial pH of 10.5 results in pure HA with
small carbonate substitutions in their dried form; obtained at a 86% yield that was
stable at 1100 °C but less crystalline TCP phase formed at 1300 °C, according to
Raman spectroscopy analyses. However, biphasic HA was acquired with a 78% yield
from the reactions of lower initial pH solutions (8) that led to formation of a B-TCP
phase at lower temperature (950 °C). The HA powder synthesised with a higher
initial pH (10.5) with small carbonate content in non-sintered form, resulting in
rough porous surface features, was chosen as optimal due to an expected better
bioresorption and mineralisation capacity. Therefore, this optimal HA (HA-5D)
powder was used in the modified hydrogel compositions, and has led to very good

mineralisation capacity in the hydrogels; as confirmed by bioactivity studies in SBF.

¢ Initial hydrogel solutions were obtained with a final, maximum pH of 6.3 for
homogeneous formulations that reached a pH of 6.5-7 upon gelation at 37 °C. The
composite hydrogels with Hep were stable for at least three weeks in liquid form at
4 °C, while formulations without Hep maintained their fluid form for up to 6 months
when kept sealed in test tubes at 4 °C. These solutions showed an even flow in

injectability tests using different sized needles attached to a syringe. The optimal

289



needle size chosen, enabling a steady dropwise flow of all solutions, was 21 G, which
makes possible most orthopaedic (10-16 G) and dental (16-25 G) injections
(Burguera et al., 2007). The pH of a final solution could be raised further, in modified
hydrogels of up to pH 6.4-6.5, by maintaining solution homogeneity, to a pH of
between 6.8 and 7.2 at 20 °C. This could be attributed as due to the raised solution
pKa value by the addition of glycerol, which reduces the ionic interactions in the
solution via hydrophobic forces. Also, the pKa change phenomenon as being due to
electrostatic interactions, is reported for solvent media (Sorlier et al., 2001).
Injectability results of modified hydrogels were comparable with that of the initial
hydrogels at the synthesis day, with maximum injectability required forces at around
15 and 21 N for initial and modified hydrogel solutions, respectively. However, after
24 hours of storage at 4 °C, the solution viscosity of the modified solutions were
respectively higher with increased, required injectability force and adhesive
properties with less flow evenness. The increase of solution viscosity can be
associated with the effect of heat during sterilisation, leading to a slight degradation
of CS and to the entanglement of some polymer chains. By minimising the
autoclaving temperature and time, if or when available, the detrimental effects of

heat can be minimised.

The rheology studies of initial hydrogel solutions showed thermo-irreversible sol-
gel transitions, starting in the vicinity of the average human body temperature of 37
°C. This was decreased to 31 °C by the addition of HA and by 21-31 °C with the
addition of Hep. The highest Hep concentration (0.60 mg/mL) in these compositions
led to a significant increase of the elastic modulus of resultant hydrogels, from 5 Pa
to 130 Pa. The elastic modulus of hydrogels at 37 °C maintained for 30 min, from

the same Hep concentration of 0.60, increased to 250 Pa.,.

Freeze-dried initial hydrogels possessed an interconnected and porous morphology.
The measured minimum, maximum and mean pore diameters were 19.5 pm, 158 pm
and, 73.4 um respectively. Slight pH increments in the modified hydrogels from 6.2-
6.3 to 6.4-6.5 led to significant alterations in hydrogel formation, morphology and
mechanical strength. The weaker hydrogels with a more homogeneous microporous

morphology was acquired from lower pH solutions. On the other hand, when pH
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slightly exceeded 6.4, functional hydrogels were obtained with a morphology
looking like flat bones in which an interpenetrating hybrid porous structure, located
between two flat surfaces, consisted of huge macropores (~500 um) and porous walls
between them composed of dense small pores (~5 um) (See figure 3.26). These
hydrogel solutions were apparently triggered their gelation by the significant effect
of pH, since incipient gelation time was diminished to as fast as 2 to 3 min. This
hierarchical and interpenetrating network structure, from higher pH solutions has led
to major enhancements in the compressive strength and elasticity of functional

hydrogels compared to that of lower pH solutions.

