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Abstract 
The Optimisation of Biomimetic Scaffold Fabrication for the Controlled Release of 

Osteogenic Factors for Bone Tissue Regeneration 
Farah Alwani Binti Azaman 

Bone tissue defect is a rising global concern and is one of the leading causes of morbidity 

and disability in patients. Bone regeneration treatments that demonstrate all key 

characteristics for successful bone healing: osteoinductivity, osteoconductivity, 

osteogenicity and mechanical stability, are not yet available. Also, mitigation against 

bacterial infections, an increasing complication associated with impeded bone tissue 

repair, is urgently required. This report presents the development of a biomimetic 

antimicrobial scaffold that capable of inducing bone tissue-specific regeneration. The 

tunable biodegradability feature for a sustained bio-agent release was facilitated using a 

tailored crosslinking formulation that maintained the scaffolds' mechanical performance. 

In this work, biodegradable chitosan (CS) scaffolds were prepared with combinations of 

bioactive ceramics, namely hydroxyapatite (HAp), tricalcium phosphate-α (TCP-α), and 

fluorapatite (FAp), crosslinked using a UV curing system. The efficacy of the 

crosslinking reaction was assessed using swelling and compression testing, SEM and 

FTIR analysis, and biodegradation studies in simulated body fluid. Consequently, various 

benzophenone concentrations were added to CS/HAp formulations to determine their 

effect on the degradation rate. The results presented indicate that incorporating 

bioceramics with a suitable photoinitiator concentration can tailor the biodegradability 

and load-bearing capacity of the scaffolds. 

Subsequently, a combination of CS/HAp scaffold was UV crosslinked with either bone 

morphogenetic protein-2 (BMP-2) or its related peptide P28. Alkaline phosphatase (ALP) 

activity and alizarin red staining (ARS) were conducted to validate that the photo-

crosslinking fabrication method did not interfere with the functionality of the growth 

factors. The C2C12 cultured with CS/HAp/BMP-2 and CS/HAp/P28 scaffolds showed 

an increased ALP activity compared to the negative control. The in vivo osteoconductive 

of the treatment was then investigated through a rat femoral condyle defect model. The 

ex vivo histological assessment showed a favourable bone regeneration efficacy of the 

CS/HAp/P28 compared to the CS/HAp/BMP-2 treatment, thus showing the use of P28 as 

a promising osteoinductive treatment. 

Further work was carried out to improve the degradation rate in vivo, utilising CS, HAp 

and FAp at different ratios. Various P28 concentrations were incorporated into the 

CS/HAp/FAp scaffolds for implantation in vivo. H&E staining shows minimal scaffold 

traces in most of the defects induced after eight weeks, showing that the combination of 

HAp and FAp in the chitosan-based delivery system has enhanced the biodegradability 

of the scaffolds in vivo. Histological assessments indicated ongoing bone formation 

throughout the in vivo duration of the study. These results show the ability of this tailored 

formulation to improve the scaffold degradation for bone regeneration and presenting a 

cost-effective alternative to BMP-2. 

In conclusion, the CS/ceramic scaffold with the presence of P28 peptide appears to have 

potential in bone defect healing due to its potent osteogenicity, biocompatibility and non-

toxicity features.
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Introduction 

 

1. Research Challenge 

The critical-sized defect treatment is currently considered the focal attention for the 

clinicians and researchers, mainly in orthopaedic and plastic surgery. This is due to the 

risk of delayed unions or non-unions of the critical-sized bone fractures.  Normal fractures 

typically heal within 6-8 weeks in healthy adults. However, in 5-13% of cases, the bone 

does not heal properly, while the defects occurring on the load-bearing bones such as the 

femur might lead to a delayed union or non-union (Lu et al., 2016; Nandra et al., 2016; J. 

D. Thomas & Kehoe, 2022). Although orthopaedic surgeons routinely use the traditional 

treatments known as autograft and allograft, these options are associated with several 

underlying issues such as the additional surgery requirement to harvest the autograft and 

also, the lack of supply as well as the high risk of disease transmission of the allograft 

(Bai et al., 2018; T.-M. De Witte et al., 2018; Lavanya et al., 2020; Y. Zhang et al., 2020). 

In addition, these existing treatments are also time-consuming and commonly result in 

reduced optimal efficacy (Jahan et al., 2020; Lu et al., 2016; W. Wang & Yeung, 2017) 

and thus leading to the explorations in the bone tissue engineering (BTE) field. 

2. Research Gap 

A growth factor (GF) delivery system incorporating bone morphogenetic protein-2 or 

BMP-2 is available commercially under the trade name INFUSE
®

 with an absorbable 

collagen sponge carrier (Figure 1). INFUSE
®

 is the market leader in bone grafts approved 

by Food and Drug Administration (FDA) to be used as a bone graft substitute in treating 

open tibial fractures, in line with another FDA-approved AUGMENT
®

 by Wright 

Medical and i-Factor by Cerapedics (Arnold et al., 2021; Biswas et al., 2019; Govoni et 

al., 2021; James et al., 2016). However, this INFUSE
®

 treatment is claimed to bring no 

significant non-union healing (Bullock et al., 2021), and this product is unfortunately 

associated with several documented complications, such as ectopic bone formation, 

which is the off-target reaction (Durham et al., 2018; James et al., 2016). INFUSE
® 

has 

also faced an FDA warning following the severe dysphagia from the inflammation, as 

well as the increased loss of life (Govoni et al., 2021). Furthermore, a scaffold degradation 

profile that outlines the scaffold's capability to release the growth factors in the time frame 

was still not successfully altered. The high cost factor together with the initial burst 
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release of the growth factor are also remain as concerns to be addressed (Blackwood et 

al., 2012; Oliveira et al., 2021).  

The aforementioned issues are indeed showing the gap for the development of a new 

highly potent BTE treatment that has the ability to control the release of the active agents 

and thereby avoiding complications, at a lower cost and in an off-the-shelf manner.  

 

Figure 1 Medtronic InfuseTM rhBMP-2 and the collagen sponge. 

3. Proposed Solution: Design of an Ideal Chitosan Composite Scaffold for 

Growth Factor Release 

To date, substantial investigations have been carried out by tissue engineering researchers 

in collaboration with orthopaedics and plastic surgeons to come out with off-the-shelf 

treatment alternatives for treating bone defects (Henkel, 2017; S. Jiang et al., 2021; 

Kargozar et al., 2019). Researchers are investigating the use of available biomaterials to 

produce biodegradable bone substitutes that have been the current go-to alternatives since 

it is a critical factor in the success of new tissue turnover (Burke et al., 2019). This 

biodegradable biomaterial comprises synthetic biodegradable polymers such as poly 

lactic-co-glycolic acid (PLGA) and naturally occurring polymers such as chitosan, silk 

fibroin and collagen, as well as inorganics such as hydroxyapatite, tri-calcium phosphate 

and antimicrobial fluorapatite (Burke et al., 2019; L. Chen et al., 2020).  

Chitosan has been utilised in numerous research articles as a bone substitute for materials 

due to its biocompatible and biodegradable properties, the ability to promote cell 

attachment and proliferation, and it has a lower cost compared to the other materials (Brun 
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et al., 2021; Maji et al., 2016; Sukpaita et al., 2019). It has also been approved by the 

Food and Drug Administration (FDA) to be used for biomedical applications (Chang et 

al., 2016). Bone regeneration research nowadays has directed a significant application of 

chitosan composite in the formulation since it gives minimal foreign-body inflammatory 

responses, has intrinsic antibacterial feature, and can also be constructed into various 

geometries and forms for tuning the porosity, osteoinduction and osteoconduction 

properties (Y. Liao et al., 2020; Sanchez-Salvador et al., 2021; Venkatesan & Kim, 2010). 

Chitosan can also mimic the extracellular matrix (ECM) due to its similar structure to 

proteoglycans, which has led researchers to utilise it for tissue engineering (Barroso et 

al., 2022; F. Zhang & King, 2020). However, owing to its low solubility in natural pH 

condition, chitosan is often combined with other biomaterials such as hydroxyapatite to 

improve its solubility as well as enhance the mechanical properties and provide bioactive 

features to the scaffold (B. Li, Wang, et al., 2019; Maachou et al., 2008).  

The nature of biodegradability and biocompatibility features has made chitosan and 

hydroxyapatite the go-to choices among researchers to be used in BTE research. For 

instance, Devine et al. (2017) have incorporated various hydroxyapatite ratios in chitosan 

to investigate the protein release rate in scaffolds fabricated for bone regeneration. The 

structure of the chitosan/hydroxyapatite (CS/HAp) scaffold was observed through a 

scanning electron microscope (SEM), revealing the microscaled particles of the scaffold 

(Figure 2). However, despite their known osteoconductive properties, these two materials 

are incapable of causing the osteodifferentiation of the stem cells into osteoblasts without 

growth factors association, thus expanding the studies in the incorporation of 

osteoinductive agents in the scaffolds (Reves et al., 2011; Sukpaita et al., 2019). 
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Figure 2 Micro-scaled agglomerates of hydroxyapatite particles embedded between chitosan matrix (Devine et al., 
2017). 

Furthermore, the diamond concept of the fracture healing treatments has outlined four 

demands in bone healing treatments: potential osteogenic cells, osteoconductive 

extracellular matrix, osteoinductive growth factors and a mechanically supportive 

environment (Brydone et al., 2010; Foster et al., 2021; T. Kim et al., 2020; Wildemann et 

al., 2021). These features will fulfil the main objective of designing a bone scaffold that 

mimics the extracellular matrix (ECM) and provides adequate mechanical support and 

other properties, including biocompatible, biodegradable and porous structure (Figure 3). 

In addition, based on the fourth requisite for bone scaffold composites, the formulations 

should be altered to make them mechanically stable and have the full weight-bearing 

feature to be an ideal scaffold for the bone regeneration process. Mechanical stability is 

essential to avoid the complications like stress-shielding, implant-related diseases such as 

osteopenia and subsequent re-fracture after implanting the bone scaffold (T.-M. De Witte 

et al., 2018; Glatt et al., 2021; Haubruck et al., 2016; Prasadh & Wong, 2018).  
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Figure 3 Main requirements of bone scaffolds. De Witte et al. (2018) 

While the human bones recorded the compressive strength of 100-500 MPa, the designed 

scaffold’s strength should be in the range of cancellous bone, which is generally about 

0.1-16 MPa, (Lan Levengood & Zhang, 2015; Roohani-Esfahani et al., 2016; Ryan & 

Yin, 2022; Y. Zhang et al., 2020). In addition, the tensile strength of the scaffold should 

be tailored to achieve between 1-5 MPa to match the human cancellous bone (Nga et al., 

2020; Osuchukwu et al., 2021). It is challenging to adjust the mechanical properties to be 

suitable to the porosity of the scaffold, which will aid in cell proliferation and provide a 

pathway for excellent nutrient diffusions during the tissue culture since the high porosity 

of the bone scaffold will consequently reduce the mechanical strength (Abbasi et al., 

2020; Jiao et al., 2022; Polo-Corrales, L. ; Latorre-Esteves, M. ; Ramirez-Vick, 2013). 

Therefore, considerable research has been carried out and is in progress to optimise the 

bone scaffold formulations and fabrication methods in controlling the mechanical 

properties without compromising the porosity of the composite. This work will be 

manoeuvred towards filling the gaps in relating the scaffold structure and material 

properties to the load-bearing capacity, as suggested previously, to achieve the native 

mechanical properties (Hernandez et al., 2016; Homayoni et al., 2009; Venkatesan & 

Kim, 2010; F. Zhang & King, 2020).  

Consequently, a promising acellular strategy centres on developing scaffolds 

incorporating osteogenic factors is employed. This plan combines biology and 

engineering principles to develop viable substitutes to restore and maintain the function 

of human bone tissue. Therefore, this project aims to enhance the mechanical and 

biodegradable properties of bone scaffolds by modifying the crosslinking reaction to 

avoid the burst release of the growth factors. These objectives can be achieved by 

fabricating a biodegradable scaffold that will release growth factors while degrading and 
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then be secreted from the body naturally after it completes its function. Therefore, an 

ideal scaffold should be able to degrade in a gradational way for an expected period to be 

replaced by a newly formed bone tissue from the bonded cells, known as the 

osteotransduction process (Alves et al., 2020). This degradation will result in the 

breakdown of the scaffold and the resorption of the osteogenic factor such as bone 

morphogenetic protein-2 (BMP-2) incorporated in the scaffold to the targeted location. 

In addition, many studies have been carried out on developing biomaterials that possess 

antibacterial properties for various applications, including bone regeneration research. It 

has been reported that the antimicrobial properties present in several chitosan derivatives 

with the application and the mode of performance regarding the antibacterial feature 

caught the attention of researchers as a go-to biomaterial for tissue engineering (Fourie et 

al., 2022; Mututuvari et al., 2013; Tsiklin et al., 2022). Consequently, antimicrobial 

fluorapatite was also implemented in our scaffold formulation to improve infection-

related concerns highlighted by industry and clinicians during dissemination, including 

infections and inflammation following implantation in a patient’s body. Indeed, the 

antimicrobial feature is crucial in preventing dangerous bacterial growth subsequent 

scaffold implantation, thus preventing diseases, extending the shelf-life of contents, 

reducing odours, and, most importantly, preventing moulds (Kus-Liskiewicz et al., 2019; 

Muñoz-Bonilla & Fernández-García, 2012; Seyedmajidi & Seyedmajidi, 2022; M. V. 

Thomas & Puleo, 2011).  

Furthermore, other than using a clinically relevant bone morphogenetic protein-2 as the 

growth factor for osteogenesis, the research has examined P28 peptides derived from the 

knuckle epitope of BMP-2. This peptide is postulated to present a comparable 

osteoinductive performance to its protein of origin since it was previously found to be a 

potential substitute for the full-length rhBMP-2 in inducing new bone-cell formation due 

to its high performance with greater control over cellular interactions and a cost-effective 

alternative to BMP-2 (Bain et al., 2015; Bullock et al., 2021).  
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4. Research Outcomes 

Book chapter 

A book chapter entitled “Orthopaedic 3D Printing in Orthopaedic Medicine” was written 

in collaboration with the supervisors and several other researchers in PRISM TUS. This 

chapter was published as Chapter 6 in a book entitled Polymer-Based Additive 

Manufacturing by Springer-Nature. ISBN 978-3-030-24531. 
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Peer-reviewed publications 

i) The first part of this research in terms of the development of chitosan-based bone 

regeneration scaffold was published in Gels MDPI, entitled “Bioresorbable Chitosan-

Based Bone Regeneration Scaffold Using Various Bioceramics and the Alteration of 

Photoinitiator Concentration in an Extended UV Photocrosslinking Reaction”. This 

article was published on 28
th

 October 2022. DOI:  https://doi.org/10.3390/gels8110696 

 

  



29 
 

ii) The second part of this work, discussing the in vitro and in vivo osteogenic assessments 

of the BMP-2 and P28 incorporated CS/HAp scaffolds was published in Micro MDPI, 

entitled “Chitosan/Hydroxyapatite Scaffolds with P28 as a Promising Osteoinductive 

Scaffold for Bone Healing Applications”. This article was published on 31
st
 January 2023. 

DOI: https://doi.org/10.3390/micro3010010   
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iii) The third part of this work, discussing the animal trial applying the optimised scaffold 

formulations in altering the in vivo biodegradation was submitted to Pharmaceuticals 

MDPI, entitled “Enhancement of Scaffold in Vivo Biodegradability for Bone 

Regeneration using P28 peptide Formulations”. This article was published on the 13
th

 

June 2023. DOI: https://doi.org/10.3390/ph16060876 
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Collaborative publications 

i) A collaborative research applying the developed CS/HAp scaffold to serve as the 

biomimetic extracellular matrix in a gold-edge-coated triangular silver nanoparticles 

research was published in Nanomaterials MDPI, entitled “Monitoring  Extracellular 

Matrix Protein Conformations in the Presence of Biomimetic Bone-Regeneration 

Scaffolds Using Functionalized Gold-Edge-Coated Triangular Silver Nanoparticles”. 

