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ABSTRAK

Kejuruteraan tisu tulang menghasilkan replikasi kerangka daripada pelbagai material
biopolimerik untuk mendapatkan topographi tertentu dan pembenihan sel-sel tertentu
sebelum dilaksanakan ke dalam badan yang cedera. Tujuan utama penyelidikan ini
adalah untuk sintesis bahan biopolimer daripada hidroksil etil selulosa (HEC) (5%
berat) yang dicampur dengan natrium alginat (SA) (10% berat) pada nisbah 1: 1,
digabungkan dengan nanokristal selulosa (CNC) (11 w/v %) dan direka menggunakan
teknik pengeringan beku. Tingkah laku peran cah seperti struktur kimia dan sifat terma
diciikan dengan menggunakan FESEM, EDX, ATR-FTIR and UTM.. Pencirian adalah
vitro kerangka telah disiasat dengan pengkulturan sel osteoblas janin manusia (hFOB)
pada kerangka ini. Hasil imej SEM dipaparkan struktur berliang yang saling berkait
dengan diameter antara 40 hingga 400 pm dengan peratusan keliangan dalam julat 75 +
5% hingga 90.5 + 5%. Pengembangan ratio yang ketara pada HEC/SA tidak dirawat
denagn kerangka SBF disebabkan kekuatan ikatan hydrogen dan interaksi antara Van
der Waals dengan rantai polimer. Kerangaka mula hancur selepas hari ketujuh yang
mana berat menurun sehingga ~60%. Kemungkinan, ditu njukkan oleh ATR-FTIR
disebabkan oleh interaksi diantara HEC, SA, dan CNC dalam campuran. Hasil TGA
menunjukkan empat bahagian yang berlainan kehilangan jisim, mewakili suhu peralihan
amorfus dan pelupusan air, pecahan ikatan rantaian sisi, pirolisis SA dan kelakuan
dehidrosilasi kalsium fosfat. Interaksi sel menunjukkan sel hFOB menunjukkan
perbezaan merebak sangat baik ke atas percambahan sel dan lebih menonjol terhadap
HEC/SA/CNC yang dirawat dengan kerangka SBF. Oleh kerana biokompatibil dan
terbiodegradasi ini menghasilkan keputusan yang baik, kerangka ini boleh digunakan
untuk reka bentuk kejuruteraan tisu tulang yang akan dihasilkan oleh generasi akan
datang..



ABSTRACT

Bone tissue engineering utilizes scaffolds fabricated from various biopolymeric
materials to obtain a specific topography prior to seeding with specified cells and
implantation into an injured body. The aim of this research is to synthesize
biopolymeric materials from hydroxylethylcellulose (HEC) (5 wt%) blended with
sodium alginate (SA)(10 wt%) at 1:1 ratio and incorporated with cellulose nanocrystals
(CNC) (11 w/v%). The scaffolds was fabricated using the freeze-drying technique. For
the mineralization process, these HEC/SA and HEC/SA/CNC scaffolds were treated
with simulated body fluid (SBF) by immersion technique through the depositing of
calcium phosphate on the scaffold’s surfaces. The behavior of scaffolds such as
chemical structures and thermal properties were characterized by using FESEM, EDX,
ATR-FTIR, and UTM. In-vitro biocompatibility of the scaffolds was investigated by
culturing human fetal osteoblast (hFOB) cells on these scaffolds. The SEM images
displayed interconnected porous structures with diameters ranging from 40 to 400 um
and porosity percentages ranging from 75 + 5% to 90.5 £ 5 %. The high swelling ratio
of HEC/SA untreated with SBF scaffold was ascribed to the strong hydrogen bonding
and Van der Waals interactions between polymer chains. After 7 days of incubation, the
scaffolds began to disintegrate, which leads to the increase in weight loss
(simultaneously up to ~60%). ATR-FTIR results exhibit possible interactions between
hydroxyl groups of HEC, SA and CNC in the blends suggests there is chemical
interaction between scaffolds. The TGA results showed four different regions of mass
losses, represents the degradation temperature and water disposal, side- chain bond
breaking, pyrolysis of SA and dehydroxylation behavior of calcium phosphate,
respectively. The cell-scaffolds interaction demonstrated that hFOB cells differentiated
and spread well on the scaffolds with better cell proliferation and attachment on
HEC/SA/CNC treated with SBF porous scaffolds. Since these biocompatible and
biodegradable scaffolds showed promising results, these scaffolds could be adopted for
the design of next-generation tissue-engineered bone grafts.



TABLE OF CONTENT

DECLARATION

TITLE PAGE
ACKNOWLEDGEMENTS
ABSTRAK

ABSTRACT

TABLE OF CONTENT
LIST OF TABLES

LIST OF FIGURES

LIST OF SYMBOLS

LIST OF ABBREVIATIONS

CHAPTER 1 INTRODUCTION

1.1  Background

1.2 Problem Statement
1.3 Objectives

1.4 Research scope

1.5 . Significance of Study

Xi

CHAPTER 2 LITERATURE REVIEW

2.1 Human bone physiology
2.1.1 General function of bone
2.1.2 Structural and mechanical properties of bone

2.2 Bone tissue Engineering



2.3

2.4

2.5

2.6

Characteristics of biomaterials scaffold

Classification of biomaterials

Fabrication of biomaterials

Materials study

2.6.1

2.6.2

2.6.3

Hydroxyethyl cellulose
Sodium alginate

Cellulose nanocrystals

CHAPTER 3 METHODOLOGY

3.1

3.2

3.3

3.4

3.5

3.6

3.7

Introduction

Materials preparation

3.2.1

Raw materials

Preparation of HEC/SA/CNC and HEC/SA/CNC polymer solution

3.3.1

Synthesis of HEC/SA/CNC

Freeze-drying

Crosslinking process

Surface modification with Simulated Body Fluid (SBF)

Characterization technique

3.7.1

S v

3.7.3

3.7.4

3.7.5

3.7.6

3.7.7

3.7.8

Scanning Electron Microscope
Field Emission Scanning Electron Microscope

Attenuated Total Reflectance - Fourier Transform Infrared

Spectroscopy

Thermogravimetric Analysis (TGA)
Universal Testing Machine
Swelling behaviour

Porosity

Degradation study
vi

11

12

16

17

17

18

19

21

21

22

22

22

22

22

23

23

23

24

24

24

25

25

25

26

26



3.8

Cell culture studies
3.8.1 Cell expansion and seeding
3.8.2 Cell-scaffold proliferation studies

3.8.3 Cell- scaffold morphological studies

CHAPTER 4 RESULTS AND DISCUSSION

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

Introduction

Scanning electron microscopy

Porosity

Swelling behavior

Degradation study

Attenuated total reflectance -Fourier transforms infrared
Thermogravimetric analysis

Universal testing machine

hFOB cell proliferation and viability

hFOB cell-scaffold morphological studies

CHAPTER 5 CONCLUSIONS

5.1

Results Summary

REFERENCES

APPENDIX 1 INSTRUMENTS USED IN THIS STUDY

APPENDIX 11 PUBLICATION AND AWARDS

vii

27

27

27

28

29

29

29

32

33

34

35

38

42

43

46

49

49

52

62

64



Table 2.1
Table 4.1
Table 4.2

LIST OF TABLES
Mechanical properties of human spongy bone

Calcium and phosphate percentage
TGA analysis

viii

10
32
40



Figure 2.1
Figure 2.2
Figure 2.3

Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 3.1
Figure 4.1

Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

LIST OF FIGURES

Cross-section image of (a) bone structure and (b) physiology of
bone

Cross-section image of compact and spongy bone physical
structure

Chemical structure for (a) collagen type-Il, (b) gelatin, (c) silk
fibroin, (d) chitosan

Chemical structures of (a) PVA, (b) PCL, (c) PLGA, (d) PEO
Chemical structure of hydroxyethyl cellulose

Chemical structure of sodium alginate

Needle-like structure of CNC

Flow chart of the research

SEM images of (a) HEC/SA, (b) HEC/SA (SBF treated) at (i) low
magnification and (ii) high magnification, (c) HEC/SA/CNC, (d)
HEC/SA/CNC (SBF treated) at (i) low and (ii) high magnification
and (e) EDX spectrum for HEC/SA/CNC (treated with SBF

Porosity percentage for HEC/SA, HEC/SA/CNC, HEC/SA (SBF)
and HEC/SA/CNC (SBF), respectively

Swelling behaviour for (a) HEC/SA, (b) HEC/SA/CNC, (c)
HEC/SA (SBF) and (d) HEC/SA/CNC (SBF) respectively

Degradation behaviour for (a) HEC/SA, (b) HEC/SA/CNC, (c)
HEC/SA (SBF) and(d) HEC/SA/CNC (SBF) respectively

FTIR spectra for (a) HEC/SA, (b) HEC/SA/CNC, (c) HEC/SA
(SBF) and (d) HEC/SA/CNC (SBF) scaffolds

TGA graph for (a) HEC/SA, (b) HEC/SA/CNC, (c) HEC/SA (SBF)
and (d) HEC/SA/CNC (SBF) scaffolds

Stress-strain graphs for (a) HEC/SA, (b) HEC/SA/CNC, (c)
HEC/SA (SBF) and (d) HEC/SA/CNC (SBF) scaffolds

MTT assay for 3 and7 days for all scaffolds

Shows SEM micrograph for 3 days incubation for (a) HEC/SA, (b)
HEC/SA/CNC, (c) HEC/SA (SBF) and (d) HEC/SA/CNC (SBF) at
400x magnification

Shows SEM micrograph for 7 days incubation for (a) HEC/SA, (b)
HEC/SA/CNC, (c) HEC/SA (SBF) and (d) HEC/SA/CNC (SBF)
400x magnification