The compressive strength measurements confirmed the excellent boosting of
mechanical properties. As pH increased, the compressive modulus and compressive
stress has increased 3 and 4 fold respectively, at the same strain point (40%). The
composite SO (CS.0.1HA.0.0015Hep) hydrogel specimen showed the highest elastic
modulus and compression strength 1.51 MPa and 310 kN (at 75% strain),
respectively. Hydrogels showed gradual deformation behaviour in which the initial
deformation, seen with sole CS hydrogels at around 60% strain, rose to around 70%
with composite (CS/HA/Hep) hydrogels. None of the hydrogels were totally broken
at the final 75% strain point. These were good achievements in improving the
mechanical properties of physically crosslinked CS based hydrogels. The
compression stress at first fracture points ranged between 51 and 172 kPa in
compositions; these were more than the reported sufficient stiffness values required
for osteogenic stem cell differentiations of 45-49 kPa (Jiang et al., 2015; Zouani et
al., 2013).

Overall, pH had a major effect on the fine tuning of hydrogel properties, including
injectability, gelation, morphology, and strength etc. This was expected since
gelation is mainly driven by pH leading to the reaction of CS and NaHCO; that
decrease acidic NH3" groups and turn into deprotonated NH> that forms more
junctions between CS chains. The highly strengthened structure of the modified
hydrogels obtained from a slightly higher pH (6.4-6.5) could also be associated with
the contribution of hydroalcoholic media with glycerol present. As reported, glycerol

leads to an alteration of the water structure covering CS chains, by reducing the
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charge densities of polymers. Having hydrophobic and hydrophilic features, alcohol-
water moieties interacting with CS, ensure the formation of hydrophobic sites,
leading to the intra-molecular bonding of CS (Boucard et al., 2005; Jarry et al.,
2002). In addition, it has been reported that glycerol treated chitosan-gelatine
crosslinked hydrogels enhance hydrogel elasticity and flexibility (Badhe et al.,
2017). Due to improved chain flexibility, plasticizers provides stress relaxation
behaviour decreasing deformation and increasing strength (Ahmad et al., 2012).
Furthermore, Nam et al., (2019) have reported that the stress relaxation behaviour in
alginate hydrogels has increased with use of another polyol, polyethylene glycol
(PEG), which provides biomimetic, more cell friendly, tuneable hydrogels that
stimulate fibroblast attachment and proliferation as well as osteogenesis through the
differentiation of mesenchymal stem cells. It would be very interesting to investigate

stress relaxation behaviour as well as cell response of these hydrogels in the future.

The swelling capacity of modified high pH hydrogels, which reached equilibrium
in 6 h, ranged between 68% and 55% for sole CS hydrogels CI and SI
(CS.01HA.0.025Hep) composite hydrogels. The pH plot patterns show a tendency
to increase for 15 h, followed by a decrease, becoming more stable at up to 72 h.
The comparatively smaller swelling ratio among these hydrogels indicates a strong
hydrogel network structure which could be beneficial for gradual drug release

studies.

Drug release studies of present Hep, and local Hep determination were undertaken
using colorimetric toluidine blue (TB) assay based on its chemical complexation
with Hep leading to a colour change from blue to purple. Hep in lower pH modified
hydrogels, showed in tests, a sustained release profile of over one week, which is
presumed to be even more extended with higher pH hydrogels. Hep in hydrogel
structures were detected by TB staining. Results showed a well distributed
functional Hep coating layer on the top surface of the hydrogels, stained with purple
colour. This could be very beneficial for guided tissue regeneration by attracting
physiological proteins, growth factors and endothelial cells to the ECM mimic

heparinised surface, triggering angiogenesis and osteogenesis.
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e The biomineralisation capacity of modified lower pH composite hydrogels
facilitated the formation of a white, densely carbonated apatite layer on the top
surface and inside the pores of the hydrogels during incubation in SBF. Flower like
crystals with a needle like, rough surface morphology formed. This was indicative
of highly bioactive surface features, which could provide very efficient bonding with
natural bone tissue. Mineralisation with sole CS hydrogels (CI) were negligible
during the weight tests in SBF, whereas composite CII and SI samples showed a
significantly higher dry weight ratio than CI without HA. At day 21, SI samples with
Hep (0.12 mg/mL) also showed a significant difference with the CII sample, showing
that Hep, as confirmed by testing in, also promotes bioactivity. EDS analyses after 7
days of incubation in SBF showed C, O, N, Na elements in the sole CS (CI) sample,
as high intensity peaks of Ca, P and O; elements that form calcium phosphate-apatite
minerals. The Ca/P ratio in CII (CS.0.1HA) and (SI: CS.0.1HA.0.005Hep) samples
were 1.9 and 1.77, respectively, which are slightly above that of stochiometric HA.
This might be attributed the possible formation of COs B-type substitution with
PO4> at the site of HA, as has been reported in the literature (Landi et al., 2003).
Having little carbonate substitution, the carbonate source, might have been
contributed to, by both the NaHCOs3 used for neutralising the hydrogels and the non-
sintered HA used in the synthesis. B-type CO3 is favourable to the reduction of the
stability of HA by enhancing its bioresorption, which increases the bioactivity and
efficiency of HA.