This article was published on 23
rd

 December 2022. DOI: 

https://doi.org/10.3390/nano13010057 

 

  



32 
 

ii) Another collaborative work discussing the alteration of CS/ceramics composition in 

the bone tissue regeneration application was published in Micromol MDPI, entitled 

“Bone Tissue Engineering Scaffold Optimisation through Modification of 

Chitosan/Ceramic Composition”. This article was published on the 1
st
 June 2023. DOI: 

https://doi.org/10.3390/macromol3020021 
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Bone Tissue Engineering Scaffold Optimisation through
Modification of Chitosan/Ceramic Composition
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Abstract: A large bone defect is defined as a defect that exceeds the regenerative capacity of the bone.
Nowadays, autologous bone grafting is still the gold standard treatment. In this study, a hybrid bone
tissue engineering scaffold (BTE) was designed with biocompatibility, biodegradability and adequate
mechanical strength as the primary objectives. Chitosan (CS) is a biocompatible and biodegradable
polymer that can be used in a wide range of applications in bone tissue engineering. Hydroxyapatite
(HAp) and fluorapatite (FAp) have the potential to improve the mechanical properties of CS. In the
present work, different volumes of acetic acid (AA) and different ratios of HAp and FAp scaffolds
were prepared and UV cross-linked to form a 3D structure. The properties of the scaffolds were
characterised by scanning electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy,
swelling studies and compression testing. The cytotoxicity result was obtained by the MTT assay. The
degradation rate was tested by weight loss after the scaffold was immersed in SBF. The results showed
that a crosslinked structure was formed and that bonding occurred between different materials within
the scaffold. Additionally, the scaffolds not only provided sufficient mechanical strength but were
also cytocompatibility, depending on their composition. The scaffolds were degraded gradually
within a 6-to-8-week testing period, which closely matches bone regeneration rates, indicating their
potential in the BTE field.

Keywords: bone tissue engineering; ceramic; chitosan; scaffold

1. Introduction
Bone is an indispensable and multifunctional organ. The primary function of the

adult skeleton is to bear loads and assist in movement. Bone possesses the remarkable
ability to heal itself if the defect does not exceed the healing capacity of the individual
bone, i.e., if the defect is greater than the critical size [1]. A critical size defect (CSD) is
characterised as a defect with a minimum length that cannot heal spontaneously, leading
to a non-union [2]. Typically, critical size defects are generally considered larger than 1.5 to
2 times the diameter of the long bone diaphysis, but they vary according to the host and
the bone [3]. Globally, more than two million bone graft procedures take place annually,
and the bone grafting rate is estimated to increase by 13% each year [4]. Up until now,
large bone defects have been a significant challenge in clinical practice. Autologous bone
grafts (autografts) still represent the global gold standard treatment for large bone defects,
but several factors limit their application (e.g., possible donor site morbidity, long surgery
time, limited tissue source and residual pain) [5]. Allografts are derived from living human
donors or cadavers [6]. The main advantages of allografts are the availability of the desired
graft size with no donor site morbidities and of the large quantities of source tissue [7,8].
However, there is a risk of immunological rejection and graft rejection, as well as high
costs [7]. Xenografts are natural-based bone substitute materials derived from animals,
commonly coral, porcine and bovine sources [9]. Xenografts have significant drawbacks,
such as possible zoonotic disease transmission and transplant rejection. There are also

Macromol 2023, 3, 326–342. https://doi.org/10.3390/macromol3020021 https://www.mdpi.com/journal/macromol
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Conference paper and posters 

i) A collaborative conference paper was written entitled “Monitoring of Extracellular 

Matrix Protein Conformations in the Presence of Biomimetic Bone Tissue Regeneration 

Scaffolds” for the 6
th

 International Conference on Materials Science and Smart Materials 

on July 24-26, 2019 in Birmingham, United Kingdom. This paper was published on 30
th

 

September 2020. DOI: https://doi.org/10.4028/www.scientific.net/KEM.865.43 
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ii) In the first year of this project, a poster presentation was attended at World Congress 

on Advanced Biomaterials and Tissue Engineering on October 17-18, 2018, in Rome, 

Italy. The same poster entitled “Development of Biomimetic Scaffold for Controlled 

Release of Osteogenic Factors” was presented again in AIT Research Seminar on May 

2, 2019, with a 1-minute pitch, where this poster was then recorded in AIT Repository. 
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iii) On January 19, 2019, Bioengineering in Ireland 2019 conference (BinI’19) was joined 

for an oral presentation entitled “Optimization of Biomimetic Scaffold Fabrication for 

Controlled Release of Osteogenic Factors in Bone Tissue Regeneration” in Limerick, 

Ireland. This presentation covered the modification of the scaffold fabrication method 

and the effect on degradation profile and strength. 
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iv) On November 22, 2019, another poster entitled “ Evaluation on Osteogenic and 

Antimicrobial Properties of Bioactive Bone Regeneration Scaffolds” was presented in 

Athlone Institute of Technology Research Seminar 2019 on November 22, 2019, in 

Athlone, Ireland. This poster focused on the bioactivity assessment of the 

chitosan/hydroxyapatite scaffolds and also the antimicrobial functionality in the presence 

of gram-positive and gram-negative bacteria. 
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v) A virtual AIT Postgraduate Research Seminar & Poster Event through Microsoft 

Teams was attended on June 19, 2020, with a poster entitled “Preclinical Assessment of 

Biomimetic and Bioactive Bone Regeneration Scaffold in Femoral Condyle Defect of 

Sprague Dawley Rats”. It was great to be able to join this virtual event from Malaysia 

since we got connected without any boundary even during the Covid’19 pandemic. The 

certificate of participation is attached in Appendix 1. 
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vi) Materials Info 2021 conference was participated as an oral presenter held via Zoom 

Meeting in GMT times, presenting the work entitled “Preclinical Assessment of 

Biomimetic and Bioactive Bone Regeneration Scaffold in Femoral Condyle Defect of 

Sprague Dawley Rats”. It was an excellent experience to learn about the current research 

carried out by the experts in their representative fields. The certificate of participation is 

attached in Appendix 2. 
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vii) A postgraduate poster festival was organized by TUS graduate school research on 

January 27
th

 2022, via Zoom. The participants were divided into four categories: ‘Early 

Stage’, ‘Mid-Stage’, ‘Getting There’ and ‘Almost There’. A poster entitled 

“Osteoinduction of C2C12 Myoblast Cell-line treated with Growth Factor-incorporated 

Biocomposites” was submitted and won the best poster under the ‘Almost There’ 

category.  
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Chapter 1: Literature Review 

1.1 Long Bone Fractures 

Long bones are crucial for most load-bearing functions during daily activities and thus 

assist skeletal mobility (Manolagas et al., 2018). The bone has an extraordinary 

hierarchical architecture consisting of soft collagen protein and stronger apatite mineral, 

as shown in Figure 1.1 (Nair et al., 2013). Long bone fractures, a global and clinical 

challenge, can be induced by several factors such as a sudden trauma or extreme impact, 

either directly or indirectly and given the excessive mechanical force applied (X. Zhang 

et al., 2019). It can also happen due to pre-existing microdamage and repetitive stress to 

the point of mechanical fatigue or from everyday stresses acting on the abnormally 

weakened bone, such as osteoporotic bone, Paget’s disease or bone tumours that are 

known as Pathologic fracture (Dittmer & Firth, 2017; Solomon et al., 2005).  

Furthermore, it was reported in Surgeon’s General Report in 2004 that about 1.5 million 

fracture cases due to osteoporosis occurred in Americans per year, and 300,000 

hospitalised cases from this number were hip fractures, thus making it a deleterious cause 

for bone fractures. Subsequently, a research report has updated the annual fracture 

treatments in the United States alone to increase to 18.3 million cases in 2018 (Chitnis et 

al., 2020; Khalifeh et al., 2018). In addition, 20% of these cases were reported as 

mortality, and 20% were confined in a nursing home within a year of the fracture. The 

patients’ quality of life was also affected since many patients were reported to be afraid 

to step out of home due to fear of falling (J. Li & Stocum, 2014).  

 

Figure 1.1 The complex architecture of long bones. (Nair et al., 2013) 

  

The femur is the longest, strongest and heaviest tubular bone in the human body and the 

foremost load-bearing bone in the lower extremity. High energy forces such as impacts 

occurring in motor vehicle collisions can cause fractures of the femoral shaft (Asplund, 
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2018b; Fields, 2018; Tucker et al., 2021). The Swedish Fracture Register had reported 

that fractures are most commonly occurred in five locations: distal radius (16.4%), the 

proximal femur (14.7%), the ankle (10.3%), the proximal humerus (8.2%), and the 

metacarpal bones (7.2%) in a 4-years study involving 23,917 individuals, where the 

proximal femur fracture being the second highest incidence after distal radius (Bergh et 

al., 2021). Additionally, IBM MarketScan® Research Commercial and Medicare 

Databases had reported 14,961 femoral, 14,101 tibial, and 7,059 humeral fracture 

patients between January 2016-July 2019 (Chitnis et al., 2020). A global burden of 

disease study 2019 had also reported that 14.6 millions of femur fractures had occurred 

over the 29 years (1990-2019) in 204 countries, showing the significant yearly fracture 

incidence involving the long bones (A. M. Wu et al., 2021). 

Fractures of the tibia, the prominent weight-bearing bone of the lower leg, often occur 

not only in both high energy trauma such as a motor vehicle, winter sports and cycling 

accidents but also in low energy trauma such as falls, contact sports, distance running and 

other persistence or repetitive activities (Fields, 2018; Marongiu et al., 2020). These 

extremity fractures caused by trauma require repeated hospitalisations, therapies and 

treatments, as well as the possible complications that a study reported these cases 

demanded a massive cost of near to $2 billion (Blanchette & Wenke, 2018). The most 

frequent long-bone fractures in children and adults are closed tibial fractures, with more 

than 70,000 hospitalisations, 800,000 clinician appointments and 500,000 hospital days 

per year only in the United States (US) alone. The National Center for Health Statistics 

also records 492,000 tibial fractures per year in the US (Fields, 2018).  

1.1.1 The Healing Process of Bone Fractures 

The healing process for fractures is time-consuming and depends on the skeletal sites. 

The new bone regeneration and remodelling process require typically extra time due to 

the reduced blood supply to the broken bone area and the insufficient supply of minerals 

like calcium and phosphorus that aid in strengthening and hardening the de novo bone 

formed (Asplund, 2018a; Y. Li et al., 2015; Ng et al., 2017). The expected time for 

fracture healing for the upper limb is typically 4-6 weeks and 8-12 weeks for lower limb 

fractures, while almost all fractures will achieve the complete union before six months 

(Andrzejowski & Giannoudis, 2019; Solomon et al., 2005). Fracture repair can be 

classified into primary healing and secondary healing. Primary healing can occur through 

the direct reestablishment of the cortex in joining the fracture fragments that lead to the 
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precise fracture reduction. Rigid internal fixation with dynamic compression plates and 

screws was used to achieve absolute stability and reduce the interfragmentary movement 

during this treatment (Brydone et al., 2010; Chitnis et al., 2020; Dittmer & Firth, 2017; J. 

Li & Stocum, 2014; Walsh et al., 2021).  

On the other hand, secondary or spontaneous healing is the usual fracture repair that 

implies the surrounding soft tissue and periosteum response as the prime bone injury 

reaction. The mechanism involves several stages, including blood clotting, inflammatory 

response mechanisms, fibro-cartilage formation, callus formation, intramembranous and 

endochondral ossification, and bone remodelling (Figure 1.2) (Einhorn & Gerstenfeld, 

2015; Glatt et al., 2021). This secondary healing is further elevated through splinting, 

casting, intramedullary pins, external skeletal fixators and other fixation tools that will 

reduce the fragment motion while permitting controlled macro motion at the fracture site 

to stimulate the callus formation (Brydone et al., 2010; Dittmer & Firth, 2017).  

The bone healing mechanism covers three phases: reactive, reparative, and remodelling. 

The reactive phase starts after fracturing with inflammation that results from the 

disturbance of the blood vessels due to the injury by increasing the local granulation tissue 

volume. This initial anabolic phase is crucial since it will determine the outcome of the 

healing process. Formation of hematoma or blood clotting through the extravascular 

blood cells will occur at the fracture site as a temporary scaffold allowing the stem cell to 

differentiate into fibrous tissue, cartilage and bone (AffshanaM. & Saveethna, 2015; 

Ghiasi et al., 2017). In addition, this hematoma formation reduces mechanical stability, 

lacks oxygen and nutrients at the fracture site, and causes the release of various growth 

factors from platelets. Besides, inflammatory cells such as macrophages and leukocytes 

will also spread around the injury site (J. Li & Stocum, 2014). 



44 
 

 
Figure 1.2 Normal formation of new bone post-fracture, starting from the hematoma or the inflammatory responses 

until the newly remodelled bone in 35 days (Einhorn and Gerstenfeld, 2015). 

The soft callus (cartilage) formation will proceed following inflammation, and the 

skeletal stem cells will proliferate and differentiate into chondrocytes. New vessels, 

fibroblasts, intracellular material and supporting cells will replace the damaged ones, 

where a fibrin-rich granulation tissue forms. The endochondral formation between the 

fracture will end within this tissue, and fibrocartilage will then stabilise the bone ends 

(Augat et al., 2021; Glatt et al., 2021; Marsell & Einhorn, 2012). Subsequently, hard 

callus (endochondral ossification) will be formed, where the occurrence of fibrovascular 

tissue will replace the cartilage through vessel invasion and endochondral ossification, 

which will be followed by the formation of periosteal bone apposition that also 

contributes to the primary bone development (J. Li & Stocum, 2014). Osteoclasts will 

then resorb this primary bone and first mineralised cartilage in a process known as bone 

remodelling. This callus resorption by osteoclasts and lamellar bone formation by 

osteoblast will be coordinated over several months. Figure 1.3 below shows an example 

of a clinical case of this process on a comminuted (bone-breaking to more than two 

fragments) spiral humerus shaft fracture over two years (Ghiasi et al., 2017). 
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Figure 1.3 A clinical case example of healing a humerus shaft fracture over two years (Ghiasi et al., 2017). 

1.1.2 Non-Union Fractures in Long bones  

Non-union fracture is the incomplete healing of a critical-sized fracture when the cortices 

of the bone fragments fail to reconnect without any intervention (Spicer et al., 2012; 

Wildemann et al., 2021). These fractures are commonly associated with long bone 

fractures resulting in persistent pain, swelling or instability beyond the time of normal 

healing. If a bone has not successfully healed within nine months following fracture with 

no signs of healing, it is classified as a non-union (Howe, 2018; Nandra et al., 2016; Rupp 

et al., 2018), while the absence of radiological healing signs after three to six months is 

considered a delayed union (Higgins et al., 2014; J. D. Thomas & Kehoe, 2022). This 

definition was in line with the one published by the US Federal Drug Administration 

council as “a failure to achieve union by nine months since the injury, and for which there 

have been no signs of healing for three months” (Andrzejowski & Giannoudis, 2019).  

Generally, the non-union rate in the United Kingdom (UK) is 5-10% out new fracture 

cases identified, which is estimated at 20 per 100,000 cases, leading to the need for high-

cost treatments (Mills & Simpson, 2013; Nicholson et al., 2021). Apart from that, 

European Union (EU) citizens recorded about 3.5 million new bone fractures in 2010, 

including hip fractures, vertebral fractures, forearm fractures and other fractures 

(Svedbom et al., 2013). Pountos et al. (2016) also reported that 5 to 10% of the diagnosis 
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from the traumatic accidents to the bones are associated with impaired healing, resulting 

in delayed or non-unions.  Subsequently, a study from Australia reported that 8% of 853 

patients with fractures had been admitted for their healing complications. In comparison, 

about 1.9% of the pelvis and femur fracture cases in Scotland was reported to be non-

union in patients between 25-44 years old and costs about £ 21,183 to £ 33,752 per patient 

recently (Andrzejowski & Giannoudis, 2019). Furthermore, these fragility fracture cases 

have led into the high economic burden and thus resulted to the loss of over 1 million 

quality of life adjusted years from the previous fractures. This is subsequently expected 

to increase the fracture treatment costs up until €46 billion by 2025 (Costa-Pinto et al., 

2021; Svedbom et al., 2013; Walsh et al., 2021). 