Shows SEM of hFOB cell-scaffold morphological studies for
3days

Shows SEM of hFOB cell-scaffold morphological studies for 7
days

10

13
15
18
18
20
21

30

33

34

35

37

41

42

44

45

46

47

48



Ca*
°C

AHf
AHp

AHm
Wo

Tm
um

ml

V1
V>
V3

LIST OF SYMBOLS

Calcium ion

Degree Celsius

Dry weight

Enthalpy of fusion

Enthalpy of fusion of 100% crystallization
Glass transition temperature

Heat of fusion

Initial weight

Length

Melting temperature

Micrometer

Millilitre

Temperature

VVolume of the scaffold before immersion
VVolume of the scaffold after immersion
Volume of the scaffold after drying

Young’s modulus



ATR-FTIR

CNC
DMEM
ECM
GA
GAG
HA
HEC
hFOB
PBS
PCL
PE
PEO
PGA
PLA
PVA
SA
SEM
TCP
TGA
UTM

LIST OF ABBREVIATIONS

Attenuated total reflectance Fourier transform infrared
spectroscopy

Cellulose nanocrystals
Dulbecco’s modified eagle medium
Extracellular matrix
Glutaraldehyde
Glycosaminoglycan
Hydroxyapatite

Hydroxyethyl cellulose
Human fetal osteoblasts
Phosphate buffered saline
Polycaprolactone
Poly(ethylene)

Poly(ethylene) oxide

Poly (lactic) acid

Poly (lactic-co-glycolic acid)
Poly (vinyl) alcohol

Sodium alginate

Scanning electron microscopy
Tri-calcium phosphate
Thermogravimetric analysis

Universal testing machine

Xi



CHAPTER 1

INTRODUCTION

1.1 Background

The interdisciplinary field of tissue engineering combines multiple knowledge
concepts that allow the artificial cellular scaffold to preserve or rejuvenate the destroyed
tissues; it involves manufacturing of materials with appropriate biochemical
characteristics (Agarwal et al., 2009; Rodrigues et al., 2011) In tissue engineering,
scaffolds are defined as an assist that imitates the extracellular matrix (ECM) while
simultaneously serving as a provisional skeleton for cell attachment, proliferation and
differentiation; it aids the reconstruction of new organs and tissues. A key factor for a
model scaffold for bone tissue regeneration should possess proper surface chemistry, as
well as microstructure with adequate mechanical properties, biocompatibility and
bioactivity (Rodrigues et al., 2011). As a result, a prerequisite for development of such
scaffold involves the proper selection of materials that meet the above criteria; such
material must also be nontoxic to cells in both its original and degraded forms (Martins
et al., 2007).

The bone hierarchy is divided into macro and nano-sized tissues which are
highly vascularized connective tissues with regenerative capacity throughout the
lifetime of an individual. Bone provides body movement and serves as a supportive
casing for the delicate internal organs. However, problems like bone injuries, loss and
deficiencies tend to increase on a daily basis, thereby triggering the need for growth of a
wide diversity of man-made materials for bone repair and regeneration. The main
purpose in utilising the synthetic bone scaffolds for orthopaedic treatment are due to
eliminate donor site morbidity, overcome the issue of inadequate bone tissue quality,
and to reduce the risks of disease transmission. Furthermore, the use of synthetic
scaffolds would lead to fewer surgical procedures, and can also help to eliminate the

risk of infection or immunogenicity (Porter et al., 2009).



Over the last few decades, bone tissue engineering has incorporated several
inbred and man-made polymers, as well as their blends. Notable among these are
collagen, chitosan and chitin which are among the most broadly used natural polymers.
Due to the structural and functional resemblance of collagen to natural bone extra
cellular matrix, it initially attracted much research interest as a potential bone scaffold
(Sheehy et al., 2014; Cen et al., 2008). However, the high cost of collagen led to its
gradual replacement with gelatin-based materials which hold brilliant biodegradability
and non-antigenicity. However, gelatin exhibits lower mechanical strength. (Cen et al.,
2008).

On a more general note, it has hbeen observed that when scaffolds are
processed into nano-scale, natural polymers often lack the sufficient mechanical
strength required for applications in bone tissue engineering (Yang et al., 2008;
Kanungo et al., 2008; Cen et al., 2008). Therefore, polyesters such as polylactic acid
(PLLA), polyglycolic acid (PLGA) and polycaprolactone (PCL) which are a common
group of manmade polymers are currently being used to construct biodegradable nano-
fibrous materials for bone tissue engineering (Heydarkhan-Hagvall et al., 2008; Kong et
al., 2006). One problem of these materials is that their degradation rates are often high
and their degradation products are usually acidic. Additionally, these materials
sometime involve toxic chemicals as solvent during their preparation (Goonoo et al.,
2013).

Among the common materials with potential use in bone engineering,
hydroxyethyl cellulose is of particular interest. Hydroxyethyl cellulose (HEC), has
many advantages as it is derived from cellulose. It has g (1—4) glycosidic linkage and
chemical structure that is ' comparable to glycosaminoglycans. (GAGS) and
polysaccharides. Furthermore, it is biocompatible, biodegradable, water soluble, non-
toxic, non-ionic and cost effective. On the other hand, sodium alginate (SA), a
polysaccharide product, is widely used in drug delivery and ECM scaffolds. It is
biocompatible, biodegradable and abundant at an affordable price; these made it

attractive for tissue engineering.

In this regards, one promising approach is tissue engineering method in which

employing a bioresorbable and biodegradable material scaffold to engineer the repair of

2



bone tissues. This has been observed to be highly effective because scaffolds act as
extra cellular matrix (ECM) to organise cell and to present stimuli which facilitates the
formation of growth of the desired tissue. Hence, the cellular growth and tissue
development are often contingent on the characteristics of the scaffolding system,

especially its structure and chemical composition (Liao et al 2008).

In this research, the HEC/SA scaffolds are incorporated with CNCs and
fabricated via freeze-drying technique. The physical, chemical, mechanical, and thermal
properties of the scaffolds were characterized using SEM, ATR-FTIR, TGA, and
mechanical testing. In-vitro degradation and cell culture studies were also carried out to
investigate the biocompatibility of cell-scaffolds and their potential as a substrate for

bone tissue engineering; this was validated using MTS assay and morphological studies.

1.2 Problem Statement

The emergence of tissue engineering has rejuvenated the conventional autograft,
allograft and xenograft techniques in order to remain, restore or/and improve tissue
functions. Numerous studies have been done by utilizing biopolymer materials
fabricated via various techniques, such as electrospinning, freeze-drying, solvent
casting, phase template and many others. Through these techniques, scaffolds
characteristics can be modified to produce an ideal scaffold that possesses good
biodegradability, biocompatibility and mechanical properties for tissue regeneration
(Pangon, 2016). Nowadays, bone graft tissue engineering has succeeded in bringing an
alternative solution to patients with bone diseases, including osteoporosis and bone
fracture due to aging, trauma and accidents. Many available bone grafts are currently
available in the market; however, there are several.limitations of such grafts, such as
high cost, environmental toxicity, inappropriate biodegradable rate, and weak
mechanical properties (Martin et al., 2018).

Furthermore, a good scaffold must not elicit immune reaction to prevent
inflammatory response that could reduce healing. Therefore, the development of new
bone tissue scaffolds with adequate mechanical properties and capacity for

vascularization is important. Many researches have confirmed that bio composite



materials could offer significant improvements that can help to overcome some of the
inherent problems of scaffold materials (Liu et al., 2017; Wang et al., 2017). Previous
studies showed that the use of hydroxyethyl cellulose improved the percentages of
porosity of scaffolds but lowered the mechanical strength. However, the addition of
HEC with other polymers proved to boost the bioactivity, mechanical properties and
helped in protein adsorption, thereby increased cell availability and proliferation
(Tohamy et al., 2018). Various parameters are considered during scaffolds fabrication
based on the targeted tissue formation and functionality. (Zhou et al., 2016) modified
the collagen network surface by coating with calcium phosphate (CaP) for biomimetic

mineralization; this increased the mechanical strength of the resulting material.

The incorporation of this biomineralize element was proved to enhance the
stability of the scaffold; however, the optimized concentration remained indistinct. In
the other hand, studies from (Zhang et al., 2015) reported that the integration of
cellulose nanocrystals into silk fibroin/carboxymethyl chitosan could increase strength
and enhance protein absorption, and alkaline phosphate activity. However, the issues of
less interconnected pore structure and porosity have limited the potential scaffolds
fabrication. Due to these gaps, this study exploited the advantages of cellulose
nanocrystal, as well as the formation of calcium phosphate by surface modification to
improve the biocompatibility and strength of scaffolds for tissue engineering

application.

1.3  Objectives

The main objectives of this research are as follows:

I. To synthesize porous scaffolds of HEC/SA, HEC/SA/CNC, HEC/SA (SBF) and
HEC/SA/CNC (SBF) scaffolds using a freeze-drying technique.

i. To study the physical, chemical, mechanical and thermal properties of

synthesized scaffolds.

iii. To investigate the in-vitro cell culture performance of the synthesized scaffolds

for possible use as bone grafts.



1.4

Vi.

Research scope
To achieve objective (i), the research scopes include:

To prepare polymer blends of HEC and SA incorporated with CNC.

To modify the surface of HEC/SA/CNC scaffolds by immersion technique in
SBF solution.

To optimize the parameters (temperature, pressure and time) used for the

fabrication of porous materials during the process of freeze drying.

To achieve objective (ii), the research scopes include:

To observe the surface morphology of all the scaffolds via SEM, and to measure

the pore size by using ImageJ software.

To analyse the swelling behaviour, porosity and biodegradability of the

scaffolds.
To identify the functional groups of the scaffolds using ATR-FTIR spectra.

To study the thermal stability and decomposition behaviour of the scaffolds
using TGA.

To study the mechanical strength of the scaffolds by analysing the stress-strain

curves using UTM.

To achieve objective (iii), the research scopes include:

To investigate the cellular biocompatibility by carrying out in-vitro cell culture
studies using human fetal osteoblast (hFOB) cell.

To determine the adherence, differentiation and proliferation of hFOB cells on
the scaffolds using MTT assays based on the measurement of the absorbance

values, and to observe the surface morphology changes by SEM.

To identify the optimum concentration of CNCs in HEC/PVA scaffolds that
display better response towards hFOB cells.