e The gradual weight decrease that occurred for modified, higher pH hydrogels in
PBS, in both the presence and absence of the enzyme lysozyme, were 60% and 70%,
respectively after 6-week in-vitro degradation tests. For both PBS and lysozyme
specimens, degradation rates among samples were not significantly different (p:
0.0959) but a significant difference (p<0.0001) occurred between time intervals
during degradation. SEM images showed evidence of degradation with propagation
of surface cracks seen at day-14, eventually leading to breakage of the bulk (up to
day-42) of the polymer network during the progressing degradation test.
Furthermore, chemical analyses by FTIR-ATR spectroscopy confirmed the
degradation by showing a gradual decrease in the peak intensities of most chemical

functional groups; particularly for O-H/N-H in the region of 3100-3500 cm™!, C-H
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bonds in the region of 2800-3000 cm™, and C-O ring stretching and bending

vibrations around wavenumbers 900-1200 cm™!.

Biocompatibility studies of initial hydrogels in their gel or freeze-dried forms
showed good cell attachment and proliferation of osteoblast like cells (MG-63), with
non-significant differences between sample groups. The amount of calcium
deposited in cell-cultured samples were highest in the CII sample composed of CS

and HA.

Angiogenesis studies with the initial hydrogels showed comparable results between
sample groups. The highest number of blood vessels were counted in the composite
SI sample, with 0.12 mg/mL Hep showing a very good pro-angiogenic response, but
not significantly different to the CII sample (CS.0.1HA) without Hep. Histology
analyses of CAM tissue sections confirmed the presence of micro vessels growing
towards or branching out of circular hydrogel samples, indicating effective sample-
tissue integration and infiltration. In further angiogenesis studies of modified
hydrogels, as well as composite CII(CS.0.1HA), simple filter paper and the sole CS
sample (CI) without Hep were also used as control; and hydrogel samples with Hep
were involved: SI (0.12 mg/mL Hep) and SO (0.03 mg/mL Hep). The results of
statistical analyses by one-way ANOVA showed that the SO sample with the lowest
amount of Hep showed the best pro-angiogenic response; significantly higher than
of those counted for, the CI sole CS (p:0.0298) sample and for filter paper (F.p.)
(p:0.0026). The vascular index counted for the CII sample was significantly higher
than that of filter paper (p: 0.0287) but not from that of CI (p:0.1998). The SO
composition with an optimal Hep concentration led to the formation of a significant
amount of new blood vessels (vascular index: 45.7+4.7) as well as the promotion of
vessel maturation. This composition (S0:CS.0.1HA.0.0015Hep) showed comparable
results to that of investigated VEGF bonded polymers as pro-angiogenic wound
healing materials (Dikici et al., 2020). Although angiogenic growth factors such as
VEGF can enhance angiogenesis significantly, growth factor delivery involves many
challenges including instability issues, the risk of toxicity and malformation of
bones, and the risk of inflammatory and malignant tissue formation; as is reported in

the literature (Carragee et al., 2011; Raftery et al., 2017). Therefore, in the current

294



strategy, the attraction of natural physiological growth factors and proteins by use of
functional heparinised bioactive composite CS/HA/Hep hydrogels of optimal
composition should provide a natural pathway for the efficient formation of

endothelial blood vessels.

e Injectable and pro-angiogenic novel CS/HA/Hep based hydrogels with enhanced
flexibility and strength were successfully produced and modified for sterile
formulations. By their functional bioactive, biodegradable and proangiogenic
properties, it is believed that CS/HA/Hep based hydrogels offer good regenerative
potential for repair and regeneration of non-load bearing bones. These injectable
solutions, which may also be mixed with additional drugs and delivered into targeted
defects, that start forming gel in-situ within minutes upon injection and set and
strengthen with time, could be particularly efficient for filling complex shaped bone
defects. These hydrogels can serve as bioactive materials that stimulate bonding
with tissues, not only from their surface but also through vascularised network
bridging and tissue infiltration that triggers eventual natural bone tissue regeneration

by their gradual degradation.