1.2 Traditional Bone Grafting for Long Bone Fractures 

The most common surgical treatment used to enhance bone regeneration in orthopaedic 

procedures is bone grafting, making it the second most frequent tissue transplantation 

after blood transfusion (Fourie et al., 2022; Predoi et al., 2019; Sommer et al., 2020; W. 

Wang & Yeung, 2017). It is used as a therapeutic strategy in clinical bone surgery to fill 

the bone defects and promote new bone formation for skeletal fractures or diseased bone 

healing. The bone graft will substitute and rebuild large bone segments lost due to trauma, 

enhancing the bone healing response and reconstructing bone tissue following the 

insertion of any implants surgically (Junka & Yu, 2020; Y. Li et al., 2015; Polo-Corrales, 

L. ; Latorre-Esteves, M. ; Ramirez-Vick, 2013; Zhong et al., 2020).  

Initially, the orthopaedic surgeons will identify the function of the lost bone to decide on 

a suitable bone graft since the options available have variations in their strength, 

osteoconductivity, osteoinductivity and osteogenicity. The osteotransductivity of the 

bone graft, where gradual replacement of the biomaterial with the viable bone tissue 

occurs, is also crucial for osseointegration, which is the fusion of the surface of the 

material to the living bone (Alves et al., 2020; Brydone et al., 2010; Burger, 2004; 

Goharian, 2019). This bone grafting success will depend on the complex biological 

interactions happening at the graft-host interfaces, together with the action of the native 

bone marrow and periosteum in providing osteogenicity and vascularity to the site that 

will then result in the new bone formation (Ghiacci et al., 2016; Y. Zhang et al., 2020). 



47 
 

1.2.1 Autologous Bone Graft 

Usually, autologous bone grafting presents as the go-to treatment for non-union fractures 

by harvesting a bone segment from another part of the patient for use in their own body 

(AffshanaM. & Saveethna, 2015; Schmidt, 2021). The iliac crest (Figure 1.4) is the most 

commonly used donor site and is harvested as free vascularised osteocutaneous flaps 

(Jenis, 2016; L. Li, Lu, et al., 2019). Autografting is considered the gold standard 

treatment since it exhibits a superior therapeutic effect in bone fusion. It also meets all 

the required properties, such as osteoconduction, which stimulates the growth of bone 

cells, osteoinduction, which is the activation of mesenchymal stem cells (MSC) to divide 

into preosteoblasts before the bone-forming process starts and also osteogenesis, which 

is the formation of the bone. In addition, autograft also accommodates both osteogenic 

cells and osteoconductive mineralised extracellular matrix that can further grow and 

proliferate (Hao et al., 2022; Jahan et al., 2020; Mohiuddin et al., 2019; Polo-Corrales, 

L. ; Latorre-Esteves, M. ; Ramirez-Vick, 2013; X. Zhang et al., 2019). 

 

Figure 1.4 The iliac crest serves as autografts for bone grafting treatment (Jenis, 2016). 

Nevertheless, autografts are restricted by the graft size that can be harvested due to the 

limited supply and requires a second surgery. It can also carry a risk of donor-site 

morbidity from infection and ongoing pain following surgery, leading to unguaranteed 

clinical benefits, thus limiting its wide application (AffshanaM. & Saveethna, 2015; 

Junka & Yu, 2020; Turnbull et al., 2017; X. Zhang et al., 2019). In addition, it was 

reported that this technique could also lead to haemorrhage formation (Y. Li et al., 2015). 
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The researchers then came up with another option to autograft, known as an allograft for 

treating bone defects. 

1.2.2 Allogenic Bone Graft 

The autograft alternative, allografts harvested from cadaveric or living sources, is 

favoured to eliminate donor-site morbidity. They are also available in various shapes and 

sizes, such as granules and blocks, distributed through regional tissue banks and most 

orthopaedic and spinal companies (Fournet et al., 2019; Greenwald et al., 2010). This 

good, natural, and bone-like structure type of bone graft will be processed to remove the 

living cellular components of the bone to avoid the host-graft immune response (Bai et 

al., 2018; Brydone et al., 2010; Lu et al., 2016). However, the potential risk of infectious 

disease transmission and immune rejection whilst lacking a cellular component to aid 

tissue regeneration has limited the use of the allograft. Indeed, it has been reported that 

up to 25% of bone grafts resorb within a 5-year time frame (Fernandez-Yague et al., 2015; 

Polo-Corrales, L. ; Latorre-Esteves, M. ; Ramirez-Vick, 2013; Turnbull et al., 2017). 

Considering that an estimated 2.2 million bone-grafting is performed annually, this would 

equate to over 500,000 allograft failures. The current availability of this bone graft type 

does not meet the clinical needs, which is crucial for the advances in bone healing 

treatments (W. Wang & Yeung, 2017).  

There is an urgent clinical need due to these drawbacks and non-satisfactory results of 

these available bone grafts. Thus, extensive research has been carried out to find possible 

alternatives to treat bone fractures using reliable artificial bone grafts that can be used off-

shelf in the bone tissue engineering field. Therefore, the researchers are focusing on 

mimicking the extracellular matrix architecture and properties of a native bone to 

formulate a synthetic bone graft to achieve the optimum efficacy in bone regeneration 

treatment (Patel et al., 2019). 

1.3 Bone Tissue Engineering in Treating Bone Fractures 

In the world of bone tissue engineering (BTE), significant research creating novel 

alternatives to overcome the limitations of current treatment options in treating bone 

fractures has been performed, such as the porous 3D scaffolds with controlled material 

characteristics including the morphology, dissolution kinetics, swelling profile and 

mechanical strength (Davidenko et al., 2016; Sahu & Modi, 2021). Three main 

components were combined, including engineering bone tissue scaffolds, incorporating 
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biological strategies, and physicomechanical strategies, leading to feasible bone 

substitutes (Figure 1.5). As the bone healing goes without the presence of connective 

tissue scars and it deposits similar tissue, the re-establishment of pre-fracture properties 

of the bones will be achieved through the aid of a well-developed bone scaffold 

(Fernandez-Yague et al., 2015; F. Zhang & King, 2020). 

 

Figure 1.5 Biomimetic acellular approach of bone tissue engineering (Fernandez-Yague et al., 2015). 

The scientists focus on fabricating bone scaffolds that have characteristics close enough 

to autologous bone grafts. Therefore, bone-mimicking scaffolds are designed to have the 

ability to induce specific cellular responses at the molecular level by using various natural 

or synthetic biomaterials and also combinations of these (Barroso et al., 2022; López-

Lacomba et al., 2006; X. Zhang et al., 2014; Zustiak et al., 2013). There are two categories 

of bone graft substitutes: osteoconductive materials, which are bioresorbable bone void 

fillers that allow the bone to regenerate, such as collagen composites, sea coral and 

various ceramics, and also osteoinductive materials that contain biological factors such 

as growth factors, which can initiate progenitor cells and differentiate them into 

osteoblasts (bone-forming cells) and form de novo bone including in the non-osseous 

region (Albulescu et al., 2019; H. Lin et al., 2019; Sheikh et al., 2015). 

In addition, Zhang, Fang and Zhou (2017) had outlined the general process of BTE 

(Figure 1.6). It started from designing the scaffold structure according to an atomic 

structure of the bone at the site of injury, which comprises the set of geometrical features 

and a personalised external shape. Subsequently, the process proceeds to select the best 
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material and fabrication method suited to develop the scaffold. The scaffolds will then be 

tested in vitro and in vivo for further analysis. 

 

Figure 1.6 Procedure of scaffold fabrication and evaluation highlighting the structural, mechanical,  and in vivo 
assessments (Zhang, Fang and Zhou, 2017). 

1.3.1 Diamond Concept in Bone Healing  

Calori and Giannoudis (2011) reported a theory called the ‘diamond concept’ (Figure 1.7) 

for bone healing strategies to understand the minimal requirements for fracture healing. 

This concept gives equal importance to mechanical stability and biological environment, 

where a deficit in either one or the failure to recognize the associated diseases of the host 

and a lack of vascularity will lead to the risk of necrosis formation, thus leading to 

impaired healing (Andrzejowski & Giannoudis, 2019; Rademakers et al., 2019).  
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Figure 1.7 The diamond concept and the biological chamber illustration highlighted vascularisation in avoiding an 
impaired healing response, which is the non-union (Calori and Giannoudis, 2011). 

V = vascularity, H = host, MS = mechanical stability, MSC = osteoprogenitor cells, S = scaffold, GF = growth factor. 
1. Closed chamber; 2. Open chamber; 3. Partially open chamber 

This diamond concept emphasises the mechanical stability properties of the scaffold in 

conjunction with the other three essential scaffold features, which are the presence of 

osteoprogenitor cells, growth factors incorporation and also the osteoconductive 

extracellular matrix for a successful bone healing response (Andrzejowski & Giannoudis, 

2019; Glatt et al., 2021; Marongiu et al., 2020). The promoting signalling molecules hold 

the osteoinductive properties crucial for cell proliferation and differentiation towards the 

desired cell lineage, such as the osteoblastic phenotype. In contrast, the recruitment of 

bone progenitor cells often requires an appropriate vascularisation-inducing environment 

to promote the healing and an excellent scaffold as a transport for the growth factors, thus 

acting as the extracellular matrix for the cell recruitments (Barroso et al., 2022; 

Svystonyuk et al., 2018; C. Wang et al., 2020). Moreover, this diamond concept 

highlights the mechanical property of the scaffold for its importance in providing load-

bearing support to the fracture sites during the healing process (Augat et al., 2021; Calori 

& Giannoudis, 2011). 

1.3.2 The Ideal Properties of Bone Tissue Scaffolds 

The bone scaffolds are also designed to effectively carry the essential properties in aiding 

the new bone tissue formation in the bone regeneration process, such as biocompatibility, 

so it does not induce any local or systemic response. In addition, highly interconnected 
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porous architecture and customizable shape are great features to allow proper nutrient 

delivery and remove metabolic waste while upgrading the diffusion rates and accelerating 

vascularisation (Cai et al., 2018; Donnaloja et al., 2020; P. Feng et al., 2014; Xu et al., 

2021).  

Moreover, osteoconductivity is also required with micro and nanoscale structures that 

allow migration, adherence, proliferation and differentiation of osteoprogenitor cells to 

form bone. Most importantly, the degradation rate must be adjusted to provide the 

necessary support and not leave traces of material behind and give no side effects to the 

body. Mechanical strength should also be adequate to withstand cellular contractile forces 

and possess growth factor delivery properties (Polo-Corrales, L. ; Latorre-Esteves, M. ; 

Ramirez-Vick, 2013; Sukpaita et al., 2019; X. Y. Zhang et al., 2017). 

1.3.3 Conventional Scaffold Fabrication Methods 

Five fabrication methods are commonly utilised to manufacture conventional scaffolds, 

including the solvent casting-particle leaching process, gas foaming, freeze-

drying/emulsification, phase separation and electrospinning process. However, although 

these methods can produce porous scaffolds, these techniques have disadvantages in 

controlling the porosity and pore size, shapes and pore interconnectivity (Bhushan et al., 

2022; Cai et al., 2018; Dehghani & Annabi, 2011; C. Liao et al., 2001). There are also 

negative impacts that influence cell growth, including compact soft structures that could 

lead to poor cell attachment, remnants of organic solvent residues and porogens that might 

deprive cell growth and death, as well as rapid degradation that will reduce the mechanical 

strength of the scaffolds. These drawbacks will usually form irregular growth in the bone 

tissues (C. G. Liu et al., 2018). 

In addition, there is an in-trend method in fabricating bone scaffolds via additive 

manufacturing to create 3D scaffolds, using 3D-printing technology to overcome the 

drawbacks of the traditional methods since it disregards the use of porogens and organic 

solvents in generating pores in the scaffold (C. G. Liu et al., 2018). Indeed, orthopaedics 

is among the pioneer fields that integrate 3D printing technology to produce artificial 

prosthetics for treating or replacing bone defects. Customizable bone implants are also 

achievable according to desired shapes and sizes, known as patient-specific implants 

(Fournet et al., 2019). For instance, biomaterial-based 3D-printed grafts were previously 

developed using polyetheretherketone (PEEK), a high-performance thermoplastic and 
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coated with titanium dioxide (TiO2) for orthopaedic applications, including spinal fusion 

implants, where 3D-printed PEEK possess high durability, lightweight as well as elastic 

modulus close to the human native cortical bone (Kizuki et al., 2015; Suamte et al., 2023; 

Wong, 2016).  

Subsequently, Devine et al. (2017) reported a scaffold fabrication method via a novel 

photo-crosslinking reaction through a hydrogen-abstracting free radical photo-initiation 

process using ultraviolet (UV) curing. This method can instantly crosslink the chitosan 

composite, including the potential to induce the covalent bond of osteogenic factors 

within the composite. Previously, an evaluation was carried out on a range of UV light 

intensities to crosslink collagen and gelatine-based scaffolds and modify their material 

characteristics while maintaining biological functionality. The UV light was concluded 

not to affect the cell attachment, spreading and proliferation on the collagen materials 

(Davidenko et al., 2016). Therefore, this method is utilised in this current study as a 

promising approach to creating biomimetic and bioactive bone regeneration implants. 

1.3.4 Polymer Crosslinking through UV Curing Procedures 

Crosslinking polymers using UV curing technology for fabricating 3D scaffolds are 

vastly used due to its rapid processing and high energy efficiency. It is one of a go-to 

method to crosslink materials for the application of dental clinical, drug delivery systems, 

tissue engineering scaffolds, coatings, adhesive and also food packaging (Chiyindiko & 

Conradie, 2021; H. J. Kim et al., 2022; Sanchez-Salvador et al., 2021). Crosslinking 

enables customisable physical properties of polymers, especially the mechanical 

properties through the covalent or ionic bond formation between adjacent chains of a 

polymer during the procedures (Y.-H. Jiang et al., 2022; Sanchez-Salvador et al., 2021). 

There are two covalent bonding formation during crosslinking, known as irreversible and 

reversible covalent bonding. The linkages would maintain their structure under stresses 

and changes in the environment through the irreversible bonding, while reversible bonds 

can be broken and reformed, providing flexibility to the 3D structure (J. Chen et al., 

2020). 

The crosslinking process is normally started by the application of a photoinitiator, an 

organic molecule which absorbs light and forms reactive initiating species e.g., radicals. 

Then, the initiation and propagation of the monomer is occurred for photopolymerisation 

(Huang et al., 2020). There are a lot of commercially available photoinitiators with ideal 
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properties including non-complex synthesis, economical and low or absence of toxicity. 

The photoinitiator should also be stable to avoid unwanted effects such as yellowing and 

odour of the product material. Some examples of the commercial photoinitiators known 

as benzophenone, α-ketoesters, camphorquinone and Irgacure 2959 are commonly used 

in photocrosslinking the materials (Devine & Higginbotham, 2006; Kowalska et al., 2021; 

Taschner et al., 2019).  

There are two classes of photoinitiator, namely Type I and Type II photoinitiators. Type 

I photoinitiator such as Irgacure 2959 involves direct cleavage under UV light to produce 

two initiating radicals, while Type II photoinitiator such as benzophenone is a hydrogen 

abstracting photoinitiator, where the excited benzophenone generates radicals and 

transferring these radicals to hydrogen donor co-initiator to initiate polymerisation 

(Allushi et al., 2017; Huang et al., 2020; Qin et al., 2014). 

The type II photoinitiator, mainly benzophenone (BP) is commonly used as the hydrogen 

abstracting molecules for its efficient photoreactivity to induce grafting and low in cost. 