1.5  Significance of Study

The proposed research work is related to fabrication of porous scaffolds with
good morphological structure, high porosity, excellent cell-scaffold biocompatibility,

osteoconductivity, biodegradability, and good mechanical strength.

I. Novel porous scaffolds were produced from HEC, SA and CNC treated with

SBF for use as potential scaffolds in bone tissue engineering.

ii. Scaffolds were produced via a green technology that involved water as the only

solvent.

ii. Overall, this research fully supports the conversion of waste to wealth.



CHAPTER 2

LITERATURE REVIEW

2.1 Human bone physiology

Bone comprises mainly three types of cells - osteoblasts, osteoclasts and
osteocytes. With respect to individual function, osteoblasts generate new bones while
osteoclasts are responsible in maintenance, repair and modelling of bones (Sanchez et
al., 2018). Meanwhile, the osteocytes brings support to mechanical strain and send the
signals of bone formation or bone resorption to the bone surface. (Martin & Sims,
2015). In general, biomineralized bones play many roles, including provision of support
to posture, maintenance of body structure, protection of internal organs, and facilitation

of body movement.

2.1.1 General function of bone

Skeletal bones act as a support structure against gravity, as a pedal system for
the muscles, and as a protection for the internal organs (Tomlinson et al., 2016). Bone
is a complex biphasic material which consists of a firm phase that involves bone cells
embedded in an extracellular matrix that includes hydroxyapatite crystals for the
strengthening of bones (Miranda-Nieves & Chaikof, 2016). Bone also serves as a
reservoir of minerals. Patient’s lifestyle and medications are believed to impact bone
health (Hopkins et al., 2016).

Bone extra cellular matrix (ECM) is made up of nanoscale organic constituents
that include collagen and non-collagenous proteins and hard inorganic nano-
hydroxyapatite (nHA) (Geng et al., 2009). The inorganic mineral composition of bone is
comprises of calcium, phosphates, carbonates and hydroxyl components and contribute
towards good mechanical strength and osteoconductivity (Ngiam et al., 2009). On the

other hand, the organic component of extracellular matrix contains a variety of protein



fibrils and fibres intertwined within a hydrated network of glycosaminoglycan chains.
This network structure functions as a scaffold which can support tensile and
compressive stresses through the help of the fibrils and hydrated networks. It is
noteworthy that the fibrillary and porous structure of ECM have a great influence on

cell functionality, particularly on cell adhesion and migration.

Beyond provision of an applicable microenvironment for cells, ECM is
responsible for transferring signals to cell membrane receptors that reach nucleus via
intracellular signalling cascades (Tuzlakoglu et al., 2005). In addition, they support cell
and tissue differentiation, cell’ proliferation, cell adhesion, cell migration, tissue
regeneration and repair (Shin et al., 2007). Ideal scaffolds should be biocompatible,
biodegradable, and promote cellular interactions and tissue development, and possess
proper mechanical and physical properties. Furthermore, the scaffolds must have a
porous design, produce non-toxic degradation products, and should be capable of
sterilization without loss of bioactivity and should deliver bioactive molecules in a

controlled fashion to accelerate healing (Venugopal et al., 2008).

2.1.2 Structural and mechanical properties of bone

There are two types of bone at a microscopic scale - compact and cancellous
bone, as in Figure 2.1 (a) which showed the outside of the bone, while Figure 2.1(b)
showed the physiological structure of the bone. The bone is organised in concentric
layers around canals, forming structural units called osteons (Han et al., 2017). Compact
bone or cortical bone is a dense material that makes up mostly the shaft (Cooper &
Maas, 2018). It is a solid part which forms a shell around the spongy bone, as shown in
Figure 2.2. Meanwhile, cancellous bone, also called trabecular bone, is a porous
material that makes up the epiphysis of a long bone (Wang & Yeung, 2017). The
cancellous bone is made up of very light parts with an open pore section filled with

marrow, and blood vessels that carry cell and nutrients in and out of the bone.
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Figure 2.2 Cross-section image of compact and spongy bone physical structure
Source: White & Folkens (2005).

In this research, the scaffolds will be fabricated by using freeze-drying technique
to produce a sponge-like pore structure similar to spongy bone. Therefore,
understanding the composition of human bone and mechanical properties of human
spongy bone is very important. Table 2.1 showed the mechanical properties of human

spongy bone in terms of its tensile stress, compressive stress, and elastic modulus.

Table 2.1 Mechanical properties of human spongy bone
Mechanical Properties Strength Reference
Tensile strength 10-20 MPa (Wu et al., 2014)
Compressive strength 2-12 MPa (Wu et al., 2014)
Elastic modulus 1-5 GPa (Wuetal., 2014)

10



2.2 Bone tissue Engineering

Bone tissue engineering, applies the principles of biology and engineering to the
development of variations substitutes that regenerate, restore, maintain, or improve the
function of tissues and bone (Chinnappan et al., 2018). Bone tissue engineering aims at
designing, safe and sustainable functional bone tissues by making more informed
choices based on our improved understanding of human bone structure, mechanics, and
tissue formation. It has revolutionized the biomedical field by resolving the recurrent
limitations of obsolete conventional methods: autograft, allograft, and xenograft, in
healing bone defects by possess a healing strategy to cure the injured organ (Gémez et
al., 2016; Vig et al., 2017). The autograft possesses several drawbacks such as limited
grafts supply, prolonged healing, increased pain and morbidity. On the other hand,
allografts are an adequate substitute for autograft but are immunogenic and suffer from
graft rejection and disease transmission risk. Alternatively, xenograft has been used by
surgeons by surgical grafting from one species to another species, wherein the rejection

and autoimmune disease are possible outcomes of this type of graft.
2.3 Characteristics of biomaterials scaffold

The structural and behaviour characteristics of tissue scaffold including
physical, mechanical, chemical and biological are critical to ensure normal cell
activities and performance during cell cultivation (Rezaei & Mohammadi, 2013). The
ideal scaffold should meet the physiological demands of native extracellular matrix
(ECM) in order to promote excellent host-cell mediated healing (Barnes, 2007). The
characteristics of biomaterials scaffold is vary depending on the type of materials and
the tissue types where the scaffold is to be applied (Yang et al., 2001).

First of all, all scaffolds should be biocompatible which is neither the
biomaterials nor its degradation by-products should provoke any rejection,
inflammation or immune responses (Chen e al., 2002). The scaffold should provide
three-dimensional structure with interconnected porous architecture to assist cellular
ingrowth and facilitate nutrients and oxygen delivery (Deluzio et al., 2013 ; Leukers et
al., 2005). The three-dimensional scaffolds should be able to initiate cell attachment and

subsequent tissue formation to ensure the cell adheres and proliferates into the structure.

11



The biomaterial scaffold should also be biodegradable upon implantation at a rate
matching of that new tissue regeneration (Chan & Leong, 2008).

In addition, the scaffold should provide adequate mechanical properties
consistent with site into which it is to be implanted and bear strong enough biological
forces to allow surgical handling during implantation (Brien, 2011). The biomaterial
scaffold should exhibit high surface area to support better cell adhesion, promote cell
growth and allow the retention of differentiated cell function (Chen e al., 2002). The
scaffold should also have surface roughness similar to native tissues for enhanced
tissue-scaffold interaction (Zhao et al., 2013). Furthermore, the scaffold should be
vascular supportive to provide channels for adequate blood supply for rapid and healthy
tissue regeneration (Zhang & Michniak-Kohn, 2012). Finally, the biomaterial should be
stable during storage and must be sterilizable in order to avoid any contaminations,
without compromising any structural or other related properties (Ramakrishna et al.,
2016). Despite of above discussed properties, it should be noted that the success of
biomaterial scaffold is also depends on many other factors such as implant design,

surgical techniques, health conditions and activities of the patient.

2.4 Classification of biomaterials

Osteoinductive biomaterials, including natural and synthetic polymers, have the
ability to form bones by inculcating its surrounding in-vivo environment. While the
biological mechanisms of this wonder are yet to be clarified, it is widely accepted that
these materials present significant potential (Li et al., 2017). The characteristic and
chemical properties of natural polymers (chitosan, alginate, fibrins) showed increased
osteoconduction, osteoblast attachment, and presence of growth factors. Natural
polymers include collagen, gelatin, silk and chitosan as in Figure 2.3 (a), (b), (c) and
(d), respectively (Ahmed & lkram, 2016). These types of polymers are derived from
plant or animal-based sources and are generally referred to as renewable resources
polymers; they are biocompatible and bio-degradable (Stratton, Shelke, Hoshino,
Rudraiah, & Kumbar, 2016). For example, chitosan which is found in the cell walls of
fungi can also be derived from chitin by deacetylation process. While collagen is a
protein with fibrils that provide mechanical strength to the cell wall (Yamamoto et al.,
2017). It is a mixture of proteins and peptides with chemical structure similar to
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collagen (Shaabani et al., 2016). Sodium alginate can be mixed with other polymers to
alter its physical, chemical, and mechanical properties for specific applications (Wang
etal., 2019).
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Figure 2.3 Chemical structure for (a) collagen type-Il, (b) gelatin, (c) silk fibroin,
(d) chitosan
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Apart from natural polymers, the man-made or synthetic polymers as shown in
Figure 2.4 (a), (b), (c) and (d). have also been used to manufacture biomaterials for
biomedical applications, specifically in tissue repair and drug delivery. Poly (vinyl
alcohol) (PVA) is among the alternative synthetic polymers, shown excellent function
as polymer matrix and widely design to be incorporated with nano-substrates to
enhance the cells-scaffold biofunctionality (Hakkou et al., 2019). Other polymers such
as polycaprolactone (PCL) is a biodegradable polyester with suitable mechanical
properties, while poly(lactic-co-glycolic acid) (PLGA) and poly(ethylene) oxide (PEO)
is a polyester that are commonly suggested for medical uses due to their low toxicity
and water solubility (Pourasghar et al., 2019). In addition, poly(lactic acid) (PLA) that
derived from renewable plant sources, such as starch and sugar possess excellent
biodegradability and biocompatibility owing to its design flexibility and surface
modifiability (Stratton et al., 2016).