6.3 Future Works

e It would be very beneficial to harness increasing HA concentrations in hydrogel
compositions to enhance elastic modulus and toughness since respectively low
amounts of HA were used in the formulations (HA/CS: 1/10). In addition, one of the
project goals was to involve different ionic substitutions during HA synthesis,
especially co-substituted silicate and carbonate ions. However, due to the
requirement of comprehensive characterisations for ionic substitutions which would
exceed the project time limitations, no external ionic substitutions were involved in
HA. Instead, dried synthesised or commercial HA containing a small amount of

carbonate substitutions were used in the experiments.

e [t would be useful to investigate Heparin release profiles with the higher pH solution-
hydrogels since their more crosslinked strengthened polymer network might

contribute to the slower release of Hep.
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e It would be interesting to investigate the biocompatibility of Hep composite
hydrogels by using Human Umbilical Vein Endothelilal Cells (HUVEC), or other
endothelial cells representing vascularization. In addition, by further training and by
gaining more expertise in this area, the attachment of proteins such as fibronectin
and integrin as well as angiogenic growth factors, could be measured to assess

endothelization and angiogenesis.

e Although cell differentiation was investigated via calcium and collagen deposition
assay, the results were inconclusive and would have been useful to repeat.
Additionally, osteogenic cell differentiation could be investigated by alkaline

phosphatase assay.

e The observation of hydrogel structures with cryo-SEM might be a better indicator of
water abundant, porous hydrogel morphologies, depending on availability of this
system. However, it could also be performed with a chemical drying method along
with HMDS for the preparation of wet samples/tissues. This would be a useful study
to be conducted in the future in order to observe cell-adhesion on hydrogels under

SEM.

e Solution density and adhesion are also important parameters that affect whether an
injectable solution is stable in position or quickly washes out. It would be useful to
compare initial and modified hydrogels in terms of solution adhesiveness capacity
on bone samples by performing compression test using a UTM. In addition, the
stress relaxation behaviour of hydrogel specimens should also be determined via

cyclic stress experiments in compressive mode.

e Performing sterility tests and blood compatibility tests on modified hydrogels in the

future would also be very useful.
e Although performing in-vivo experiments in big animal models were aimed for

initially, due to the long processing time for the acquisition of ethical approval, it

was not possible. However, it is intended that these be done in the future.
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APPENDIXES
APPENDIX A. Comparison of Bovine and Porcine Heparin

Heparin is one of the most significant antithrombotic drugs. It is main supply depends
mainly on porcine sources which suffer from shortage and recently raised
contamination and diarrheal virus epidemiological issues. Though United States and
European countries only use Hep from porcine intestinal mucosa, South America
countries such as Brazil, Argentina, and Middle Eastern countries use bovine lung and
intestinal sourced Hep, while ovine sourced and porcine lung Hep is used in Asia
(Jasper et al., 2015; Xie et al., 2018). Recently, many researchers have been
investigating alternative non-porcine originated Hep. As reported, bovine and ovine
sourced Hep are the alternatives that most resemble porcine Hep. The results have
shown that bovine Hep has a slightly lower activity than porcine Hep but can be

obtained at higher activities by special production (Xie et al., 2018).

In this study, initially porcine Hep had been used, and upon supply of purified injectable
grade sodium bovine Hep having respectively high activity (156 IU/mg) as kind gift by
Extrasul (Ext. An. Veg. LTDA, Sao Paulo, Brazil), it has been used in all experiments.
The initial chemical analyses result from FTIR-ATR and FT-Raman spectroscopy
comparing porcine and bovine Hep were shown in Figure A.1-A.2, and Figure A-3,
respectively. The obtained hydrogels were also comparable in terms of their chemical
structures. The studies with sodium bovine Hep showed substantial contribution to
angiogenesis at very low optimal concentrations in CS/HA/Hep injectable hydrogel
system.

*Hep (Bovine)

0,601 *Hep (Porcine)
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Figure A. 1 Comparison of chemical structure of bovine and porcine originated sodium Heparin.
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Figure A. 2 ATR spectra of Hydrogels obtained with porcine Hep for different hydrogel

compositions CI (CS) and CII (CS.0.1HA) (at above), and samples with Hep at different

concentrations: SI (CS.0.1HA.0.005Hep)-0.12 mg/mL, SII (CS.0.1HA.0.015Hep)-0.36 mg/mL

and SI (CS.0.1HA.0.025Hep)-0.60 mg/mL(at below graph).
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Figure A. 3 FT-Raman spectra of hydrogels obtained with porcine Hep for different hydrogel
compositions including CI (CS) and CII (CS.0.1HA) and samples with Hep at different
concentrations: SI (CS.0.1HA.0.005Hep)-0.12 mg/mL, SII (CS.0.1HA.0.015Hep)-0.36 mg/mL
and SI (CS.0.1HA.0.025Hep)-0.60 mg/mL
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In a part of study, the utilisation of carboxymethyl cellulose (CMC) in hydrogels as
stabilisation agent and for enhancing mechanical properties were involved in a few
experiment trials. However, especially at high concentration of Hep, huge precipitation
problem was faced which is attributed to anionic charged structure of CMC which was
competing with Hep at interaction with CS. Therefore, another method by involving
glycerol, desired mechanical enhancement and stabilisation were ensured in further

studies which reduced the precipitation even enhancing the solution pKa leading further