The photochemical reduction of BP started with the absorption of UV light by the BP 

(excitation wavelength: 350-360 nm), causing the intersystem crossing to occur and 

producing a diradical, a molecule with two unpaired electrons. The BP will then abstract 

a hydrogen atom of the neighbouring molecules, forming an -OH bond. In the absence of 

a suitable reaction molecules, the diradical will return to the ground state, and the 

excitation can be repeated until the favourable reaction is obtained. This reversible 

excitation properties of BP is promising in the alteration of the crosslinking that will 

further influence the physicochemical properties of the product material including the 

mechanical strength (Bagheri et al., 2021; Chiyindiko & Conradie, 2021; Kowalska et al., 

2021; Riga et al., 2017; Verma, 2017).  

According to the diamond concept, a mechanically stable crosslinked biodegradable 

scaffold is a favourable feature in creating a bone regeneration scaffold to support the 

healing process. In addition, Wolff’s law also stated that bones that bear a lot of weight 

remodels at a higher rate (Dittmer & Firth, 2017; Foster et al., 2021; Marongiu et al., 

2020). Therefore, the photoinitiator indeed plays a huge role in producing biodegradable 

scaffolds with the desired mechanical properties, through the alteration of crosslinking 

network. 
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1.4 Biodegradable Scaffold  

A bone scaffold is vital in supporting and promoting bone tissue regeneration by having 

all the essential properties including biocompatible, biodegradable as well as adequate 

mechanical stability (Becerra et al., 2022; Gleeson et al., 2010; Predoi et al., 2019). 

Various natural and synthetic biomaterials are suitable for formulating scaffolds that can 

integrate into the surrounding tissue without being rejected and keeping the host and 

implant reaction risks at a minimal level, known as biodegradable polymers (Dorati et al., 

2017; Suamte et al., 2023). 

Biodegradation is a process initiated by enzyme activities or the degeneration of the living 

organisms through the shredding of the compounds into the lower molecular mass by 

biotic or abiotic reactions, followed by the conformation of the polymer pieces by the 

microorganisms (Mohanan et al., 2020; Vroman & Tighzert, 2009). On the other hand, 

The American Society for Testing of Materials (ASTM) and the International Standards 

Organization (ISO) defined degradable polymers as the polymers that undergo a 

significant change in chemical structure and properties, including the tensile strength, 

colour and shape under specific environmental conditions such as heat, light or chemicals. 

These conditions will then lead to the loss of mechanical and physical properties (Y. 

Chen, 2018). 

Other than the biodegradable scaffolds’ well-established performance in vivo, researchers 

are choosing the biodegradable polymers to be applied in the scaffold fabrications 

because of the tuneable mechanical properties offered, together with the controlled 

degradation, which enables the scaffolds to reduce the mechanical strength consistently 

during the tissue regeneration process. In addition, the ability of this technology to prevent 

the need for a second surgery after the complete degradation of the scaffold is also a 

significant advantage. (Dai et al., 2016; Ghassemi et al., 2018). 

1.5 Naturally and Synthetically Derived Biodegradable Scaffold Materials 

Some natural biocompatible and biodegradable materials are natural polymers such as 

collagen, chitosan, silk, alginate, hyaluronic acid and peptide hydrogels. These natural 

polymers possess excellent biocompatibility and biodegradability features with good 

porosity, charge, and mechanical strength control. These features can be achieved by 

manipulating the polymer concentration and polymerisation conditions or introducing 

functional groups to the reaction. The bioactivity of these materials can also be controlled 
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by adding several chemicals, proteins, peptides and cells to improve the osteogenic 

properties of bone (Dehghani & Annabi, 2011; Wei et al., 2020). 

Biodegradable materials such as polyesters, copolymers, calcium phosphate and coral are 

also available for use, where their degradation products can be secreted naturally through 

the human metabolic pathways. In addition, bone scaffolds can also be formulated using 

composite materials such as the combination of polymer/ceramics, metal/ceramics and 

metal/polymers. They can be manipulated depending on the needs and to achieve different 

capabilities, especially in the surface reactivity, bioactivity, mechanical strength, and 

functionality in the drug or growth factor delivery application (Polo-Corrales, L. ; 

Latorre-Esteves, M. ; Ramirez-Vick, 2013; Wei et al., 2020; F. Zhang & King, 2020). 

According to Devine et al. (2017), the development of biodegradable scaffolds infiltrated 

with osteogenic factors released in an extended period is a promising cell-free strategy 

promoting bone formation through endogenous osteoprogenitor cells. Furthermore, the 

scaffold biodegradation profile plays a vital role in releasing a loaded drug, where the 

disintegration rate of this material can be controlled to obtain a suitable drug release 

mechanism. In addition, these biomaterials are proven to accelerate tissue healing (Chao 

et al., 2021; M. Wu et al., 2020). Most importantly, there is no need for further surgical 

procedures after implanting polymeric scaffolds as they can deteriorate naturally or be 

wholly integrated with the newly formed tissue (Dorati et al., 2017). 

1.5.1 Chitosan 

Chitosan is an abundant linear polyamine copolymer of β-(1,4)-D-glucosamine and 

acetyl-β-(1,4)-D-glucosamine. It is obtained from the alkaline N-deacetylation of chitin, 

the second most abundant polysaccharide on Earth (Costa-Pinto et al., 2021; Donnaloja 

et al., 2020; Sultankulov et al., 2019; F. Zhang & King, 2020). Chitin is exploited from 

two primary sources of marine crustaceans, shrimp and crabs. Extraction of chitin from 

crustaceans is carried out by dissolving calcium carbonate in acid treatment followed by 

alkaline extraction to make the protein soluble. Following that, a decolourisation step is 

usually carried out to remove the excess pigments and thus obtain a colourless product. 

In addition, chitosan produced by mushrooms is also available on the market (Dorati et 

al., 2017; Nga et al., 2020; Rinaudo, 2006). 
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Figure 1.8 Chitosan chemical structure. 

Chitosan is insoluble in pure water or organic solvents, but it can become soluble in 

aqueous acidic media. The deacetylation degree (DD) of chitin will reach about 50% by 

the protonation of the -NH2 function to –NH
3+

 on the C-2 position of the D-glucosamine 

repeating unit (Figure 1.8), with the conversion of polysaccharide to a polyelectrolytic 

and chelating chitosan in acidic media (Rinaudo, 2006; Ross et al., 2022). The 

deacetylation degree of chitosan is closely related to its reactivity and properties and 

represents the ratio of glucosamine to N-acetyl-glucosamine, which usually falls between 

50-95% (Lan Levengood & Zhang, 2015; Yadav et al., 2021). Although chitosan is 

generally insoluble in neutral pH water, its hydrophilicity and positive charge enable the 

polymer to interact with negatively charged polymers, macromolecules, and some 

polyanions in the aqueous environment, specifically in forming thermosensitive 

hydrogels. Furthermore, the positively charged properties of this material can also 

improve its adhesion to the mucosal surfaces of humans and animals, which will then 

draw attention to using chitosan in mucosal drug delivery (Abidin et al., 2020; Dorati et 

al., 2017). It was also mentioned that a low DD chitosan (55-70%) is insoluble in water 

compared to the high DD chitosan (85-95%) that has a good solubility in water. The better 

solubility can also be tailored by reducing the molecular weight of chitosan (Aranaz et 

al., 2021; Kapadnis et al., 2019; Lv, 2016; W. Wang et al., 2020). 

In addition, the formation of viscous solutions after being solubilised in organic acid 

solutions makes chitosan very versatile in various applications such as solutions, 

hydrogels, films or fibres. Previously, the mechanical and barrier properties of non-

plasticized chitosan films by using various chitosan molecular weights and different 

organic acids was investigated. It was found that the suitable chitosan molecular weight 

and the solvent system can regulate the chitosan films' mechanical and barrier properties, 
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which are helpful for food and medical packaging and applications (Brun et al., 2021; 

Marques et al., 2020; Park et al., 2002). Chitosan has also been formulated as an injectable 

in situ forming gels for cartilage repair and filling material in repairing bones (Fourie et 

al., 2022; Jahan et al., 2020; Raftery et al., 2013). Moreover, chitosan is widely used to 

mimic the natural tissue regeneration process due to its similar structural properties to 

glycosaminoglycan (GAG) found in the native ECM (Chang et al., 2016; Islam et al., 

2020). 

In bone tissue engineering, the biodegradable, biocompatible, antibacterial, wound 

healing, and bioadhesive properties of chitosan have made it an excellent natural polymer 

material in fabricating 3D bone scaffolds (Chatzipetros et al., 2018; Polo-Corrales, L. ; 

Latorre-Esteves, M. ; Ramirez-Vick, 2013; Turnbull et al., 2017). A plethora of studies 

have been carried out in developing biomaterials that possess antibacterial properties for 

various applications, including bone regeneration research. It has been reported that the 

antimicrobial properties are present in several chitosan derivatives, and it caught the 

attention of researchers as a go-to biomaterial to date (Alhazmi et al., 2022; De Mori et 

al., 2019; Mututuvari et al., 2013; Tsiklin et al., 2022).  

Another outstanding characteristic of chitosan is that it will undergo enzymatic 

degradation in vivo, and the degradation products can be digested naturally after entering 

the metabolic cycle of a body (Lavanya et al., 2020). Nevertheless, the in vivo 

performances of chitosan may be different depending on the chitosan’s deacetylation 

degree, molecular weight and also functionalisation with the other chemical groups, such 

as trimethylated chitosan, which can be tailored based on the specific necessities (Dorati 

et al., 2017; Sultankulov et al., 2019). Raftery, O’Brien and Cryan (2013) have reported 

that high deacetylated chitosan will degrade slowly in vivo and may reach several months 

before completely degraded, while rapid degradation can be achieved by using a low 

deacetylated chitosan.  

To date, the low stability of chitosan due to its outstanding hydrophilic character and also 

the pH and temperature dependency has led the researchers to various chemical 

modification techniques at the active sites of chitosan structure, including –NH2 or –OH 

groups (Harugade et al., 2023; A. Kumar & Kumar, 2017; Sanchez-Salvador et al., 2021). 

Appropriate groups can be introduced at these active sites to modify the polymers for 

specific applications as well as to control their mechanical and chemical properties (Park 
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et al., 2002; Rinaudo, 2006; Yun et al., 2013). In addition, several other materials were 

used together with chitosan for various applications. Therefore, the versatility of chitosan 

as a biopolymer, especially in terms of its considerable biodegradability properties, has 

guided this research to employ chitosan in bone scaffold fabrication for bone healing 

treatments.  

1.6 Bioactive Ceramics 

Different classes of materials are utilised in fabricating scaffolds, including bioactive 

calcium phosphate ceramics. The similar chemical structures of the synthetic calcium 

phosphate-based ceramics such as biphasic calcium phosphate, β-tricalcium phosphate 

and hydroxyapatite have made them more popular to be used as scaffolding materials in 

tissue regeneration (Ercal & Pekozer, 2020; Qiu, 2008; Ryan & Yin, 2022). These 

bioceramics can enhance the crucial properties of a scaffold in terms of osteoconductivity, 

osteoinductivity and bioactivity, which is the bonding ability between bones (Canillas et 

al., 2016; Redondo et al., 2022; Y. Zhang et al., 2020). 

1.6.1 Hydroxyapatite 

In humans, about 60 to 65% of the bone is made up of inorganic material known as 

hydroxyapatite [Ca10(PO4)6(OH)2], which is one of the most stable forms of calcium 

phosphate (Ma, 2019). The modification of hydroxyapatite structure at the hydroxyl   

(OH
-
) group can also yield other bioceramics known as fluorapatite and chlorapatite by 

using either fluoride, chloride or carbonate (Malysheva et al., 2021; Rey et al., 2008), 

making HAp a versatile bioceramic. This material is often used in nanocomposite 

technology to mimic the fine structure of the natural bone while enhancing the load-

bearing capacity of the composite to act as a promising bone scaffold (Devine et al., 2017; 

Venkatesan & Kim, 2010). Therefore, hydroxyapatite (HAp) is incorporated in the 

formulation for organ transplants, surgical reconstructive materials, and artificial 

prostheses to regenerate bone or treat organ failures (Cui et al., 2016; Rameshbabu et al., 

2006; Venkatesan & Kim, 2010). Interestingly, HAp can also be utilised as orbital 

implants or opthalmological prosthetics, percutaneous implants, and artificial blood 

vessels (Costa-Pinto et al., 2021). 

Furthermore, the nanocrystalline form of hydroxyapatite is validated to have a better 

effect on promoting osteoblast adhesion, proliferation and apatite formation, which can 

be synthesised through several methods, including co-precipitation process, 
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mechanochemical reaction, emulsion precipitation, microwave synthesis and sol-gel 

approach (Galindo et al., 2019; N. Li, Wu, et al., 2019; Rameshbabu et al., 2006). 

However, the main drawback of HAp is the low solubility leading to a slower degradation 

rate up until more than a year (Pajor et al., 2019; N. Yang et al., 2016; Q. Zhang et al., 

2021). Therefore, HAp is often paired with higher bioresorption materials to compensate 

for the slow degradation rate, thus leading to an ideal biodegradability in vitro and in vivo, 

followed by the placement in the body. 

1.6.2 Tricalcium Phosphate 

Tricalcium phosphate, Ca3(PO4)2, is used in orthopaedic and dentistry applications for its 

similar inorganic chemical components of human bone tissues. It is commonly used as an 

alternative to hydroxyapatite for several reasons, where it is more soluble in vivo and has 

rapid bio-resorption without leaving traces behind (Canillas et al., 2016; Moreno et al., 

2020; Szurkowska et al., 2020). There are two commonly used tricalcium phosphate 

(TCP) known as α-TCP and β-TCP. α-TCP is more soluble compared to β-TCP and 

mainly used as the injectable artificial bone repair materials since it possess an excellent 

self-setting property (T. Feng et al., 2020). It was previously shown that highly purified 

β-TCP imposed greater stability, osteoinductivity and osseointegration properties. In 

addition, β-TCP also has good biocompatibility both in vitro and in vivo, where it can 

directly bond (osteointegration) with the native bone (Choy et al., 2021; Y. Zhang et al., 

2020). 

Nevertheless, the low flexibility of tricalcium phosphate has led the researchers to modify 

this material by using other components leading it to more flexible features (Canillas et 

al., 2016; Ogose et al., 2005). To overcome this limitation, Taktak et al. (2018) then 

incorporated fluorapatite into ß-TCP to maximise the mechanical properties of this 

biphasic ceramic to study the bioactivity response of this composite in vivo for use in 

bone graft substitute research. In addition, 3D poly (lactic-co-glycolic acid)/β-tricalcium 

phosphate (3D-PLGA/ β-TCP) was also fabricated by Cao et al. (2020), while polylactic 

acid was chosen to be combined with the β-TCP by Salamanca et al. (2021), both to 

improve the flexibility if the ceramics. 

1.6.3 Fluorapatite 

Fluorapatite with the chemical formula Ca5(PO4)3F is another common phosphate mineral 

and is a highly insoluble calcium phosphate phase. Fluorapatite can be produced 
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synthetically from hydroxyapatite by complete substitution of hydroxide ions (OH
ˉ
) with 

fluoride ions (F
ˉ
), where it has the role of developing the skeletal and dental naturally 

while enhancing the acid resistance and hydroxyapatite stability. It is often accompanied 

by hydroxyapatite and forms solid solutions naturally in our bodies, such as bone and 

teeth (Nordquist et al., 2011; Pajor et al., 2019; Rameshbabu et al., 2006; Rey et al., 2008). 

This bioceramic is widely used in the dental field due to the fluoride ions (F
ˉ
) present in 

fluorapatite and hydroxyl-fluorapatite that has a cariostatic effect with the ability to 

reduce demineralisation, thus promoting remineralisation of enamel through the 

restorative material (Beyth et al., 2014; Borkowski et al., 2020). This benefit is supported 

by a statement by the World Health Organization (WHO) stating that fluoride ions (F
ˉ
) 

are a vital substance, especially towards the enamel, in preventing the formation of dental 

cavities and promoting healthy bone growth. FAp was also shown to be well-integrated 

with the adjacent tissues (K. Zhou et al., 2023). In addition, fluoride ions in fluorapatite 

can also reduce the adhesion of the biofilm and bacteria cells and increase the sensitivity 

to acidic medium in the presence of these ions. However, excess F
ˉ
 is detrimental on 

human osteoblast-like cells such as a reduced osteoconductivity and mechanical 

properties, thus requiring a proper control of the amount of F
ˉ 
in the bone regeneration 

scaffolds (Anastasiou et al., 2019; Borkowski et al., 2020; Kulshrestha et al., 2016).  