Several researchers have used different types of biomaterials, including ceramic
but this type of biomaterial has some limitations, such as insufficient elasticity and
cracking which encouraged researchers to use natural polymers which showed weak
mechanical properties. The synthesised material also displayed no binding sites.
Recently, the hybrid materials which consist of a multiple synthetic and natural
polymers, including ceramics, have been developed and recognised as biomaterials for
bone tissue engineering (Catauro et al., 2015). Biomaterials for bone scaffolding
applications such as, poly (lactide-co-glycolide) (PLGA) co-polymer systems, derived
from poly lactide shows a glass transition temperature with a longer degradation time,
while polyglycolide, shows a transition temperature with shorter degradation time. In
polymer blends, the process involves in the mixing of two polymers with intermolecular
or Van der Walls ‘interactions contribute 'in" enhanced properties of the designed
biomaterial. PLGA blends with polyphosphazenes illustrates a good physicochemical

and osteo properties if compared to the non-blend polymer (Ribeiro et al., 2015).
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Figure 2.4 Chemical structures of (a) PVA, (b) PCL, (c) PLGA, (d) PEO

In addition, biomaterials include polymer-ceramic composites that represent
smart contestants for bone tissue engineering applications, for instance, composite
materials comprising of a mix of inorganic hydroxyapatite crystals and organic collagen
fibres exhibit excellent biological properties for bone growth (Affatato et al., 2015). The
study used black phosphorus incorporated PCL and collagen nanofiber matrix and the
results indicated that the biocompatibility and bio functionality of the produced
scaffolds improved cell attachment and proliferation (Lee et al., 2019).The appliance of
composite materials fulfil the biological requirements, such as biocompatibility,
biodegradability and bio restorability. Moreover, the structural features of scaffold with
some modification enable the fabrication of porous scaffolds for bone regeneration and

tissue replacement (Yin et al., 2018; Cox et al., 2015).

Other type of biomaterials is the hydrogels scaffolds which have a number of
features resulting in their unparalleled biocompatibility and unique physical
characteristics. Hydrogels scaffolds have long been used as materials for tissue
engineering. Hydrogels not only serve as matrices for tissue engineering and
regenerative medicine but are also able to emulate ECM topography and deliver
required bioactivity. Immunomodulatory approaches aim to produce biomaterials that
can improve or control the immune system in a favourite manner for enhanced bone

repair and regeneration. Usually, the host’s immune reaction to an implant begins with
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the initial acute response to the surgical injury and essential recognition of the foreign
material, which later results in the modification of immunity responses (Vrana, 2016)

25 Fabrication of biomaterials

There are various method of scaffolds fabrication, such as particulate leaching,
electrospinning, rapid prototyping and freeze drying techniques (Ali & Lamprecht,
2017). Techniques such as particulate leaching enable to control the inner architecture
of scaffolds. It is functionalized by embedding the salts in the polymer matrix and
consequently filtered out to leave interconnected internal channels. Thus, by regulating
the size of the salt particles, the pore diameters of the scaffolds can be controlled,
however, the agglomeration of salt particles can alter the eventual pore size and pore
distribution during leaching (Rem et al., 2020).

In the interim, electrospinning has become tremendously desired technique
possibly due to the recognition in nanotechnology such as ultrafine fibers or fibrous
structures of various polymers with diameters up to nanoscale which can be
straightforwardly fabricated in a short period (Chinnappan et al., 2018). The rapid
prototyping technique has emerged as an innovative process of manufacturing with an
intrinsic capability to create objects in virtually any shape with increased speed than
before. This technique, combining computer-aided design (CAD) with computer-aided
manufacturing (CAM), has the distinct advantage of being able to build objects with
predefined microstructure and macrostructure (Liu et al., 2017). This distinct advantage
gives beneficial potential for making scaffolds or orthopaedic implants with controlled
hierarchical structures (Limongi et al., 2017).

The freeze-drying method or lyophilization has been used to fabricate porous
scaffolds and has been widely investigated in tissue engineering fields. Freeze-drying
enable the fabrication of highly interconnected porous 3D scaffolds and could be
produced in bulk, yet suitable for histological sections (Ali & Lamprecht, 2017).
Freeze-drying, also known as lyophilization has been utilized since 1250 BC as a
method of preserving food. In early 1980s, Altman once reported the used of freeze-
drying method in the preparation of histological sections (Meryman, 1976). Nowadays,
freeze-drying is one of the techniques to fabricate porous scaffolds and has been widely

investigated for the last two decades in tissue engineering field (Subia et al., 2010). It is
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a common method for producing large and highly interconnected porous 3D scaffolds
that can be performed with dissolved synthetic and natural polymers including silk,
collagen, PGA, PLLA, PLGA, PLGA/PPF blends (Schoof et al., 2001; Vepari and
Kaplan, 2007; Altman et al., 2003) . Freeze-drying involves three major steps: Firstly,
the solution is frozen at a low temperature usually in range of —50°C to —80°C, then, the
frozen sample will undergo the primary drying process in which the sample is located in
a chamber through a partial vacuum with the pressure is lowered to a few milibars in
which the ice in the material is removed by direct sublimation while the final stage
which is secondary drying process, removed most of the unfrozen water in the material
by desorption (Lu et al.,, 2013). The main advantage of this technique is it neither
requires high temperature nor separate leaching step (Subia et al., 2010). The drawback
of this technique is long processing time, low mechanical stability, sensitivity of the
technique where the processing parameters have to be very well controlled and small
pore sizes in the range of 100 um (Hutmacher, 2000; Yang et al., 2001).

2.6 Materials study
2.6.1 Hydroxyethyl cellulose

Hydroxyethyl cellulose (HEC) is an important derivative of cellulose with a
chemical structure which is similar to glycosaminoglycans (GAGs). HEC is a non-ionic
water soluble derivative of cellulose ethers with low charge density, mainly used as
stabilizers and thickeners in paint preparations, hair and eye-care solutions, as
protective colloids in polymerization processes and in paints to make it thick (Zhao et
al., 2018).. The chemical structure of HEC is as shown in Figure 2.5. HEC has a
hydrophilic - behaviour with  polysaccharide biopolymers with [ (1 —4) glycoside
linkage. HEC is modified from cellulose base by replacing ethyl group with hydroxyl
groups, which are present in each glucopyranoside. This is used as a soluble
intermediate for processing cellulose into sponge, fibre and film forms. The degree of
substitution and their relative distribution in different carbon positions 1, 2 and 6 have
strong effect on the properties and behaviour of these polymers. Prior study used a

combination of hydroxyethyl cellulose, soy protein isolate, crosslinking and freeze-

17



drying to produce scaffolds; the results specified that the composite sponges
demonstrated zero cytotoxicity and might support cell proliferation and cell attachment.

OR

Figure 2.5 Chemical structure of hydroxyethyl cellulose

2.6.2 Sodium alginate

Sodium alginate (SA) is the sodium salt form of alginic acid and gum mainly
extracted from the cell walls of brown algae. SA has a white to yellow powder
appearance. It is a polyelectrolyte compound with biocompatible properties and this
compound is widely applied in the scope of biomedical. SA has been widely used as a
copolymer to produce blended polymer scaffolds. However, SA has a poor process
ability and the synthesis of nanofibers is hard to conduct, due to its repulsive forces
present and polyelectrolyte behaviour (Li et al., 2012). In order to improve its process
ability, SA can be mixed with other polymers in order to alter its physical, chemical,
and mechanical properties to achieve the desired application. The chemical structure of
SA is as shown in Figure 2.6.
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Figure 2.6 Chemical structure of sodium alginate
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2.6.3 Cellulose nanocrystals

Cellulose nanocrystal exhibits a nanostructure in the kind of rod or needle-like
structure which have a diameter range of 5-30 nm and length range of 1-100 nm (Figure
2.7). In general, several sources are used to produce cellulose nanocrystals, including oil
palm, cotton, fibre, corncob, coconut husk fibre and rice peel (Chemin et.al, 2019).

CNC provide better physical and chemical properties compared to its precursor such as
it has a higher surface area (~250 m2/g), high tensile strength (7500 MPa), high

stiffness (Young’s Modulus up to 140 GPa), abundance of reactive hydroxyl group on
the surface and has a good biocompatibility (George & Sabapathi, 2015). During last
two decades, the use of reinforcing agent including CNC have been an interesting topic
and the effort done have been growing exponentially in annual basis. The need of the
CNC is due to the plasticization in humid environment that limits the application of
PVA-based component (Peresin et al., 2010). Other than that, the presence of -OH
group in CNC causing it to be applicable for the production of composite with polar and
hydrophilic polymer (Grishkewich et al., 2017) .; Grishkewich et al., 2017;;

Cellulose nanocrystals can be, produced via an acid hydrolysis process, by
releasing hydronium ions for hydrolytic division of glycosidic bonds in cellulose
molecular chains along the cellulose fibrils. This process breaking down the hierarchical
structure of the nanofibril packed into crystalline nanocrystals (Tang et al., 2017)
Applications of CNC can be found in the bio-imaging or biosensor such as quantum
dots (QDs which oxidized CNCs were used to prepare well-dispersed quantum dots by
using one-pot synthesis (Chen, Liu, Lai, Berry, & Tam, 2015). Next, CNC also has been
finalised as the good candidates to be used in the energy storage application in which
(Wu et al., 2014) have been modified the CNC surface and carboxylic groups by using
TEMPO mediated oxidization process to assemble them into batteries and super
capacitors. Other than that, as the CNC is the nontoxic material and have high surface
area, it has been used in the waste water treatment function as adsorbent that adsorb
cationic dye and methylene blue in the maximum capacity to produce clean water (He et
al., 2013).
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Figure 2.7 Needle-like structure of CNC

Source: Chemin et al. (2019)
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CHAPTER 3

METHODOLOGY

3.1 Introduction

This chapter presents the methods for the preparation of the samples for testing,
and different characterization techniques. The fabrication method used in this research
is lyophilisation or freeze-drying, followed by cross-linking and subsequently a bio-
mineralisation process. The properties of chemicals used, and the methods used during
the experiments are further clarified in this chapter. The flow chart of the experimental

procedure is presented in Figure 3.1.