APPENDIX B. Use of Carboxymethyl-cellulose in Hydrogels

pH neutralisation without any precipitates.
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Figure B. 1 FTIR-ATR chemical analyses a. CMC and b. composite hydrogel with 0.6 mg/mL
Hep, HA/CS:0.3 with or without CMC.
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APPENDIX C. Interesting Images Obtained During Research

5.0kV LED

Figure C. 1 SEM image of top surface of a modified composite hydrogel specimen looking like a
face.

Figure C. 2 Histology images of CAM tissues having blood vessels at different shapes with
composite hydrogel sample a. SI, b. SIII

300



Figure C. 3 A chick embryo image during its development day of 10 during CAM assay, which
formed a good vascular network (after injection of thermosensitive solution on CAM and in-situ
formed hydrogel upon incubation at 37.5 °C, at day 7).

301



APPENDIX D. Abstract of Published Research Article

Submit to this Journal

Review for this Journal

Edit a Special Issue

International Journal of
Molecular Sciences

Article Menu

Article Overview

Abstract

Open Access and Permissions
Share and Cite

Article Metrics

Related Articles

Order Article Reprints

Article Versions
Export Article
Related Info Links

More by Authors Links

Views

Downloads

The First
International
Conferenceon
Antioxidants

732

934

In-Situ Forming pH and Thermosensitive Injectable
Hydrogels to Stimulate Angiogenesis: Potential
Candidates for Fast Bone Regeneration Applications

by (" Fatma Z. Kocak ' & O, " Abdullah C.S. Talari 1 O, _" Muhammad Yar 28and " Ihtesham U. Rehman e

1 ing Department, L University, Lancaster LA1 4YW, UK

2 Interdisciplinary Research Centre in Biomedical Materials (IRCBM), COMSATS University Islamabad, Lahore Campus, Punjab
54000, Pakistan
* Author to whom correspondence should be addressed.

T Current address: Engineering Department, Faculty of Science and Technology, Lancaster University, Gillow Avenue, Lancaster,
LA1 4YW, UK.

Int. J. Mol. Sci. 2020, 21(5), 1633; https://doi.org/10.3390/ijms21051633

17 D 2019/ 15 February 2020 / Accepted: 24 February 2020 / Published: 27 February 2020

(This article belongs to the Special Issue Recent Advances in Dental Materials and Biomaterials)

View Full-Text Download PDF Browse Figures Review Reports Cite This Paper

Abstract

Biomaterials that promote angiogenesis are required for repair and regeneration of bone. In-situ formed injectable hydrogels
functionalised with bioactive agents, facilitating angiogenesis have high demand for bone regeneration. In this study, pH and
thermosensitive hydrogels based on chitosan (CS) and hydroxyapatite (HA) cc loaded with heparin (Hep) were
investigated for their pro-angiogenic potential. Hydrogel formulations with varying Hep concentrations were prepared by sol-gel
technique for these homogeneous solutions were neutralised with sodium bicarbonate (NaHCO3) at 4 °C. Solutions (CS/HA/Hep)
constituted hydrogels setting at 37 °C which was initiated from surface in 5-10 minutes. Hydrogels were characterised by
performing injectability, gelation, rheology, morphology, chemical and biological analyses. Hydrogel solutions facilitated manual
dropwise injection from 21 Gauge which is highly used for or ic and dental and the maximum injection
force measured through 19 G needle (17.191 £ 2.296N) was convenient for manual injections. Angiogenesis tests were performed
by an ex-ovo chick chorioallantoic membrane (CAM) assay by applying injectable solutions on CAM, which produced in situ
hydrogels. Hydrogels induced microvascularity in CAM assay this was confirmed by histology analyses. Hydrogels with lower
concentration of Hep showed more efficiency in pro-angiogenic response. Thereof, novel injectable hydrogels inducing
angiogenesis (CS/HA/Hep) are potential candidates for bone regeneration and drug delivery applications. View Full-Text
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