Furthermore, the documented antimicrobial properties of fluorapatite have led to an 

increased interest in developing novel biomaterials to mitigate bacterial infection and 

colonisation around implants and scaffolds, which is a deleterious clinical problem in 

both regenerative orthopaedics and dentistry (Anastasiou et al., 2019; Malysheva et al., 

2021). FAp is commonly combined with other materials to enhance the desired properties 

of developed composite. Previously, it was used together with a poly-ether ether ketone 

(PEEK) in dental implants to support the lack of bacterial activity, and the binding ability 

of PEEK to the natural bone tissue in research carried out by Wang et al. (2014). In 

addition, FAp was reported to reduce the fragility and the weak rupture resistance of the 

b-TCP ceramics upon incorporation (Taktak et al., 2018). 

1.7 Promoting Signalling Molecules for Bone Healing Treatment 

Bone signalling molecules, mainly known as growth factors (GF), are the proteins 

secreted from cells that function as the communication network in the cellular 

environments by giving signals for specific actions to a targeted cell, including cell 
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proliferation and differentiation. The growth factors are in the interest of many 

researchers due to their expression during bone fracture healing, and making them an 

essential component in bone tissue engineering (Y. Liao et al., 2020; Oliveira et al., 2021).  

Growth factors loaded into a scaffold play a significant role in bone regeneration since 

they will aid the osteoprogenitor cells to migrate and proliferate before differentiating to 

regenerate the bone. There are several popular bioactive agents among the researchers, 

such as bone morphogenetic proteins (BMP), wingless/integrated (Wnt), vascular 

endothelial growth factors (VEGF) and fibroblast growth factors (FGF), as well as 

recombinant human platelet-derived growth factor (rhPDGF). These GF are mainly 

responsible for enhancing the proliferation and differentiation of cells, as well as their 

involvement in angiogenesis and osteogenesis (Glatt et al., 2021; Z. Wang et al., 2017; 

Yi et al., 2016). 

Wnt signalling pathway is responsible for cell function regulation like osteogenesis and 

differentiation of the cells. However, Wnt can interfere with the chondrocytes and 

adipocytes formation (T. Feng et al., 2020; Guler et al., 2021; Yi et al., 2016). It was also 

reported that it failed in repairing the bone when the mesenchymal stem cells (MSC) did 

not differentiate into osteoblast, although its proliferation in the mice model increased 

when they incorporated Wnt with β-catenin (Y. Chen et al., 2007). 

Generally, VEGF, FGF and also placental growth factors were utilised to repair most 

tissue types, while the most extensively used growth factors for the new bone induction 

in repairing bone tissues were transforming growth factor-beta (TGF-β) and BMPs, 

commonly BMP-2, BMP-4 and BMP-7. These various types of BMPs have different 

organs of expression, as well as the individual functions (Borok et al., 2020; Sheikh et al., 

2015). However, BMP-2 and BMP-7 had raised the attention of the researchers due to the 

fact of being among the BMPs that had acquired FDA approval (Z. Wang et al., 2017; 

Wei et al., 2020). Furthermore, another two bone grafts incorporated with growth factors 

that have acquired FDA approval are known as AUGMENT
®

 (ß-TCP granules and a 

collagen matrix with rhPDGF) for the fusion procedures of the ankle and hindfoot, and 

also i-Factor (P15 infused hydroxyapatite particles suspended in a hydrogel vehicle) 

(Arnold et al., 2021; Govoni et al., 2021). 
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1.7.1 Bone Morphogenetic Protein-2 

A commonly used bone-forming factor among researchers is a bone morphogenetic 

protein (BMP), a member of the β-transforming growth factor (β-TGF). It was approved 

by the FDA in 2002 for use in bone-regenerative scaffolds (Bessa, P.C., Casal, M. and 

Reis, 2008; Govoni et al., 2021; James et al., 2016). Its sequence was first identified by 

Wozney et al. in 1989 and validated to have the ability to induce the mice endochondral 

cells' ossification process (Gimble et al., 1995). There are over 40 types of BMPs 

available since it was found, such as BMP-2, BMP-3, BMP-4, BMP-5, BMP-6 and BMP-

7, but in the bone regeneration process, BMP-2 and BMP-4 will have higher expression 

in the early stages (Dimitriou et al., 2005). This information is vital for bone tissue 

regeneration engineers to investigate the proliferation and differentiation process of the 

cells in demineralised bone. Besides the pleiotropic nature of the BMP-2, which can 

intensify fracture healing, it gathers the stem cells to the site of injury before 

differentiating them into osteoblast, together with the angiogenesis stimulation towards 

better vascularisation (Reves et al., 2011). 

In addition, BMPs play a significant task in regulating cell proliferation, osteoblast 

differentiation, embryonic development and further bone development, as well as in 

organogenesis and apoptosis (Borok et al., 2020; Chao et al., 2021; Saito et al., 2003). 

Nevertheless, their molecular pathway regarding osteoblast differentiation remains the 

need for further exploration. Subsequently, the adverse effects associated with BMP-2 

including abnormal osteoclast differentiation that causes increased bone resorption is also 

a concern regarding its use (Lee et al., 2021; Xiong et al., 2020). 

Although the effectiveness of BMP-2 in speeding up bone healing has been validated, the 

studies on its performance on critical-sized defects and non-unions are still ongoing 

(Hettiaratchi et al., 2020; Lee et al., 2021; Rosenberg et al., 2019; Tsiklin et al., 2022). 

This growth factor has been utilised in a collagen sponge carrier; however, its main 

limitation was the burst release, where it was recorded that approximately 50% of BMP-

2 was released in the first 2.5 days and a complete release after two weeks, leading to 

limited bioavailability in situ (Busch et al., 2021; Huber et al., 2017; Wigmosta et al., 

2021).  
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1.7.2 Peptides derived from Bone Morphogenetic Protein-2 

Researchers have also derived osteogenic peptides from BMP group proteins due to their 

small relative molecular weight, known physiological effect, flexibility to use, as well as 

lower cost demands (Meng et al., 2021; Xiong et al., 2020; J. Zhou et al., 2020). There 

are two sites of interest in the complex structure of BMP-2 dimer, known as wrist and 

knuckle epitope regions (Figure 1.9). Extensive reports were proposing the ability of 

peptides derived from this knuckle region to induce osteogenesis, thus enabling it to 

substitute the full-length of rhBMP-2 (Bain et al., 2015; Cui et al., 2016; Saito et al., 2003; 

Y. Wu et al., 2020). 

 

 

Figure 1.9 Modelled complex structure of BMP-2 dimer, highlighting the wrist and knuckle epitope region of the 
BMPR-I and BMPR-II cognate receptors, respectively (Y. Wu et al., 2020). 

Initially, a synthetic peptide, P4, synthesised from the knuckle epitope of BMP-2 (73-92), 

was reported to increase the alkaline phosphatase (ALP) and osteocalcin activity to the 

highest levels in the murine multipotent mesenchymal cell line, C3H10T1/2, compared 

to the other BMP-2 derived peptides, P1, P2, P3, P4sp, P5 and P6 (68-87, 68-92, 78-97 

and 44-58) (Ahn & Je, 2019; Saito et al., 2003). This BMP-2 knuckle epitope derived 

peptide (P4) has also shown to increase the osteopontin and mineral deposition in clonally 

derived murine mesenchymal stem cells (7F2) (Madl et al., 2014). Subsequently, another 

short BMP-2 related peptide called P24 with a molecular weight of 2630.88 g/mol was 

then synthesised, that can regulate bone-repairing responses similar to P17 and P20. This 

peptide consists of chemically stable small molecules and a linear structure as a biological 
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active site, and is believed to promote bone marrow stromal cell adhesion, enhance 

ectopic osteogenesis, and repair critical-sized rabbit bone defects (Y. Chen et al., 2017; 

Niu et al., 2009; C. Wang et al., 2017).  

Following the P24 synthesis, Cui et al. (2016) had improved the work mentioned above 

by synthesising a longer BMP-2 dimer-knuckle epitope derived peptide chain called P28. 

This P28 peptide was incorporated in silicon-doped HAp scaffold and shown to induce a 

similar osteoinductive function as rhBMP-2 itself (Cui et al., 2016, 2018). P28 indeed 

possess several significant properties compared to BMP-2 in terms of its smaller relative 

molecular weight and better chemical stability that can improve its biological effects 

(Meng et al., 2021). The most impressive feature of P28 in this bone tissue engineering 

field is its repetitive amino acid sequences with high bonding ability towards calcium 

phosphate materials. This feature can lead to an extended release with higher delivery 

specificity to the intended site, thus giving a promising outcome to be discovered in future 

bone substitutes research (Meng et al., 2021; Xiong et al., 2020). Furthermore, the 

biomimetic feature of peptides in retaining the osteogenic features of the larger proteins 

offers greater control over cellular interactions. The shorter chains of peptides are 

advantageous in overcoming the steric effects, folding, immunogenicity and 

susceptibility to degradation problems of the larger proteins, thus leading to better 

signalling and binding domains availability for the required cellular interactions (Bullock 

et al., 2021).  

1.8 Clinical Application of Protein and Peptide and its Related Issues 

Other than the challenges faced in using BMP-2 such as the off-target complications, 

including ectopic calcification, transient bioactivity, and short half-life in vivo, 

researchers also need to overcome the insufficient mechanical strength of scaffold and 

lack of BMP-2 bioactivity (Huber et al., 2017; Sheikh et al., 2015; Xiong et al., 2020). 

Therefore, despite the great osteogenic features possessed by P28 as mentioned in the 

previous section, there is a need to design a fully-functional carrier, which is the scaffolds. 

The performance of bone substitute scaffolds can be improved by tuning the scaffold 

composition and its fabrication method, as well as incorporating the osteoinductive 

therapeutic ingredients. Several methods can be considered in fabricating the best binding 

or incorporation method of the osteogenic factors to the bone scaffolds (Blackwood et al., 

2012), visualised in Figure 1.10. 
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Figure 1.10 Current methods for fabricating GF-loaded scaffolds, mainly binding the GF to the scaffolds and the 
physical entrapment within scaffolds. (Blackwood et al., 2012) 

The researchers used two approaches in incorporating growth factor to the vehicles: 

binding the growth factors directly onto the scaffolds or entrapping the growth factors 

within the porous scaffolds. The most commonly used method is just by soaking the pre-

fabricated scaffolds in a solution containing a high concentration of growth factors with 

or without buffers, such as BMP-2 due to its high binding capacity (Amariei et al., 2018; 

Durham et al., 2018; Gherasim et al., 2021; Suliman et al., 2015; Yun et al., 2013). 

However, this physical immobilisation method requires a very high loading concentration 

of growth factors, resulting in less binding efficiency, thus increasing the cost needed. 

These physical methods can also lead to the burst release phenomenon without a stable 

combination (Meng et al., 2021; Paxton et al., 2020; H. Zhang et al., 2010). 

In order to ensure better growth factor release control while maintaining its therapeutic 

effects, more advanced technologies were considered in loading the growth factors into 

the scaffolds, including encapsulating the growth factor in microspheres before 

embedding them into the scaffolds, as well as covalently crosslinking the growth factors 

through the enzymatical reaction between the materials (Blackwood et al., 2012; He et 

al., 2018; Mumcuoglu et al., 2018; Suliman et al., 2015). Furthermore, a one-step 

photocrosslinking of the osteogenic agents into the scaffolds under UV light has also 

caught the interest of the tissue engineering researchers, where this method eliminates the 

step of functionalising photoreactive materials to the growth factors before incorporating 
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them into the scaffolds (T. M. De Witte et al., 2020; Devine et al., 2017; Julia E. 

Samorezov & Alsberg, 2016; Masters, 2011). Previously, it was reported that the UV 

treatment on bovine serum albumin (BSA) in the presence of riboflavin photosensitiser 

did not induce protein denaturation, shown by the unchanged Amide I and Amide II bands 

of this BSA hydrogel in FTIR spectra (Rusu et al., 2019). However, the functionality of 

the UV-crosslinked growth factors on scaffolds such as the osteogenicity following the 

procedures is still insufficient, requiring a more detailed investigations. 

Based on the extensive information outlined in this section, our proposed body of work 

has covered the modification of chitosan scaffold fabrication in terms of crosslinking 

reaction, with several types of bioactive ceramics incorporation, different amount of 

photoinitiator application and the tests for equivalent crosslinking time for the scaffolds. 

The studies on the mechanical properties and biodegradation behaviour, as well as the 

release profile, were also outlined in this document, while the incorporation of several 

bone-inducing factors was addressed in terms of their bioactivity. Finally, the bone 

regenerative capacity of the growth factors-crosslinked scaffolds was described through 

the implantation of the scaffolds in the femoral condyle defects of Sprague Dawley rats, 

with several modifications in the scaffold formulations for the subsequent animal testing. 

1.9 Research Question 

Can the controlled release of low doses of osteoinductive agents covalently-linked to 

biodegradable scaffolds result in equivalent bone healing to commercially available 

products? 

1.10 Objectives 

1) To optimise the fabrication method of bone regeneration scaffolds to enhance the 

mechanical properties that will lead to a higher load-bearing capacity of the scaffolds. 

2) To tune the biodegradation profile of the scaffolds while reducing the burst release 

response and extending the release of the osteoinductive agents from the scaffolds. 

3) To investigate the osteogenicity of P28 peptide as an alternative osteoinductive 

agent to the existing FDA-approved BMP-2 treatment for bone healing. 

4)  To validate the osteoinductivity of the osteogenic agents following the covalent 

bonding to the scaffold under UV-crosslinking procedures. 
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5)  To investigate the ability of the osteoinductive agent-loaded scaffolds in forming 

new bone following implantation in the rat femoral condyle defect model. 