Preparation solution

Freeze drying

Surface modification
with SBF

Characterization

B s N
Cell study
L

L (MTT assay, staining,
morphological study)

"

Figure 3.1 Flow chart of the research
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3.2 Materials preparation

3.2.1 Raw materials

Sodium alginate, HEC (Mw = 250,000) and glutaraldehyde (GA) solution (25 %)
were purchased from Merck-Schuchardt, Germany. Phosphate buffer saline (PBS) was
purchased from Gibco Life Technologies, USA and Dulbecco’s Modified Eagle
Medium (DMEM) was purchased from Life Technologies, USA. Human fetal
osteoblast (hFOB) 1.19 (ATCC® CRL—11372™) SV4D large T-antigen transfected
was supplied by American Type Culture Collection (ATCC), USA for cell culture
studies. Cellulose nanocrystals used for this work were produced from empty fruit
punch and obtained as a donation from- the Faculty of Chemical Engineering in response
to research team collaboration. All chemicals were analytical pure and applied without

further treatment. All the solutions were prepared using Millipore water.

3.3  Preparation of HEC/SA/CNC and HEC/SA/CNC polymer solution

3.3.1 Synthesis of HEC/SA/CNC

Hydroxyethyl cellulose (HEC) solution of 5 wt% was prepared by dissolving 5 g
of HEC powder in 100 mL of Millipore water at room temperature. The solution was
then stirred for a period of 2 hours. Solution of sodium alginate (SA), 10 wt% was
prepared by dissolving 10 g of SA powder in 100 mL of Millipore water at room
temperature; the solution was then stirred for 2 hours. HEC/SA solution was formulated
by mixing HEC with SA solution at weight ratios of HEC/SA, 1:1. HEC/SA/CNC was
prepared by adding 11 wt % of CNC into HEC:SA solution. All solutions were stirred

overnight to achieve homogeneous solutions.

3.4  Freeze-drying

Scaffolds were prepared by freeze drying method. The solution was poured into
the container and kept in deep freezer at -80 °C for 24 h. These frozen samples were
lyophilised in Labconco freeze-dryer at -50 °C for 72 h to obtain porous scaffolds.
Subsequently, the scaffolds were kept in a chamber saturated with glutaraldehyde vapor
for 72 h for crosslinking formation, undergo heat treatment at 140 °C for 10 minutes and
dried in a vacuum oven for a day.
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3.5  Crosslinking process

The cross-linking process is a chemical and physical interaction which link one
polymer to another via a covalent or an ionic bond. A ratio of 24 mL, 4 mL and 0.4 mL
of acetone, glutaraldehyde, and phosphoric acid were used, respectively to carry out the
cross-linking process. The scaffolds were crosslinked via vaporization technique by
placing both scaffolds and crosslinker in the desiccator for 24 h. Thereafter, immersion

testing was done to ensure its stability of scaffolds in water.

3.6 Surface modification with Simulated Body Fluid (SBF)

The simulated body fluid was prepared by the adding sodium chloride, sodium
hydrogen carbonate, potassium chloride, di-potassium hydrogen phosphate trihydrate,
magnesium chloride hexahydrate, calcium chloride, sodium sulphate with the
concentrations of the ions were 2.5 times of normal SBF, which were 355.0 mM Na+,
12.5 mM K+, 7.5 mM Mg2+, 6.25 mM Ca2+, 369.5 mM Cl—, 10.5 mM HCO3—, 2.5
mM HPO42— and 1.25 mM SO42-. The scaffolds were buffered to pH value of 7.2 at
37 = 0.2 °C with Tris—HCI. The scaffolds were cut in a circular disc shape before
immersed in SBF solution for up to 7 days. After day 7, the scaffolds were removed
from the solution, rinsed with distilled water and dehydrated in an oven at 40 °C until

constant weight.

3.7  Characterization technique

The morphological, chemical, thermal analysis and mechanical properties of the
prepared scaffolds were investigated by using different techniques, such as scanning
electron microscopy (SEM), attenuated reflectance transmission-Fourier transforms
infrared spectroscopy (ATR-FTIR), thermogravimetric analysis (TGA) and universal
testing machine (UTM). Other physical analysis conducted were porosity, swelling
behaviour and degradation test. In addition, in-vitro biocompatibility of the materials
was conducted through cell viability (staining) and cell proliferation analysis (MTT

assays) by utilizing hFOB cells.
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3.7.1 Scanning Electron Microscope

The scanning electron microscope (SEM) aids in observing and analysing the
morphology of samples. SEM produces a magnified image by using an electron beam
that’s operated when the beam hits the sample and the electrons are converted to signals
through the detector producing the image. The microstructures of porous scaffolds were
investigated by using a scanning electron microscope (SEM) (ZEISS EVO 50; refer to
Appendix 1) at an accelerating voltage of 10 kV. The dried scaffolds were sputter
coated with a thin layer of platinum in 30 seconds consecutive cycles at 45 mA to
reduce charging and result in conductive surfaces (BALTEC SCD 005 Sputter Coater -
BALTEC). The pore sizes were measured manually by using ImageJ software.

3.7.2 Field Emission Scanning Electron Microscope

FESEM has a higher resolution in comparison with SEM (around 500 000x
magnification). FESEM is used to examine and visualize very small topographic details
on the samples surface. Primary electrons are generated from a field emission source
accelerated through high vacuum column which are focussed and deflected by
electronic lenses to produce a narrow scan beam that bombards the object.
Consequently, the secondary electrons will be emitted from each spot on the object. A
detector catches the secondary electrons and produces an electronic signal. This signal
is amplified and transformed to a video scan-image that can be seen on a monitor or to a
digital image that can be saved and processed further. In this research, samples were
sputter coated with platinum and underwent FESEM analysis by using JSM-7800F
FESEM brand (refer to Appendix 1).

3.7.3 Attenuated Total Reflectance - Fourier Transform Infrared Spectroscopy

ATR-FTIR is a simple technique for examining both solid and liquid samples
ATR-FTIR (Perkin Elmer, Spectrum 100, refer to Appendix 1) was used in this study to
identify the functional groups and the chemical structures of the samples. Via this
technique, the characterization process exhibits the bond present due to either
intermolecular or intramolecular interaction in the porous materials, and at a certain
peak a reading is formed which indicates to its functional groups such as hydrogen

bond, carbonyl bond and ester bond. The peak will be shifted to a different location as
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the ratio of the polymer mixture changes. Fourier-transform infrared spectroscopy
(FTIR) for scaffolds was performed on Spectrum One (Perkin—Elmer, USA)
spectrophotometer over a range of 700 to 4000 cm™ at a resolution of 2 cm™ with 100

scans per sample.

3.7.4 Thermogravimetric Analysis (TGA)

TGA is one of the characterization techniques used to study the behaviour of
scaffolds regarding weight loss-due to evaporation, decomposition, gas absorption,
desorption and dehydration. The mass of the samples must be recorded before this
analysis was accomplished and the change in mass can be measured using
microbalance. Disturbance on the equilibrium balance beam will change the shutter
position, followed by current development in the photodiode resulting from the
forthcoming light from the lamp. This imbalance induces a current in the magnetic foil,
which generates additional electromagnetic force to recapture equilibrium. As the
photodiode current is amplified, the amount of added electromagnetic force is
comparative to the mass change. The TGA equipment METTLER Toledo STAR-1 was
used in this study (refer to Appendix 1). TGA was carried out by heating 5 mg each of
the sample from 50 to 950 °C at a heating rate of 1 °C/min. with nitrogen as purge gas.

3.7.5 Universal Testing Machine

The universal testing machine (refer to Appendix 1) was used to evaluate the
mechanical properties of the prepared composite scaffolds; it helps in measuring their
extension at break. The normal relation between stress and strain is linear but when the
strain is greater than 10%, the curves enters the plastic region; prepared scaffolds were
initially measured by dimension width x length: (10 to 12 mm) x (50 to 70 mm) and
thickness (8-10 mm). The cut scaffold samples were placed in the universal testing

machine (UTM) to test their extension at break.
3.7.6  Swelling behaviour

All scaffolds were cut into 1 cm x 1cm x 1cm and placed in falcon tube. The
scaffolds were weighed (Wa) before submerging in PBS. The solution was maintained at
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37 °C throughout the analysis. The wet weight of the samples (W;) was determined after
1, 3 and 7 days by gently blotting them on filter paper. The water uptake or swelling
analysis was conducted in triplicates for all types of scaffolds. Swelling ratio was

calculated according to Equation 3.1 (Tohamy et al., 2018)

Swelling (%) = (W%:"d) x 100 % 3.1

3.7.7 Porosity

The porosity of the freeze-dried scaffolds was measured using water
displacement method. The scaffolds were cut in 1 cm x 1 cm x 1cm sizes and immersed
in a known volume (V1) of water in a Falcon tube for 30 min. The total volume of water
and the water impregnated scaffold were recorded as V.. The water-impregnated
scaffolds were then removed from the Falcon tube and the residual water volume was
recorded as Vs. Experiments were carried out.in six replicates for all types of scaffolds.
The porosity of the scaffolds was obtained by Equation 3.2 (Bhardwaj & Kundu,
2011):

Porosity (%) = (=) x 100 % 3.2
3

V-V

3.7.8 Degradation study

The weight loss percentages were determined after drying the samples in
vacuum by comparing the dry weight, Wy at a certain time point with the initial weight,
W, according to Equation 3.3. The lyophilized scaffolds were cutinto 1 cm x lem X
1cm and placed in Falcon tube containing 3 ml of PBS and incubated at 37 °C. The
samples were then taken out at after 7 days. After testing, the scaffolds were washed
with distilled water and kept dry in a desiccator for further use.

Degradation (%) = (w) x 100 3.3

0
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3.8 Cell culture studies

In this study, hFOB was utilized to test the biocompatibility of the prepared
scaffold. The cell culture studies included MTT assay, cell viability, and cell

morphological study.

3.8.1 Cell expansion and seeding

Human fetal osteoblast (hFOB) cells were cultured in DMEM/F-12 medium
(1:1) containing 10 % FBS and 1% cocktail antibiotic in 75 cm? cell culture flasks. The
osteoblasts cells were incubated at 37°C in a humidified atmosphere containing 5%
CO, for 3 days. The cross-linked scaffolds were soaked in 100 % ethanol for 24 h, and
then sterilized under UV light for 3 h. These scaffolds were again sterilized with 70 %
ethanol for 30 min then washed with PBS for 15 min 3 times and subsequently
immersed in cell culture medium overnight. hFOB cells grown in 75 cm2 cell culture
flasks were detached on confluency by adding 1 ml of 0.25 % trypsin containing 0.1 %
EDTA. Detached cells were centrifuged and counted by Trypan blue using
haemocytometer, seeded on scaffold at a density of (1 x 10*) cells/cm?2 and incubated to

facilitate cell growth.

3.8.2 Cell-scaffold proliferation studies

The proliferation of hFOB cells was quantified using MTT assay; the solution
was pipetted into each well of the 96-well assay plate containing the samples in 100 pL
of culture medium. The plate was then incubated at 37 °C for 1-4 hours in a humidified
5% CO; atmosphere. The amount of soluble formazan produced by cellular reduction of
MTT was then measured by immediately recording the absorbance at 490 nm using a
96-well plate reader. The proliferation rate of hFOB cells seeded on prepared scaffold
was quantified at 3 and 7 days of culture by performing MTT assay. In this assay,
initially, cells were distributed evenly in each well with a size of 1x1 mL in a 12-well
cell culture plate (approximate concentration of 5 x 10° cells). The hFOB cells were
seeded on prepared scaffolds (n=4) and left for 1-4 hours of incubation at 37 °C in a
humidified, 5% CO. atmosphere, where only viable cells lead to the formation of

27



soluble formazan product. The amount of soluble formazan produced by cellular
reduction of MTT was measured by immediately recording the optical density of the
samples at 490 nm using a well plate reader. Throughout the whole experiment, the
culture medium was replaced regularly with fresh medium in every two days. The
absorbance of formazan produced by composite scaffolds was compared with the
absorbance of control cultures, where numbers of cells used to seed composite scaffolds
and control were in equivalence with scaffold seeding density to finally determine the
percentage of cell-seeding efficiency. The cell on well-plate was observed by using

inverted microscope.
3.8.3 Cell- scaffold morphological studies

After reaching the specified period, the cells grown on scaffolds were rinsed
twice with PBS and fixed in 3 % GA for 60 min. Thereafter, the scaffolds were
dehydrated with increasing concentrations of alcohol (20, 40, 60, 80 and 100%) for 10
minute each. The samples were air dried by keeping the samples in a fume hood. Lastly,
the scaffolds were sputter coated with platinum and observed using SEM at an

accelerating voltage of 10 kV.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

This chapter presented the outcome of the investigations on the production of
biopolymeric scaffolds using different combinations of HEC/SA and HEC/SA/CNC,
and their treatment with SBF via a freeze-drying technique. Microstructure,
morphology, mechanical and thermal properties of the produced scaffolds before and
after immersion in simulated bodily fluid was characterized using SEM, ATR-FTIR,
TGA and UTM. Other studies include the swelling behaviour, porosity analysis,

biodegradability, as well as cell culture investigation of the produced scaffolds.

4.2 Scanning electron microscopy

The surface morphology of scaffolds is one of the crucial factors that influence
cell attachment, proliferation and differentiation. Cyster reported a pore size of greater
than 100 um but less than 400 um is considered to be optimal for osteoconduction for
bone in-growth. (Cyster et al., 2005). Similar results have been obtained as shown in
Figure 4.1 (a and c), both pure HEC/SA and HEC/SA/CNC exhibited interconnected
microstructures with a lamellate shape with diameter in a range of 40 — 400 um. The
structure of the scaffolds mimicked the trabeculae of spongy bone which contains bone
cells" (such "as-osteocyte, osteoblast, osteogenic cell, ‘and osteoclast). 'A study by
Woodard et al. (2007) indicated that pore diameters >300 um can connect tissues such
as blood vessels that surrounds bones while 50 um pore diameters can improve bone
regeneration and are advantageous for expanding specific surfaces with increasing
amount and variety of cells (Woodard et al., 2007). Novotna et al. (2019) fabricated two
types of calcium phosphate scaffolds; one had both macrospores and microspores and
the other had only macrospores (Novotna et al., 2019). It was shown that large

interconnected macrospores (>300 um) provided space for bone in-growth,
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vascularization, and innervation, while microspores (< 20 um) improved the capillarity
of bone scaffolds which increased the amount and variety of cells drawn through the
microporous network. Thus, it is highly favourable to fabricate scaffolds with pore

distribution ranging from several micrometres to several hundred micrometres.

Figure 4.1 SEM images of (a) HEC/SA, (b) HEC/SA (SBF treated) at (i) low
magnification and (ii) high magnification, (c) HEC/SA/CNC, (d) HEC/SA/CNC (SBF

treated) at (i) low and (ii) high magnification and (e) EDX spectrum for HEC/SA/CNC
(treated with SBF
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Figure 4.1 Continued

Figure 4.1 (b and d) showed the SEM images after the scaffolds have been
immersed in SBF for 24 hours. A sequence of biochemical interactions led to the
formation of calcium phosphate or apatite layer on the scaffold surface; this can be
attributed to the surface modification during immersion via induction of both Ca?* and
PO3~ ions on the surface of scaffolds (Shin et al 2017). Synthesized scaffolds
mineralized with CaP and found that apatite uniformly coated on the scaffold surface,
the average particle diameter was measured by image J is 95 nm- 148 nm (refer to
Appendix 1), is worth mentioning that these zero-dimensional spherical shape apatite
particles increased the surface area of the scaffolds, and provided more osteo-inductive
surfaces, along with the formation of new osteoblasts and bone in-growth

simultaneously.

Ca-P was predominantly engineered due to its component mimicking the

inorganic component of bone. This osteogenic biomolecule could induce osteo-
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inductivity, and thus promote cell adhesion, proliferation, and differentiation of
osteoblasts. Figure 4.1 (e) showed the EDX results for HEC/SA/CNC combination after
immersion in SBF for 24 hours. Table 4.1 shows minerals containing 60.35% of
calcium and 23.3% of phosphorous. The calcium element is an important element in
natural bone due to the greatest effects on formation of bone and osteogenic
differentiation (Lei et al., 2017) thus, this proved the appearance of apatite crystals on
the scaffolds surface (Henmi et al., 2016).

Table 4.1 Calcium and phosphate percentage

Element Scaffold HEC/SA co-operated with CNC
and treated with SBF
Calcium 60.35%
Phosphorus 23.30%
4.3 Porosity

Porosity is very important for nutrient and oxygen transport from the
extracellular matrix to the inner surface of the scaffolds. In comparison of porosity
results to Lou study, which used a different layer of SA and polyethylene terephpthate
(PET) as bone scaffolds, their work confirmed that porosity slightly decreases when the
number of layers decreases (Lou et al., 2015). This was observed in this work based on
the percentage porosity for the produced scaffolds shown in Figure 4.3. When
comparing the porosity of scaffolds with and without addition of CNC, the pure
scaffolds HEC/SA shows porosity at 88.47 % and HEC/SA/CNC shows porosity at
90.13 %, there is only a significant difference in porosity (~1.66 %), this might be due
to the presence of CNC that filled the scaffold’s pore and permitted the attachment of
these zero-dimensional nanoparticles on the scaffold’s surface, thereby increasing the
volume-to-surface ratio. On the other hand, HEC/SA (SBF) and HEC/SA/CNC(SBF)
shows porosity of 77.98% and 75.66 %  respectively, this is due to the bio
mineralization process with SBF, which made the scaffolds dense thus reduced the
percentages of porosity. Overall, all the scaffolds had sufficient porosity that would

support the growth of bone cells through the scaffolds (Tzur-Balter et al., 2013).
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Figure 4.2 Porosity percentage for HEC/SA, HEC/SA/CNC, HEC/SA (SBF) and
HEC/SA/CNC (SBF), respectively

4.4 Swelling behavior

The swelling behavior of scaffolds help in the transfer of nutrients and expulsion
of wastes out of the scaffolds so as to retain their structure (Siqueira et al., 2019).
Swelling is an important feature for bone construction and regeneration in order to
maintain its physical structure. In comparison to the study carried out by Zare-Harofteh,
which used natural materials (gelatin and akermanite nanocomposite scaffold), scaffolds
immersed in distilled water and found that at the beginning, the scaffold absorbed water
rapidly and the rate of swelling increased with time. The significant differences in water
absorption were not observed when reaching plateau point (Zare-Harofteh et al., 2016)
The same observation was noticed in this work: Produced scaffolds showed different
swelling behavior as in figure 4.4, where the swelling behavior of HEC/SA scaffold
showed the highest water uptake up to ~ 1100 % for a 7 day periods. This was due to nil
mediation of SBF and CNC which effects the water absorption of scaffolds. Meanwhile,
HEC/SA/CNC (SBF) scaffold shown lowest water uptake ~700 % for 7 days periods.
This might be due to the homogenous distribution of Ca-P on the scaffolds surface
which caused reduction of the pore sizes and an increased the isotropic properties of the
scaffolds. It was also noticeable that all scaffolds showed a higher water uptake with the
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increment in the number of days due to water absorption which had increased the OH"
groups (Qi et al., 2016). Overall, the swelling ratio was found to increase with time on
the 1, 3 and 7 days as reported in literature (Siqueira et al., 2019). However, in this case,
a controlled swelling ratio could be achieved by introducing the CNC or by SBF

immersion, which depends on the behaviour and types of cells and defect tissue.
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HEC/SA HEC/SAICNC ~ HEC/SA (SBF) HEC/SA/CNC (SBF)