6) To introduce antimicrobial functionality by developing fluorapatite from 

hydroxyapatite prior to incorporating it into scaffolds and thus leading to antimicrobial, 

osteoconductive scaffold composite formulation. 
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Chapter 2: Materials and Methods 

2.1 Materials 

Chitosan, high molecular weight (MW) (419419-50G), Hydroxyapatite (04238-1KG), 

Ethanol ≥99.8% (51976-500ML-F), Water for HPLC (270733-2.5L), Phosphoric acid 

≥85 (438081-500ML), Sodium fluoride ≥99% (S7920-100G), Trifluoroacetic acid 99% 

(T6508-100ML), Phosphate buffered saline (P4417-50TAB), Hydrochloric acid, ACS 

reagent (258148-500ML), C2C12 Mouse C3H Muscle Myoblast (91031101-1VL), 

Dulbecco’s Modified Eagle’s Medium-high glucose (D1145-500ML), Trypsin-EDTA 

Solution 1X (59428C-500ML), Fetal Bovine Serum (F7524-500ML), Penicillin-

Streptomycin (P4333-20ML) and L-Glutamine solution (G7513-20ML) were obtained 

from Sigma Aldrich. Human/Murine/Rat BMP-2 (E.coli) (120-02) were purchased from 

Peprotech (Peprotech House, London, United Kingdom), while P28 Peptide sequence 

>98% purity was synthesised by Pepmic (Pepmic Co. Ltd., Suzhou, China). Sodium 

bicarbonate 99.5% was purchased from Acros Organics (Fisher Scientific UK Ltd, 

Loughborough, United Kingdom), Poly(ethylene glycol) (600) dimethacrylate (02364-

100) was obtained from Polysciences Inc. (Polysciences Europe GmbH, Germany) and 

Benzophenone, 99% (A10739.30) was purchased from Alfa Aesar (Thermo Fisher 

(Kandel) GmbH). Water HPLC Gradient for HPLC 2.5L (CC34877-2.5L-F) and 

Acetonitrile Hplc Chromasolv Gradient Grade 99.9% 2.5L (CC34851-2.5L-F) were 

purchased from Lennox. PLRP-S 300A 3uM 150X4.6MM (AGIPL1512-3301) and 

InfinityLab Deactivator Additive (25mL) (AGI5191-3940) were obtained from APEX 

Scientific (APEX Scientific Ltd., Maynooth, Kildare. Powder for Induct Os 1.5mg/ml 12 

mg Dibotermin Alfa and Collagen Sponge Matrix for InductOs Bovine Type I Collagen 

were generously provided by Medtronic (Medtronic BioPharma, Watford, United 

Kingdom). Ketamine, 90 mg/kg (Narketan
®

-10, Vetoquinol UK Ltd.), Xylazine, 5 mg/kg 

(Xylaxin
®

, Med Vet Biolinks Pvt. Ltd., India), Lidocaine hydrochloride injection 2%, 4 

mg/kg (Anacaine, USA) and Isoflurane gas (Abbot Laboratory Ltd., England) were used 

for general anaesthesia. Ethanol, povidone-iodine (Betadine
®

, USA), chlorhexidine 

(Hibiscrub
®

, UK), Opsite spray (Smith and Nephew, England) and normal saline 

(RinsCap
®

, Ain Medicare, Malaysia) were also used. Double-fluorochrome injections: 

Calcein and xylenol orange tetrasodium salt were purchased from Sigma Aldrich, UK. 
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2.2 Fabrication of Chitosan Composite Scaffolds 

2.2.1 Optimisation of Chitosan Composite Scaffold through Extended UV 

Crosslinking 

A chitosan-based scaffold was prepared by dissolving 1.5 g of high MW chitosan powder 

in 12.5 ml of 1% (v/v) acetic acid, yielding a 12% (w/v) paste. The paste was left on the 

bench for an hour, allowing a protonation reaction to occur before being neutralised in 

0.1 M sodium bicarbonate solution for 10 min. It was then pressed between filter papers 

to remove excess sodium bicarbonate solution. Subsequently, 100 µl of PEGDMA600 

and 50 µl of 0.1% (w/v) benzophenone in ethanol were consecutively added to the paste 

and mixed well. The chitosan paste was then transferred into silicone moulds to make 20 

mm circular tablets and subjected to an ultraviolet (UV) crosslinking process using a UV 

curing system (Dr. Gröbel UV-Electronik GmbH, Opsytec Dr. Gröbel, Ettlingen, 

Germany) under 20 UV lamps with a spectral range between 315–400 nm and at the 

average intensity of 10–13.5 mW cm2 for 40 min. All the samples were flipped over mid-

process. This crosslinking time was determined experimentally in the previous 

investigations to be sufficient to cure the composites (Devine et al., 2017; Killion et al., 

2011, 2014). 

2.2.2 Incorporation of Hydroxyapatite (HAp) and Tri-Calcium Phosphate-α 

(TCP-α) into Chitosan Scaffold  

 

Table 2.1 Chitosan scaffold formulations with bioactive ceramics. 

  Weight (g) Volume (µl) Volume (ml) 

  CS HAp TCP-α BP PEG600DMA Acetic acid 

 

 

CS+HAp

+TCP-α 

 

 

1:0:0 1.5 0 0 50 100 12.5 

1:1:0 1.5 0 0 50 100 12.5 

2:1:0 1.5 0 0 50 100 12.5 

1:0:1 1.5 1.5 1.5 50 100 12.5 

2:0:1 1.5 0.75 0.75 50 100 12.5 

2:1:1 1.5 0.75 0.75 50 100 12.5 

Annotations: CS: chitosan; HAp: hydroxyapatite; TCP-α: tri calcium phosphate-α; BP: 
benzophenone; PEG600DMA: polyethylene glycol dimethacrylate 600 

Chitosan paste was prepared as per section 2.2.1. Following the addition of 

benzophenone, various ratios and combinations of scaffold formulations were made by 
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adding HAp and/or TCP-α into chitosan paste with ratios as shown in Table 2.1. After 

mixing, the sample pastes were placed in the silicon moulds and cured as outlined in 

Section 2.2.1. 

2.2.3 Preparation of Fluorapatite into Chitosan Composite 

Fluorapatite (FAp) was prepared from hydroxyapatite and sodium fluoride through the 

chemical substitution method (Campillo et al., 2010; Nordquist et al., 2011) before 

incorporating this material into chitosan-based scaffolds. A solution of 10 mol/litre 

phosphoric acid (H3PO4) was prepared by making up 6.85 ml H3PO4 with water in a 10 

ml volumetric flask. The high acid concentration was made to dissolve sodium fluoride 

(NaF). Subsequently, 3.2 ml of the acid solution prepared in a beaker was added to 4.6 g 

of NaF. The mixture was subjected to magnetic stirring until all the NaF was dissolved. 

Once all the NaF was dissolved, the solution was added gradually into 5 g of 

hydroxyapatite powder until mixed thoroughly. The fluorapatite powder was finally 

obtained at the end of the process (Figure 2.1). This FAp powder was sent to scanning 

electron microscopy (SEM) to analyse the elements present. This FAp powder was then 

incorporated into chitosan paste similar to the HAp and TCP-α mixing method in section 

2.2.2, making CS/FAp composite (1:1). 

 

Figure 2.1 Fluorapatite (FAp) powder prepared through chemical substitution method. 
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2.2.4 Chitosan/Hydroxyapatite Blend using Various Amounts of Photoinitiator  

Four beakers of chitosan paste with hydroxyapatite were made as outlined in section 

2.2.2. However, different amounts of 0.1% (w/v) benzophenone (50, 20, 5 and 1 µl) were 

added into CS/HAp paste to investigate the effect of the photoinitiator concentrations on 

the scaffold degradation profile and followed by UV curing as mentioned in section 2.2.1.  

Table 2.2 Scaffold compositions with various benzophenone concentrations. 

 Weight (g) Volume (µl) Volume (ml) 

 CS HAp BP PEGDMA 

600 

Acetic acid 

CS/HAp 

1:1 

1.5 1.5 20 100 12.5 

1.5 1.5 5 100 12.5 

1.5 1.5 1 100 12.5 

Annotations: CS: chitosan; HAp: hydroxyapatite; BP: benzophenone; PEGDMA600: 
polyethylene glycol dimethaacrylate 600 

2.2.5 Chitosan Composite Fabrication using Different Crosslinking Time in UV 

Curing Chamber 

In order to test the effect of different UV curing times on different scaffold sizes, two sets 

of chitosan/hydroxyapatite (CS/HAp) scaffolds of two different sizes, 2.1 and 0.5 cm in 

diameter, were made as outlined in section 2.2.4 with 5 µl 0.1% (w/v) benzophenone. The 

scaffolds in both sizes were UV-cured for 10, 20, 30 and 40 minutes. All of the samples 

were flipped mid-curing. 

2.2.6 Osteogenic Factor Incorporation into Chitosan/Hydroxyapatite Scaffolds 

CS/HAp scaffold with 5 µl 0.1% (w/v) benzophenone (0.5 cm diameter) was prepared 

prior to the growth factor and peptide incorporation. Briefly, 1.5 g of high molecular 

weight chitosan was dissolved in 12.5 ml 1% v/v acetic acid and left on the bench for an 

hour. The chitosan paste was then neutralised in 0.1 M sodium bicarbonate solution for 

10 min before being pat-dried with filter paper. Subsequently, 100 µl of PEGDMA600 

and 5 µl of 0.1% w/v benzophenone in ethanol were consecutively added and thoroughly 

mixed. HAp powder of a similar ratio to chitosan was then added to the paste and mixed 

thoroughly. The BMP-2 and P28 peptide powder were reconstituted in ultrapure water to 

provide 20 µg/ml and 5000 mg/ml solutions, respectively. Then, either 5 µl of the BMP-

2 solution or P28 was injected into each scaffold, making CS/HAp/100 ng BMP-2 and 

CS/HAp/25 µg P28 scaffolds. Samples were then UV-cured for 10 min and flipped over 
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mid-curing. Following the UV curing, all scaffolds were kept in a sterile container and 

frozen at −20 ◦C until they were ready to use. CS/HAp control scaffolds without 

osteogenic factors were made in the same manner. 

2.2.7 Chitosan-based Scaffolds for In vivo Implantation 

For the initial in vivo test, CS/HAp scaffolds were made as outlined in section 2.2.6. 

However, 2 mg/ml rhBMP-2 and 5 mg/ml P28 were prepared before injecting 5 µl of the 

solutions into scaffolds prior to UV crosslinking to make CS/HAp/10 µg rhBMP-2 and 

CS/HAp/25 µg P28, respectively.  

Subsequently, another animal trial utilised six different formulations with varied chitosan 

molecular weights, bioceramics ratio and P28 peptide concentrations: 12% LW 

CS/HAp/FAp 1:1, 12% HW CS/HAp/FAp 1:1, 12% HW CS/HAp/FAp 1:0.75, 12% HW 

CS/HAp/FAp 1:1/P28 25µg, 12% HW CS/HAp/FAp 1:1/P28 75µg and 12% HW 

CS/HAp/FAp 1:1/P28 150µg. The compositions of these scaffolds are outlined in (Table 

2.3) and UV-cured similar to the steps detailed in section 2.2.6. 

Table 2.3 Scaffold compositions for the second in vivo implantation. 

 

Ratio 

HAp:FAp 

Weight (g) Volume (µl) Volume 

(ml) 

CS (MW)  

 

HAp FAp BP PEGDMA 

600 

5 mg/ml 

P28 

Acetic acid 

1:1 (LW) 1.5 0.75 0.75 5 100 0 12.5 

1:1 (HW) 1.5 0.75 0.75 5 100 0 12.5 

1:0.75 (HW) 1.5 1 0.75 5 100 0 12.5 

1:1 (HW) 1.5 0.75 0.75 5 100 5 12.5 

1:1 (HW) 1.5 0.75 0.75 5 100 15 12.5 

1:1 (HW) 1.5 0.75 0.75 5 100 30 12.5 

 

2.2.8 Pulse UV Sterilisation of Osteogenic Factor Incorporated 

Chitosan/Hydroxyapatite Scaffold  

All chitosan/hydroxyapatite (CS/HAp) scaffolds were sterilised using a bench-scale 

Pulsed-UV chamber (Samtech Pulsed UV system, Samtech Ltd., Glasgow, Scotland) 

(Figure 2.2). A low pressure (60 kPa) flash lamp containing xenon gas (Heraeus 

Noblelight XAP type NL4006 series encased in a clear UV transparent quartz tube) was 
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connected to this chamber. This flash lamp generated a high-intensity broad spectrum 

polychromatic pulsed light beam between 200-1100 nm (Kelly, 2019). This method was 

preferred over liquid sterilisation due to the concern that liquid such as isopropyl alcohol 

(IPA) might wash out the osteogenic factors from the scaffolds before the treatment in 

the cells.  

Before starting the sterilisation procedures, scaffold discs were placed in three different 

petri dishes and labelled according to the formulations. The voltage was set to 800 V. The 

setting button and the pulse control were set to be ‘auto’ and one pulse/second, 

respectively, shooting 90 UV pulses of 800 V onto the scaffolds.  

 

Figure 2.2 Pulse-UV chamber with xenon flash lamp utilised for scaffold sterilisation (Kelly, 2019). 

2.3 Crosslinking Test 

Crosslinking testing was carried out by submerging all types of the scaffold in 1% (v/v) 

acetic acid for 5 minutes, 1.5 hours and 24 hours to qualitatively assess the linkage formed 

between the materials post-UV curing process. 

2.4 Fourier-Transform Infrared Spectroscopy 

An attenuated total reflectance (ATR) Fourier-transform infrared (FTIR) spectroscopy 

was utilised to study the linkage and structural properties of the scaffolds using a Perkin-

Elmer Spectrum One FTIR spectrometer fitted with a universal ATR sampling accessory. 

A spectral range of 4000-650 cm
-1

 and four scans per sample cycle were carried out, with 

a resolution of 0.5 cm
-1

 at room temperature.  
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All samples were dried in a vacuum oven at 37 ℃ and 70 mbar prior to the tests to avoid 

the broad water peak from shadowing the significant signature peaks of the materials. All 

spectra obtained were analysed following the tests to observe the linkage formed within 

all the formulations. 

2.5 Compression Test 

Compression testing was carried out to assess the strength of the scaffold fabricated using 

a Lloyd LRX tensometer (Lloyd Instruments Ltd., Hampshire, England) with a 2.5 KN 

load cell in compression mode, and the results were analysed in NEXYGEN
™

 software. 

The samples were dried using a vacuum oven (Salvis Lab Vacucenter VC50, Rotkreuz, 

Schweiz) at 37ᵒC and 70 mbar for 24 hours prior to testing. Then, they were submerged 

in phosphate-buffered saline (PBS) for an hour prior to testing. The PBS solution was 

made by dissolving a PBS tablet in 200 ml of deionised water, yielding a pH of 7.4. Their 

weight was recorded using an analytical balance (Denver Instrument M-310, Bohemia, 

New York) and denoted as w0. 

Subsequently, the compression test was carried out at a rate of 0.5 mm/min and set to stop 

at 60% strain. The Young’s modulus values of all the samples obtained from the software 

were analysed. 

2.6  Simulated Body Fluid Preparation 

Simulated body fluid (SBF) was prepared as outlined by Kokubo and Takadama (2006). 

First, 1500 ml ultra-pure water was poured into a 2L beaker and covered with a watch 

glass, and it was subjected to magnetic stirring at 36.5 ºC. Eight reagents were added 

consecutively following the dissolution of the previous reagent (Table 2.4). After reagent 

eight (Sodium sulphate, Na2SO4) was added to the mixture, the volume of the solution 

was made to be 1800 ml by adding water. A pH meter was used to monitor the pH value, 

which was found to be a pH 2 due to the presence of the acidic reagents before adding 

reagent nine. This reagent (tris-hydroxymethyl aminomethane) in Table 2.4 was added 

gradually to avoid an excessive increase in the pH of the solution. The addition of reagent 

nine was stopped when the pH reached 7.45. A few drops of 1M HCl were added to bring 

the pH value to 7.42. This process was repeated until the whole amount of reagent nine 

was added to the SBF solution. 

The temperature was kept to be 36.5 ̊C throughout the experiment. The SBF solution was 

then transferred into the 2L volumetric flask, and ultra-pure water was added to adjust the 
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volume of the solution to two litres. It was then allowed to cool for an hour at room 

temperature, and the volume of the solution was expected to decrease upon cooling and 

so the volume of solution was adjusted again by adding ultra-pure water until it reached 

the graduation mark. The flask was then closed and lightly shaken. The solution was 

transferred to a 2L polypropylene bottle and stored in the refrigerator at 4 ̊C. The stability 

of the solution was tested by transferring 50 ml of the solution into a bottle and left in an 

incubator at 36.5 ̊C. After 2-3 days, it was examined to determine any precipitate 

formation. If precipitation was present, the solution was discarded and remade. 

Table 2.4 The chemical components used in preparing the simulated body fluid. 

Order Reagent Amount 

1 Sodium chloride, NaCl 16.7 g 

2 Sodium bicarbonate, NaHCO3 0.71 g 

3 Potassium chloride, KCl 0.45 g 

4 Dipotassium hydrogen phosphate trihydrate, 

K2HPO4 

0.462 g 

5 Magnesium chloride, MgCl 0.291 g 

6 Hydrochloric acid, HCl (1M) 78 ml 

7 Calcium chloride, CaCl 0.584 g 

8 Sodium sulphate, Na2SO4 0.144 g 

9 Tris-hydroxymethyl aminomethane 

(CH2OH)3CNH2 

12.236 g 

10 Hydrochloric acid, HCl (1M) X ml (For adjusting pH) 

 

2.7  Degradation Assessment 

Three batches of samples were subjected to  degradation assessment in the previously 

made simulated body fluid (SBF). The first batch applied different bioactive ceramics 

incorporated in the scaffold formulations. In contrast, the second batch consisted of 

varying amounts of benzophenone (BP) in the CS/HAp scaffold, and fluorapatite was 

added as the third batch of the degradation profile assessment. All the formulations were 

prepared as described earlier, and the compositions are listed (Table 2.5). 
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Table 2.5 The scaffold composition utilised for  degradation test. 