Figure 4.3 Swelling behaviour for (a) HEC/SA, (b) HEC/SA/CNC, (c) HEC/SA
(SBF) and (d) HEC/SA/CNC (SBF) respectively

4.5 Degradation study

The degradation rate of scaffold materials is an essential property for tissue
engineering and is of critical importance for the implantation of scaffolds into patients.
The degradation was conducted in PBS which is a well-known non-toxic solution
specifically used for biological research. It-has ionic concentration similar to the human
body and acts as a buffer to maintain a constant pH (Nam et al., 2010). The degradation
rate of HEC/SA and HEC/SA/CNC scaffolds in PBS at 37 °C over 7 days was assessed
as shown in Figure 4.5. After 7 days of incubation, all the scaffolds showed percentage
degradation rates of 52.16, 49.16, 46.46 and 40.4% for HEC/SA, HEC/SA/CNC,
HEC/SA (SBF treated) and HEC/SA/CNC (SBF treated), respectively. The weight loss
decreased with the addition of cellulose nanocrystal and immersion in SBF. Overall, the
existence of weight loss might be due to the formation of micro crack within the
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scaffold layers which contributed to the disintegration of polymer matrices. The loss of
polymer side chain attached to the backbone during immersion in the PBS solution
could also impact the material toughness, and thus, breakdown the structure. This
experiment revealed the significant role of CNC as filler, as well as the implication of
SBF immersion in the present formulation for controlled degradation. A similar study
carried out by Zheng on a combination of natural polymers SA/Ca and silk confirmed
that composite scaffolds showed good degradability (Zheng et al., 2017) as it is possible
to be controlled by regulating through a polymer bio-mineralization process. This was
confirmed as the obtained scaffolds showed higher degradation rates compared to that
of Zheng and this could be due to the controlled pH used in the produced scaffolds.

60

Degradation(%o)

HEC/SA HEC/SAICNC HEC/SA (SBF) HEC/SA/CNC (SBF)

Figure 4.4 Degradation  behaviour for (a) HEC/SA, (b) HEC/SA/CNC, (c)
HEC/SA (SBF) and(d) HEC/SA/CNC (SBF) respectively

4.6 Attenuated total reflectance -Fourier transforms infrared

FTIR spectroscopic technique was used to determine the chemical interaction
and bonding between the polymers of the scaffolds. According to a study by Chung
which used SA polymer, OH stretched vibration band peaked at 3200 cm™ while
aliphatic C-H peaked within the range of 2927-2850 cm™ (Chung et al., 2010). Herein,
the ATR-FTIR spectra of the investigated scaffolds, as shown in Figure 4.6, have shown
the characteristic O-H bands within the range of 3340 cm™ - 3365 cm™. However, it is
worthy to note that the HEC/SA and HEC/SA/CNC untreated with SBF showed a slight
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shift to a lower wave number (3365 cm™) in comparison to HEC/SA and HEC/SA/CNC
scaffolds treated with SBF which were 3340 cm™ and 3359 cm™, respectively. This
could be due to the development interaction scaffolds which possessed higher
hydrophilic properties and Ca?* ions reaction with O-H (Corazzari et al., 2015; Kumar
et al., 2017). As stated, the greater intensity and shifting of -OH absorption band were
evident for the scaffolds without SBF, which suggest that the prepared composite
scaffolds showed more hydrophilic behaviour. On the other hand, the peak of C-H
group due to the vibrational stretching methylene group shifted to a higher wave
number in the produced scaffolds (HEC/SA = 2824 cm™, HEC/SA/CNC = 2824 cm™,
HEC/SA (SBF) = 2924 cm™, and HEC/SA/CNC (SBF) = 2873 cm™). The carbonyl
(C=0) group of the scaffolds without immersion in (SBF) peaked at 1628 cm™ due to

the bending vibrations of strongly adsorbed water.

The C-O stretching for HEC/SA/CNC (SBF) was observed at 1009 cm
wavelength and a similar wavelength was found at 1067 cm™ for the other scaffolds.
These bands were assigned to the fundamental frequencies of the PO3~ group. The
bands that appeared at 799 and 882 cm™ wavelengths indicated the presence of well
crystallized hydroxyapatite contents which also suggested the occurrence of chemical
interactions between the scaffold components that ultimately influenced the overall
physicochemical, mechanical properties, and in vitro bioactivity of the prepared
scaffolds (Dogan & Oner, 2008).
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Figure 4.5 FTIR spectra for (a) HEC/SA, (b) HEC/SA/CNC, (c) HEC/SA (SBF)
and (d) HEC/SA/CNC (SBF) scaffolds
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4.7  Thermogravimetric analysis

TGA was done to investigate the thermal behaviour of the prepared scaffolds. A
similar study by Tanan on scaffolds stability used natural polymer and PVA,(Tanan et
al., 2019), and confirmed that polymers showed four regions of weight loss; the first
weight loss occurs at a temperature range of 25-100°C due to the evaporation of
physically weak and chemically strong bound water molecules from the polymer
matrix; the second weight loss occurs within the range of 100-240°C due to splitting of
starch structure by chain scission, eliminating CO and COy; the third weight loss occurs
within the temperature range of 250-400°C due to the side chain disintegration of PVA
and natural rubber molecules. This study observed similar results as the first region of
water loss was attributed to the loss of moisture content within the temperature range of
74°C to 80°C (which corresponded to 5 — 22 % weight loss). It is worth noting that both
scaffolds soaked with SBF had low weight losses due to the increase in OH- bonding
between HEC and SA towards the apatite group structure. In addition, the CNC free
scaffolds which initated the decomposition of water was attributed to the free and bound

water molecule from both HEC and SA chemical structures.

In the 2" region, HEC/SA and HEC/SA/CNC soaked in SBF showed major
weight loss at 67% and 45%, respectively, while for both HEC/SA and HEC/SA/CNC
scaffolds, the weight loss corresponded to approximately 16 %. This region was
attributed to the decomposition of the polysaccharide network due to the breaking of
C=C bond in the temperature range of 200°C to 230°C. Further weight loss was
observed in the 3™ decomposition region (264°C to 350°C) with a weight loss
percentage of up to 32% (more prominent in HEC/SA) which verified the existence of a
chemical degradation process resulting from bond scission (carbon-carbon bonds) in the
polymeric bone of HEC. A minor weight loss of around 10% was found in scaffolds
treated with SBF due to the pyrolysis of calcium alginate and depolymerization of

cellulose (Evangelopoulos et al., 2015).

In the final region, the weight loss was ascribed to the dehydroxylation
behaviour of calcium phosphate which was associated with up to 10% and 26% for
soaked and unsoaked with SBF solutions, respectively as in Table 4.2. The onset

temperature for samples with CNC was found to be higher compared to pure HEC/SA
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and pure HEC/SA (SBF). However, both samples soaked with SBF exhibited lower
thermal stabilities possibly due to the higher crystallinity contributed by the formulation
of CNC and HA which produced a higher rate of heat transfer. In addition, the
introduction of phosphate groups to CNCs particles during the mineralization step
reduced the activation energy for degradation ability due to its lower resistance to
pyrolysis (Yildirim & Shaler, 2017). It was also noted that the effects of particle size on
both CNC and apatite crystal allowed for the formation of end chains which
decomposed at low temperatures. The percentage of the scaffolds containing CNC
showed a higher residual rate due to the effects of variables during CNC hydrolysis.
Table 4.2 showed the values extracted from the TGA plot in Figure 4.7 (a-d) for the

prepared scaffolds.
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Table 4.2 TGA analysis

Sample Region of Onset Weight loss (%)
decomposition temperature (°C) Partial Total  Residue
HEC/SA 1% 80 22.0
2nd 230.49 16.82 86.99  11.99
31 264.03 32.34
4t 659.48 15.83
HEC/SA/CNC 1% 744 19.2
2" 234 16 84.2 15.8
3 281 23
4t 678 26
HEC/SA (SBF) 1%t 80 5
2nd 213 67
31 330.22 10 87 13
4t 428 5
HEC/SA/CNC 1% 75 5
(SBF)
2"d 200 45
3 350 14 74 26
4 450 10
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Figure 4.6 TGA graph for (a) HEC/SA, (b) HEC/SA/CNC, (c) HEC/SA (SBF) and (d) HEC/SA/CNC (SBF) scaffolds
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4.8 Universal testing machine

Sufficient mechanical strength of composite scaffolds is one of the major
prerequisites of an ideal material intended for use in bone tissue engineering (Tohamy et
al., 2018). However, one major challenge to researchers is how to obtain a highly
porous scaffold with sufficient mechanical strength (Roohani-Esfahani et al., 2016). The
range of compressive strength for cancellous bone has been identified as 2-6 MPa
(Zare-Harofteh et al., 2016). Stress-strain curves are generally used to evaluate the
stress level at varying levels of load or force. Figure 4.8 illustrated the typical non-linear
stress-strain curves of all the prepared scaffolds in this study. It is evident that the
incorporation of CNC with SBF presented the highest tensile stress (4.15 MPa) in
comparison to other scaffolds and this could be due to apatite crystal incorporation into
polymeric scaffolds which reduced the pore volume and provided an interface locking

that increased the strength of the scaffold.

Tensile Stress (MP,)
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Figure 4.7 Stress-strain graphs for (a) HEC/SA, (b) HEC/SA/CNC, (¢) HEC/SA
(SBF) and (d) HEC/SA/CNC (SBF) scaffolds

The HEC/SA demonstrated lowest tensile stress and tensile strain values of 0.5
MPa and 5.2%, respectively due to the stress-raiser that easily formed between the
pores, making the scaffolds to exhibit brittleness during the testing. HEC/SA/CNC
presented the highest tensile stress of 3.48 MPa but exhibited a low tensile strain of 4.75
%, indicating the fragile nature of the scaffolds.
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The use of CNC as a filler material which means the composite fiber mats the
filler could settle at the inside of the nanofibers and increases the mechanical properties
of the scaffolds due to its unique physical properties; meanwhile, lower strain values
could be signified by the strong influence of amorphous fractions in HEC (Scaffaro,
Lopresti, Botta, Rigogliuso, & Ghersi, 2016). On the other hand, HEC/SA (SBF)
showed a high strain value of 20.6 % and a tensile stress value of 3.21 MPa, proving
that the immersion in SBF significantly impacted the mechanical properties of the
scaffold. The produced scaffolds had compression stress values comparable to those of

cancellous bone (range of 2-6 Mpa).