Batch No. Composition Number of samples (n) 

 

1 

CS/HAp (1:1) with 50 µl BP 5 

CS/TCP-α (1:1) with 50 µl BP 5 

CS/HAp/TCP-α (2:1:1) with 50 µl BP 5 

 

2 

CS/HAp with 20 µl BP 3 

CS/HAp with 5 µl BP 3 

CS/HAp with 1 µl BP 3 

3 CS/FAp with 20 µl BP 3 

Annotations: CS: chitosan; HAp: hydroxyapatite; TCP-α: tri calcium phosphate-α, FAp: 
fluorapatite; BP: benzophenone 

The samples were dried in a vacuum oven at 37℃ and 70 mbar for 24 hours. The dried 

weight of each of the samples was measured and noted as the dried weight before 

degradation, w0. The samples were then placed into small petri dishes with lids, and 5 ml 

of SBF were added to each of the petri dishes. The dishes containing the scaffold samples 

were wrapped with parafilm and kept in the oven (Gallenkamp Hotbox Oven with Fan 

Size 1, Sanyo, Weiss) at 37℃ under static conditions. The SBF solution for all samples 

was refreshed twice a week. 

All samples were collected at weeks 0, 1, 2, 4, 8, and 16 or until the samples were 

disintegrated during handling. Their integrity was assessed during handling before being 

subjected to compression testing to evaluate their degradation profile and strength while 

degrading. The scaffolds' dry weight before and after the test were recorded, and the 

percentage weight of the materials washed off the scaffolds over eight weeks was 

calculated (n=3) by using the formula below (Y. Chen, 2018; X. Liu et al., 2014; 

Saravanan et al., 2011).  

 

w0 represents the initial dry weight, and w1 represents the final dry weight. 

2.8 Swelling Studies 

Swelling studies were conducted on the crosslinked scaffolds (n=3) with different 

bioceramic formulations (CS/HAp, CS/TCP-α and CS/FAp) and also the varied 

photoinitiator amount (CS/HAp with 20, 10 and 5 µl of 0.1% w/w benzophenone) to 

quantitatively assess the cross-linkage formed within the biomaterials. 

Degradation weight = (w0 – w1) / w0 x 100 
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The scaffolds with an average mass of 2.45 g each were dried in the vacuum oven at 37 

ᵒC and 70 mbar for 72 hours before recording the dry weight, wd. The scaffolds were then 

submerged in 1% acetic acid for 48 hours before drying them again in the vacuum oven 

for 72 hours to assess the effectiveness of the crosslinking reaction. The final equilibrium 

dry weight was recorded and denoted as wef before calculating the gel fraction in acetic 

acid (GFAA) by using the following formula: 

GFAA = 
!"#
!$ × 100 

Subsequently, a new set of scaffolds as detailed above were further submerged in pH 7.4 

PBS at ambient temperature for 48 hours until the samples had reached swelling 

equilibrium. The samples were pat dried using filter papers, and the weight was recorded 

as ws. Subsequently, the scaffolds were dried again in the vacuum oven for 72 hours until 

they reached equilibrium dry weight, we. The swelling percentage, equilibrium water 

content (EWC), water uptake (WU) and gel fraction in PBS (GFPBS) of the scaffolds was 

calculated by using the formulas: 

% Swelling = 
!%
!$ × 100 

EWC = 
(!%'!$)

!% × 100 

WU = 
(!%'!$)

!$ × 100 

GFPBS = 
!"
!$ × 100 

2.9 Identification and Evaluation of Osteoinductive Factors-Release from 

Chitosan/Hydroxyapatite Scaffold 

BMP-2 and P28 incorporated scaffolds, and the empty control scaffolds (CS/HAp/BMP-

2, CS/HAp/P28 and CS/HAp) were defrosted to room temperature on the bench for ca. 

five minutes prior to use. All scaffold samples used in this study had a thickness of 3 mm 

and 5 mm in diameter. The samples were separately placed in 2 ml Eppendorf tubes and 

filled with 200 µl of ultrapure water. Three scaffolds were used per formulation. (Figure 

2.3). The scaffolds were then incubated at 37 ◦C in a 120 rpm incubator shaker (Innova 

4000, New Brunswick Scientific) for the following time points: 1, 6, 24, 48, 72, 192, 264 

and 336 h to release the covalently-bonded growth factors over these 14 days. Aliquots 

of 150 µl were collected from each scaffold formulation at each time point and stored in 
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200 µl tubes. Aliquots were frozen at −20 ◦C until testing (n = 3). The tubes were then 

refreshed with the same 150 µl of ultrapure water. 

 

Figure 2.3 The BMP2 and P28 scaffolds release sample setup. 

 

2.9.1 High-Performance Liquid Chromatography Method Development for Bone 

Morphogenetic Protein-2 Release Analysis 

The growth factor-release samples were analysed using high-performance liquid 

chromatography (HPLC) (Waters Alliance 2965 Separations Module, Waters 

Ges.m.b.H., Vienna, Austria) fitted with Waters 2487 Dual Wavelength Absorbance 

Detector (Figure 2.4). A BMP-2 standard was prepared to 30 ng/ml solutions and 

transferred into HPLC vials following the filtration using centrifugal concentrators at 

12,000 rcf for ten minutes. 
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Figure 2.4 HPLC system equipped with a dual-wavelength UV detector used in the growth factor analysis. 

In the beginning, a system suitability testing of two wavelengths (220 and 240 nm) was 

carried out by running six injections of each standard before calculating the mean, 

standard deviation (Std Dev) and percentage relative standard deviation (%RSD) 

following the run. This method was purposed to find the suitable wavelength and to 

ensure that the system set has a good reproducibility indicated by lower values of %RSD. 

Subsequently, the HPLC system was set up to run the prepared protein standard. A PLRP-

S column (Agilent Technologies, USA) with 3μm particle size, 300Å pore size and 4.6 x 

150 mm dimensions was used with 220 nm wavelength set on the detector, while the flow 

rate was set to be 1 ml/min with an injection volume of 10 µl. The runtime was set for 35 

minutes to observe the elution of these standards at the retention time outlined at 28 

minutes. The gradient-mobile phase was fixed with two compositions, A: 0.1% 

trifluoroacetic acid (TFA) in 100% water (H2O) and B: 0.1% TFA in 100% acetonitrile 

(ACN) (Table 2.6). 
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Table 2.6 Gradient-mobile phase for BMP-2 analysis with A: 0.1% trifluoroacetic acid (TFA) in 100% water (H2O) 
and B: 0.1% TFA in 100% acetonitrile (ACN). 

Gradient/Time A B 

0.1 min 74% 26% 

25 min 49% 51% 

25.1 min 0% 100% 

30.0 min stop 

 

The needle-wash solution of 90% of ACN: 10% H2O and a maximum volume of this 

solution were utilised to rinse the needle to ensure the needle was thoroughly rinsed 

before the subsequent injections. 

The release samples were prepared for the HPLC run from the earlier 150 µl frozen 

aliquots. The samples were thawed to room temperature for ten minutes, and 350 µl of 

ultrapure water was added to make up 500 µl total solution. Following that, all the 

samples were filtered by using centrifugal concentrators at 12 000 rcf for ten minutes to 

remove any particulate from the scaffolds that might be present. Then, they were 

transferred into HPLC vials and labelled. 

Subsequently, the protein release samples and control were run in the same system set up 

as the standards before calculating the concentration of the release samples from the peak 

areas of the chromatogram by using the following formulas: 

(i) Adjusted area = Area of standard – Area of water (for standards) 

= Area of sample – Area of control (for samples) 

(ii) Concentration of Sample = Area of Sample / Area of Standard ×     

Concentration    of     Standard 

2.9.2 High-Performance Liquid Chromatography Method Development for P28 

Peptide Release Analysis 

The HPLC system was set up using the mobile phase gradient outlined by the peptide 

supplier. A bioZen 2.6 µm WidePore C4 column (Phenomenex, USA) with 150 mm x 

2.1 mm dimension was utilised to analyse the P28 peptide. The wavelength was set to 

220 nm, and the flow rate was set to 0.3 ml/min with an injection volume of 10 µl. A 

column oven was set up to 30℃ to reduce peptide viscosity in the mobile phase 
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throughout the system. A gradient mobile phase was utilised, with A: 0.1% TFA in 100% 

H2O and B: 0.1% TFA in ACN (Table 2.7). 

Table 2.7 Gradient-mobile phase for P28 analysis with A: 0.1% trifluoroacetic acid (TFA) in 100% water (H2O) and 
B: 0.1% TFA in 100% acetonitrile (ACN). 

Gradient/Time A B 

0.1 min 85% 15% 

25 min 45% 55% 

30.0 min 0% 100% 

31.0 min stop 

 

Subsequently, a scouting gradient was applied since there was no peak was observed 

using the outlined gradient using the same mobile phase A and B (Table 2.8):  

Table 2.8 Scouting gradient to identify the retention time of the analyte. 

Gradient/Time A B 

0 min 95% 5% 

20 min 5% 95% 

 stop 

Upon no analyte peak present, an isocratic mobile phase was used in a 5% A and 95% B 

mixture. 

2.9.3 Preliminary P28 Peptide Release Analysis Using UV Spectrometer 

Initially, both BMP-2 and P28-released samples were detected and analysed using the 

HPLC system. However, issues related to the high affinity of the osteoinductive agents 

towards the stainless-steel system were encountered, despite a number of troubleshooting 

executed to overcome these biocompatibility issues. The troubleshooting included 

increasing the needle wash volume and organic content of the wash, as well as conducting 

column cleaning procedures as enclosed by the supplier to ensure that the column was 

cleared from any protein contaminants to eliminate the pre-sampling peaks before the 

new sample run but to no avail.  

Therefore, the amount of P28 released was quantified by using a UV-1280 UV 

Spectrometer (Shimadzu, Torrance, CA, USA) at 220 nm. The serial standards of P28 

peptide were prepared at dilution factors of 1:20, 1:40, 1:80, 1:160, 1:320 and 1:640. The 
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percentage of the released P28 peptide from the scaffolds was calculated using the 

equation from the standard curve. 

(i) Analyte concentration (µg/ml) = Concentration from equation × dilution factor.  

(ii) Mass of analyte (µg) = Analyte concentration × volume of samples.  

(iii) Percentage of analyte (%) = Mass of analyte ÷ Initial mass of P28 × 100.  

However, BMP-2 samples were unable to be analysed using this system since the 

concentrations of the initial concentration used fell below the detection limit of the UV 

spectrometer. 

2.10  Resazurin Antimicrobial Assessment of the Scaffolds in Gram-Positive and 

Gram-Negative Bacteria 

Resazurin, also known as Alamar blue, was utilised to investigate the antimicrobial 

capacity of the four developed scaffold formulations, CS/HAp, CS/HAp/BMP-2, 

CS/HAp/P28 and CS/FAp through the reduction of blue resazurin to pink fluorescent 

resorufin in the presence of metabolically active Staphylococcus aureus (S.aureus) and 

Escherichia coli (E.coli) bacteria (Van den Driessche et al., 2014). The colour changes in 

the resazurin or Alamar blue test would indicate the cell viability, where the aerobic 

respiration from the cell growth chemically reduces the blue resazurin dye to pink 

resorufin, while the minimum inhibitory concentration is achieved upon no dye reduction 

occurring (Bandeira et al., 2021; Garcia et al., 2021). 

2.10.1 Liquid Bacteria Culture  

Tryptic soy broth (TSB) was prepared by dissolving 15 g of TSB powder in 500 ml 

distilled water and sterilised using an autoclave. Subsequently, 55 ml TSB was poured 

into two separate conical flasks before adding a colony of S.aureus (ATCC 25923) and 

E.coli (ATCC 25922) bacteria in the flasks, respectively, using aseptic techniques. The 

flasks were incubated at 37 ℃ overnight. 

The incubated bacteria strains were diluted in sterile universals by adding 1 ml of the 

bacteria in 4 ml TSB, and 3 ml of each of the diluted bacteria was transferred into three 

separate cuvettes, while TSB without bacteria was set as blank. The absorbance was read 

using a spectrometer at 600 nm, where the TSB blank was calibrated to ‘0’. The bacteria 

were then diluted to 1:10, and the absorbance was measured to be 0.01, leading to 10
6
 

CFU/ml, before further dilution to a final concentration of 10
4
 CFU/ml.  
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2.10.2 Bacterial Plating  

The bacteria were plated in two sets of 24-well plates for S.aureus and E.coli, 

respectively, by pipetting 25 µl of the bacteria solution into 500 µl TSB in each well. The 

bacteria were then treated using different scaffold formulations: CS/HAp, CS/HAp/BMP-

2 and CS/HAp/P28. Wells without any treatments were set as the negative control. 

Subsequently, the plates were incubated at 75 rpm and 37 ℃ for 24 hours. 

2.10.3 Resazurin Antimicrobial Assay 

Resazurin stock solution (15 mg/ml) was diluted into 0.15 mg/ml before adding 75 µl of 

the solution into each well containing the samples and mixing by pipetting up and down. 

The plates were incubated at 37℃ for two hours. The colour changes were observed, 

where the bacteria present will reduce the blue resazurin to pink prior to reading the 

absorbance at 600 nm with ten seconds of pre-shake using Biotek
®

 Synergy HT 

Microplate Reader with Gen5 Microplate Reader Software (Version 2.01.14) (Biotek
®

 

Instruments GmbH, Germany). The percentage of bacterial inhibition was calculated and 

plotted, presenting the antimicrobial activity using the following formula: 

	Cell	viability	(%) =
234	(456789)
234	(:;<=>;8)	 

Bacterial inhibition (%) = 100 – Cell viability 

2.11  Cell Culture 

C2C12 mouse C3H muscle myoblast (91031101-1VL) cell line (Figure 2.5) was received 

from The European Collection of Authenticated Cell Cultures (ECACC) in Passage 3 

(P3). All cell culture testing was conducted using cells from P6-P10. On the normal 

pathway, the myoblast cells will differentiate into myotubes upon reaching a confluence 

rate of 90%. Note that growth factors such as bone morphogenetic protein-2 (BMP-2) can 

induce the osteogenic differentiation into osteoblastic lineage (Akiyama et al., 1997; 

Hidaka et al., 2020; Katagiri et al., 1994; Song et al., 2017). 
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Figure 2.5 The morphology of the C2C12 myoblast cell line captured using Olympus CKX41 inverted light-microscope 
with an IS300, 3.0MP camera attachment (Olympus Life Science, Hamburg, Germany). 

The cell culture growth medium was composed of Dulbecco’s Modified Eagle’s Medium 

(DMEM) + 1% 2Mm L-Glutamine + 1% penicillin/streptomycin + 10-15% fetal bovine 

serum (FBS). A differentiation culture media was prepared using the same composition, 

with a reduced percentage of FBS to 2%. This differentiation medium was used to 

compare the alkaline phosphatase activity of different media in the presence of osteogenic 

factors incorporated CS/HAp scaffold. 

2.11.1 Cell Resuscitation 

An Eppendorf tube containing C2C12 cells was collected from the nitrogen tank and 

thawed in a 37 °C water bath for two minutes. The thawed cells were then poured into a 

15 ml Falcon tube containing 9 ml of the prepared supplemented media and centrifuged 

at 150 rcf for five minutes. The cells were then resuspended using 1 ml of the complete 

media and poured into a T25 flask with 4 ml of culture media. The flask was labelled with 

the type of cells, date and initials, as well as Passage 3 (P3) as noted by the supplier. The 

T25 flask was placed into an incubator with 5% carbon dioxide (CO2) flow at 37 ̊C for 

three days. Cells were relatively slow-growing upon resuscitation from frozen, taking 

four to five days to reach 50% confluence, according to the European Collection of Cell 

Cultures (ECACC) General Cell Collection Detail for C2C12 cell type (European 

Collection of Authenticated Cell Cultures, 2019). 
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2.11.2 Cell Passaging  

Trypsin, phosphate-buffered saline (PBS) and supplemented media were thawed and 

warmed in a hot water bath prior to use. Cell passaging procedures were started by 

washing off the excess media that would deactivate the trypsin using PBS. Then, the cells 

were detached from the surface of the flask using 1 ml of trypsin. A further detachment 

of the cells was carried out by tapping the flask gently several times. 