4.9  hFOB cell proliferation and viability

Biopolymeric-based materials are widely used in biomedical implants and
devices. Cell-scaffolds surface compatibility is usually investigated by monitoring cell
adhesion and proliferation. However, it is difficult to find polymers that meet all the
requirements, such as, biocompatibility, ‘bioactivity, hydrophilicity, roughness and
mechanical properties. Synthesized polymers normally possess excellent mechanical
properties but suffer from insufficient biocompatibility and bioactivity. One possible
approach to achieve better biocompatibility is to modify the surface chemical
composition of such polymers. In this study, the MTT assay was conducted to assess

the biocompatibility of the produced scaffolds.

The principle of the assessment is based on the reduction of tetrazolium
compound by enzyme mitochondrial dehydrogenases inside a living cell, thereby
leading to the formation of a coloured formazan product which is soluble in cell culture
media-(Stockert et al., 2012). The concentration “of the coloured product helps in
estimating the number of metabolically active cells. This test is performed to check the
cell viability in an established cell culture line to determine the cell-seeding efficacy
along with the cell numbers on seeded scaffolds. MTT assays for different
nanocomposite scaffolds containing AL and CNC, were carried out by (Kumar et al.,
2017). The scaffolds were incubated for a period of 3 days and cell viability was
observed to increase significantly for scaffolds containing CNC in comparison to the
scaffolds without CNC. In this study, the MTT assay was carried out for 3 and 7 days
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and the proliferation results were shown in Figure 4.9. All the scaffolds showed
significant increases in size (p< 0.05) from day 3 to day 7 due to the increase in cell

attachment and penetration through the porous scaffolds.
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Figure 4.8 MTT assay for 3 and7 days for all scaffolds

On day 3, all the scaffolds presented a positive cell-scaffold interaction with
more prominent results observed for HEC/SA/CNC (SBF) scaffold (absorbance index
at 0.38). This adhesion and differentiation of hFOB cells might be triggered by the
calcium phosphate platform which matched the alkaline phosphatase gene expressed by
the cells. Meanwhile, the embedded CNC demonstrated a higher absorbance index due
to a higher surface-to-volume ratio that provided more rooms for cells attachment.
Furthermore, the pore structure of all the scaffolds showed conducive structure for the

cells directly across the pores, as well as those occupying the shallow side of the pores.

The biocompatibility of the cells-scaffold was further confirmed by cells
imaging in which the microplate containing the cells was observed via light microscope.
The results of the analysed cells indicated that the cells were well attached to the
scaffolds, demonstrating major viable cells. The scaffold, (d) HEC/SA/CNC (SBF)
showed better results when compared with others scaffold, this is due to less dead cells
(dark blue) as in figure 4.11 and displayed the most similar profile with control, the

well-plate indicated non-toxicity of the scaffold and a suitable microenvironment that
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facilitated interaction between the cells, apatite, CNCs and HEC/SA polymer matrices.
However, all the produced scaffolds showed growth of bone cells and the growth of
bone increased while incubation was increased from 3 to 7 days with minor dead cells
(dark blue). A similar study conducted by Tamburaci cultured hFOB cells on the
surface of hydrogel and assessed the cells for viability after 7 days (Tamburaci et al.,
2018).

i Control

Figure 4.9 Shows SEM micrograph for 3 days incubation for (a) HEC/SA, (b)
HEC/SA/CNC, (c) HEC/SA (SBF) and (d) HEC/SA/CNC (SBF) at 400x magnification
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Figure 4.10 Shows SEM micrograph for 7 days incubation for (a) HEC/SA, (b)
HEC/SA/CNC, (c) HEC/SA (SBF) and (d) HEC/SA/CNC (SBF) at 400x magnification

4.10 hFOB cell-scaffold morphological studies

Figure 4.12 showed the SEM micrographs of cell-scaffold cultures after 3 and 7
days of culturing at the external and internal surfaces of the scaffolds. After 3 days of
cell culturing, the hFOB cells adhered and spread on the scaffolds as shown in Figure
4.12 (a-d). Some confluent layers of osteoblast cells were seen across the valley of the
inner surface which formed multiple points of attachments from the surface. The
osteoblast cells was observed, indicating that the cell proliferation began to integrate
with the rough surface of the scaffolds, implying the inducement of cell attachment. The
scaffolds incubated for 3 days and the attached cells were shown in Figure 4.12.
Incubation for 7 days shoed more inside and outside layers being covered with cells (see
Figure 4.13). The cells were grown in clusters and congregated to form large areas in
the culture medium. As a result, the number of osteoblast cells increased with the
prolonged time of culturing without any substantial difference between the scaffolds.
The favourable environment provided by the scaffolds encouraged cell affinity and cell
differentiation. All the scaffolds showed low toxicity and supported the growth of the
hFOB cells. According to Tamburaci, hFOB cells that were used on composite scaffolds
to test for cell attachment and spreading after seven days of incubation showed
attachment and spreading of cells on the surface of the pores on SEM (Tamburaci et al.,
2018) and the mineralized scaffold showed poly and flat structures which indicated the
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initiation of cell differentiation. Similar results were obtained in this study but in
comparison to the study by Tamburaci, the prepared scaffolds showed more details of

the inside and outside layers.

Figure 411  Shows SEM of hFOB cell-scaffold morphological studies for 3days
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Figure 4.12  Shows SEM of hFOB cell-scaffold morphological studies for 7 days
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CHAPTER 5

CONCLUSIONS

51  Results Summary

This research was conducted to synthesize composite scaffolds using hydroxyl
ethyl cellulose (HEC), sodium alginate (SA), and cellulose nanocrystals (CNC) via a
freeze-drying method. Scaffolds with different combination as HEC/SA,
HEC/SA/CNC, HEC/SA (SBF) and HEC/SA/CNC (SBF) were characterized via
scanning electron microscope (SEM), Field emission electron microscopy (FESEM),
attenuated total reflectance- (ATR-FTIR), TGA and universal testing machine for
mechanical test; also, swelling behaviour, porosity and degradation studies were carried
out. Cell culture studies were performed to demonstrate the scaffolds as potential
substrates for bone tissue engineering. The SEM images of the scaffolds displayed
interconnected porous structures, ranging from 40 to 400 um. The immersion of
scaffolds into SBF deposited apatite layer on the surface of scaffold with the particle
size in the range of 95 nm- 148 nm. The porosity of the produced scaffolds was
predicted using liquid displacement technique and shown to range from 75 £ 5 % to
90.5 £ 5 %. The swelling behaviour was conducted for the produced scaffolds for 1, 2
and 3 days and the results showed that the scaffolds had the highest swelling behaviour
due to absence of cellulose nanocrystals and immersion in SBF. Degradation study was
carried out to examine the degradation rate of the scaffolds; this was done by soaking
the scaffolds in PBS for two days; HEC/SA/CNC (SBF) scaffolds showed less weight

losses in comparison to other produced scaffold.

Meanwhile, ATR-FTIR provided information of chemical bonds, assigning
significant fundamental frequencies of the PO3~ group which appeared at wavelengths
799 and 882 cm™ and indicated the existence of well crystallized hydroxyapatite
contents which also suggests the occurrence of chemical interactions between the
scaffolds. The TGA results showed four different regions of mass losses, representing

the amorphous transition temperature and water disposal, (C-H) bond breaking,
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pyrolysis and dehydroxylation behaviour of hydroxyapatite respectively for each stage.
Next, the UTM results revealed that the tensile strength of the produced SA/HEC/CNC
(SBF) scaffolds was ~ 4 MPa while the SA/HEC scaffold exhibited tensile stress value
of ~ 0.5 MPa which confirmed that the addition of cellulose nanocrystals and
immersion in simulated bodily fluid improved the mechanical properties of the

scaffolds.

MTT assay was carried out for 3 and 7 days and indicated positive increment of
absorbance index cell viability. The micrographs of the produced scaffolds indicated
comparable adhesion and interaction between the media and cells-scaffold with the
control well plate. Morphological studies conducted on the produced scaffolds, for 3
days incubation, shown multiple points of attachments but for 7 days of incubation
there was partial covering of the inside and outside of the cells. Overall, the produced
scaffolds (HEC/SA/CNC (SBF) showed the best results compared to other produced
scaffolds in term of porosity (%), swelling behaviour and biodegradation behaviour;
they also showed a good cell adhesion and growth during in vitro study with human
fetal osteoblast cells. The addition of cellulose nanocrystals and immersion in SBF

proved to be a better option for synthesizing scaffolds for bone tissue engineering.

5.3 Recommendations for future research

The results of this study are significant and could be of help in the
pharmaceutical industry towards the development of new biocompatible scaffolds that
would facilitate the healing process of bone tissues. HEC and sodium alginate were
used as the main biopolymer and the scaffolds were fabricated via freeze-dried method.
The properties of the scaffolds were enhanced by incorporation of cellulose
nanocrystals. Cell culture studies demonstrated the potential of the produced scaffolds

as substrates for bone tissue engineering.

However, some of the recommendations for future research are as follows:

1. In this research, only one ceramic phase was used to obtain coating on the
surface of synthesized scaffolds; hence, it is recommended to use biphasic
ceramic such as SBF and tri-calcium phosphate (TCP) to improve the

mechanical properties of the scaffolds.
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The biodegradability, swelling behaviour, porosity, degradation behaviour, and
cell culture experiments were conducted for a period of one to seven days.
Computerized methods can be used to reduce experimental trials and optimizing
results.
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