Furthermore, 5 ml of growth media was added to the flask containing the cells in the 

trypsin solution to deactivate the trypsin prior to the following procedure. The cells were 

then centrifuged at 150 rcf (×g) for five minutes to obtain a cell pellet. The cell pellet was 

then resuspended using 1 ml media before transferring the cell suspension into a T175 

flask and adding 19 ml of the culture media. The flask was closed tightly and was labelled 

with the cell type, date, initials and passage number. The flask was incubated in 5% 

carbon dioxide (CO2) at 37 ̊C, and cell growth was observed daily. The cells were 

passaged again upon reaching 80% confluence to avoid the differentiation of the 

myoblasts into myotubes (Figure 2.6). Table 2.9 summarises the other cell culture routine 

vessels used in this work and their associated components. 

 

Figure 2.6 Elongated myotubes morphology of differentiated C2C12 myoblast viewed using TSView Imaging Software 
(Version 7.3.1.7). 
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Table 2.9 The routine culture vessels used throughout this work and their associated components. 

Culture vessels Approx. surface 

area (cm2) 

Medium volume 

(ml) 

Trypsin-EDTA 

volume (ml) 

24-well plate 2 cm
2
/well 0.5-1 0.2 

96-well plate 0.3 cm
2
/well 0.1-0.2 0.1 

T-25 flask 25 cm
2
/flask 5 1 

T-75 flask 75 cm
2
/flask 12 2 

T-175 flask 175 cm
2
/flask 15 4 

 

The C2C12 myoblast cells were counted and frozen as stock cells when they reached 70-

80% confluency. The cells were harvested and stained with 0.4% Trypan blue solution 

before counting using a haemocytometer. Subsequently, a cell pellet obtained by 

centrifugation was then resuspended with 1 ml freezing media composed of 90% FBS 

and 10% dimethyl sulfoxide (DMSO). Approximately ±3 × 10
6 

C2C12 cells were 

allocated per cryotube to freeze. The cryotubes were then transferred into a Mr Frosty
TM

 

cryo-safe freezing container containing ethanol and were then frozen in the -80 ̊C freezer 

before transferring into the nitrogen tank for extended storage.   

2.12 Alkaline Phosphatase Activity 

An alkaline phosphatase (ALP) assay in the presence of C2C12 myoblast cell lines was 

conducted to assess the efficacy of the protein and peptide incorporated in CS/HAp 

scaffolds. An ALP test kit was purchased from Abcam (Abcam Plc., Cambridge, United 

Kingdom). ALP assay buffer was stored at -20 ̊C and was ready to use as supplied. ALP 

enzyme was reconstituted with 1 ml assay buffer and kept on ice. The aliquots were stored 

at 4 ̊C. A 5 mM ρ-nitrophenyl phosphate (ρNPP) solution was prepared by reconstituting 

one ρNPP tablet in a 2.7 ml assay buffer. The stop solution was ready to use as supplied. 

The standard dilution for the standard curve was prepared (Table 2.10) by diluting 40 µl 

of 5 mM ρNPP standard in 160 µl of assay buffer, making 1 mM ρNPP standard. 
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Table 2.10 ρNPP standard curve dilution preparation. Each dilution was enough to set up duplicate readings (2 x 
120 µl). 

Standard

# 

1 mM ρNPP 

standard 

(µl) 

Assay Buffer 

(µl) 

Final volume 

standard in 

well (µl) 

End amount ρNPP 

in well (nmol/well) 

1 0 300 120 0 

2 10 290 120 4 

3 20 280 120 8 

4 30 270 120 12 

5 40 260 120 16 

6 50 250 120 20 

C2C12 was seeded in a 24-well plate at a density of 5×10
4
 cells per well and incubated 

for six hours before treating with BMP-2 (30, 300, 500 and 1000 ng/ml),  P28 peptides 

(10, 50, 100 and 200 µg/ml) and the osteogenic factor-infused CS/HAp scaffolds. 

Untreated cells and cells with the nude CS/HAp were set as the negative control. These 

growth factors and scaffolds were sterilised under UV lamps in the biosafety cabinet for 

five minutes before use to avoid any contaminations in the treatments. 

All cells proliferated from each treatment were harvested and lysed at days four, seven 

and 14. The cells were placed into a microtube with 50 µl of assay buffer and lysed using 

a vortex for 20 s. After which they were kept on ice for ten minutes to break the cell 

membrane. Subsequently, the cell lysates were centrifuged at 4 ◦C and 10,000 rpm for 15 

min in a cold microcentrifuge to remove any insoluble material. The supernatant was 

collected and kept in 0.2 ml PCR tubes.   

ALP assay was conducted using C2C12 lysates from days four, seven, and 14 of all 

treatments and ρNPP standards prepared earlier. The samples were adjusted to 80 µl/well 

with the assay buffer. Subsequently, 50 µl of 5 mM ρNPP solution was added to each 

well containing the sample. Then, 10 µl ALP enzyme was added to each ρNPP standard 

well and mixed by pipetting up and down. The plate was incubated at 25 ̊C for 60 minutes, 

and protected from light by wrapping the well plate with aluminium foil. The enzyme 

will convert the ρNPP substrate to an equal amount of coloured ρ-nitrophenol (ρNP). 

After 60 minutes of incubation, the reaction in the sample and standard wells were 

deactivated by adding a 20 µl stop solution provided into each well. Finally, the 96-well 
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plate was pre-shaken for ten seconds, and the output was measured at an optical density 

of 405 nm on a microplate reader (n=3).  

The ALP activity was calculated with respect to the ρNPP standard curve using the 

following formula: 

ALP	activity	 C
D<E=
68 F = C

	B
∆T × VF × D 

 Where: 

  B = ρNP concentration from the equation (µmol) 

  ∆T = reaction time (min) 

V = Original sample volume added into the reaction well (ml) 

D = Sample dilution factor 

Following the completion of this ALP assay in evaluating the best scaffold bioactivity 

performance, the work progressed to the alizarin red staining to further validate the 

osteogenic capacity of the developed scaffolds. 

2.13 Evaluation of Osteogenic Differentiation of C2C12 cell line through Alizarin 

Red Staining 

Alizarin red staining was utilised to stain calcium deposits or mineralised nodules due to 

osteogenic differentiation of C2C12. The induction from BMP-2 and P28 will shift the 

differentiation pathway of the myoblasts towards an osteoblastic phenotype instead of the 

normal myotube pathway (Akiyama et al., 1997; D. P. L. Lin et al., 2017; Rauch et al., 

2002). 

C2C12 myoblasts were seeded in 24-well plates at a density of 5×10
4
  in 500 µl growth 

media per well and left to reach 80-90% confluency (approximately two days). The cells 

were refreshed with new growth media and treated with BMP-2 and P28 peptide standards 

as well as the scaffolds similar to the steps outlined in section 3.13 for four different time 

points; days 7, 14, 21 and 28. ThinCert
TM

 transwells with a 0.4 µm pore diameter, 

compatible with 24-well plates were utilised in the test using scaffolds. 

Alizarin red staining procedures were conducted at each specified time point. All wells 

containing the cells were rinsed with PBS twice before the fixation using 300 µl of 10% 

formalin for 20 minutes. The wells were washed with PBS thrice after the fixation to 

remove the excess formalin solution. The wells were then stained with 300 µl of 2% ARS 
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solution in water for another 20 minutes. The ARS solution was freshly prepared before 

each assay, with the pH of the ARS solution adjusted to 4.2 using 0.5% ammonium 

hydroxide. After 20 minutes, all wells were washed with 1 ml distilled water 

approximately five times or until no unbound ARS staining solution was left in each well. 

The stained C2C12 cells were left to air dry before capturing the images using Olympus 

CKX41 inverted microscope.  

Subsequently, the cells were then de-stained with 10% cetylpyridinium chloride (CPC) 

(Gleeson et al., 2010) to quantify the mineralisation that was exposed to the ARS stain, 

where1 ml of CPC was added into each of the wells with dried ARS stain and incubated 

in 37 °C for 1 hour. The dissolved stain was then spectrometrically analysed using the 

plate reader at 540 nm, pre-shake for ten seconds.  

Afterwards, the work progressed to the verification step of the bioactive functionality of 

the scaffold in vivo through the implantation in femoral condyle defects of Sprague 

Dawley rats. 

2.14 In vivo Evaluation of Bone Regeneration Scaffold in Femoral Condyle 

Defects of Sprague Dawley Rats 

In vivo analysis of scaffolds was assessed using a femoral defect model in Sprague 

Dawley (Rattus norvegicus) rats aged three months upon receipt. This model was 

authorised by the local Ethical Committee and the French Ministry for Education and 

Research (agreement number: APAFIS#1437). The bilateral model applied for this study 

was according to the European Directive 2010/63/UE.  

Three formulations of scaffolds were fabricated for the initial in vivo implantation 

procedures, with two additional samples as the positive control (Table 2.11). The 

scaffolds fabricated off-the-shelves were CS/HAp, CS/HAp/10 µg Medtronic Infuse® 

rhBMP-2 (Medtronic BioPharma, Watford, UK) and CS/HAp/25 µg P28 and prepared 

similar as outlined in section 2.2.7. Two additional samples were freshly prepared on the 

day of the implantation before the surgery: i.e., nude collagen sponges and collagen 

sponges infused with 10 µg of rhBMP-2 (Infuse®). Twelve SD rats were involved in this 

work (24 implantation sites). 
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Table 2.11 Test samples used in the initial animal implantation procedures. 

Label Test samples Quantity (n) 

A Chitosan/hydroxyapatite scaffold (nude) 5 

B Chitosan/hydroxyapatite scaffold + rhBMP2 5 

C Chitosan/hydroxyapatite scaffold + P28 peptide 5 

D Collagen sponge 5 

E Collagen sponge + rhBMP-2 4 

 Total of implant sites 24 

Subsequently, a second animal study was conducted in the Animal Research and Service 

Centre, Universiti Sains Malaysia (ARASC USM), following the ethics approval 

(USM/IACUC/2020/(122)(1048)), where nine Sprague Dawley rats aged 11 weeks and 

initial weights ranging from 300 g to 400 g were received. This animal trial employed the 

revised P28 delivery systems with a faster degradation than previous formulations by 

incorporating the combinations of hydroxyapatite and fluorapatite in the current 

formulations. In addition, the osteogenicity of different P28 concentrations was tested 

since the initial animal trial utilising 25 µg P28 showed a promising osteoinductivity. 

Therefore, an increased P28 content (75 and 150 µg) was also included in CS/HAp/FAp 

scaffolds and prepared as outlined in section 2.2.7. The six groups of different types of 

scaffolds are presented (Table 2.12). 

Table 2.12 List of the scaffold formulations used in the optimised animal trial. 

Label Test samples Notes Quantity (n) 

A 12% LW CS/HAp/FAp 1:1 Varying the chitosan 

molecular weight 

3 

B 12% HW CS/HAp/FAp 1:1 3 

C 12% HW CS/HAp/FAp 

1:0.75 

Varying FAp ratio 3 

D 12% HW CS/HAp/FAp 

1:1/P28 25µg 

 

Varying P28 peptide 

concentrations 

3 

E 12% HW CS/HAp/FAp 

1:1/P28 75µg 

3 

F 12% HW CS/HAp/FAp 

1:1/P28 150µg 

3 

Total of implant sites 18 
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2.14.1 Animals’ Husbandry 

All rats were ear-tagged individually on the arrival date. The animals were acclimatised 

for a minimum of seven days and housed in adapted installations (air-conditioned rooms 

with a temperature of 22 ± 3 ◦C and a 50–60% humidity level). The artificial day/night 

light cycle was set to 12 h of light and 12 h of darkness. All animals had free access to 

water and were fed ad libitum with commercial chow daily. Cages were cleaned and 

changed weekly to prevent any unwanted infections at the surgical wound of the rats and 

their health generally. The general state of the animals was monitored daily. 

2.14.2 Surgical Interventions 

The scaffold implantation was conducted using an aseptic technique. The implantation 

comprised 3 mm round defects on both right and left femoral condyles of animal models, 

which were adapted and modified from work carried out by Klein et al. (2019) and 

Mohiuddin et al. (2019). All instruments and apparatus were set up in a cleanroom (Figure 

2.7). 

 

Figure 2.7 The cleanroom setup for animal implantation procedures. 

The procedure started with anaesthesia induction with an intraperitoneal injection of 

ketamine and xylazine. The doses of all drugs were calculated based on animal weight 

which was measured just before the surgery using the formula below: 

L;45M9	(68) =
N9EMℎ=	(PM) × Q;49	(6MPM )

:;<:9<=>5=E;<	(6M68 )
 

Mixtures of oxygen/isoflurane (oxygen (0.4 L/min)/Isofluorane (1.5-2%) were given as 

anaesthesia maintenance throughout the surgery. The flanks of the animals were shaved 
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by using an electronic hair shaver. Chlorhexidine was applied to the exposed skin, 

followed by povidone-iodine in an outward circular motion. A scalpel blade was used to 

make a firm incision on the skin into the muscle. The muscle mass was then dissected, 

exposing the bone surface of the femoral condyle. A 3 mm size defect was induced with 

a commercial micro drill equipped with a 3 mm bur (Figure 2.8). Saline irrigation was 

applied while drilling. 

 

Figure 2.8 The 3 mm defect made on the femoral condyle of an SD rat. 

The chitosan-based scaffold was quickly inserted into the defect in a randomised manner. 

Subsequently, the muscle was sutured with an absorbable suture, followed by suturing of 

the skin with the same absorbable suture. Iodine was reapplied and a transparent film 

dressing spray, Opsite spray (Smith&Nephew, UK), was applied as a final layer to protect 

the wounds. The procedures were repeated on the contralateral condyle. Dexamethasone, 

an anti-inflammatory drug (Dexavet 0.5%, Range Pharma, Malaysia), was injected 

intramuscularly before returning to the cage. The post-operative health condition, 

weights, wound healing and behaviour of the animals were monitored twice daily for the 

first week, daily on the second week and every two or three days for the rest of the eight 

weeks’ study until the euthanasia procedure. 

A summary of the surgical procedures is outlined (Figure 2.9). 
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1. Before the procedure 

2. Isoflurane anaesthesia 
 

3. Eye gel & saline 

injection 

 

4. Shaving 

 

5. Femoral incision & 

local anaesthesia 

 

6. Femoral condyle 

defect induction 

 

7. Scaffold insertion 

 

8. Muscle and skin suture 

 

9. Back in the cage 

Figure 2.9 A summary of the conducted femoral defect induction and scaffold implantation procedures 

. 
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2.14.3 Post-operative Monitoring 

The general post-operative conditions of the animals were monitored daily, and deeper 

monitoring in terms of the body weight was recorded every two days in the early weeks 

post-implantation and every four days towards the end of the experiment. These 

monitoring procedures were carried out to observe whether the animals had reached the 

endpoints below, where removal from the study would be recommended: 

• Weight loss > 20% of the mean weight of rats 

• Severe lameness 

• Diarrhoea/blood in faecal material  

• Circling phenomenon 

• Severe necrosis at the implantation site 

• Persistent self-induced trauma five days after analgesic treatment as well as local 

and general treatment 

• Abnormal behaviour even in the presence of appropriate treatment (e.g. sign of 

pain even under analgesic) 

2.14.4 Fluorescent Bone Labelling for Dynamic Bone Formation 

All rats were subcutaneously injected with double-fluorochrome labelling; calcein green 

(CG) and xylenol orange (XO) (ten and four days, respectively) prior to sacrifice in order 

to highlight the calcification formed (van Gaalen et al., 2010).  

Calcein injection (10 mg/kg) was prepared by dissolving 0.1 g of calcein powder in a 2% 

sodium bicarbonate solution under sterile conditions (McGregor et al., 2020; Porter et al., 

2017; Ruvinov et al., 2019). The solvent was first prepared by dissolving 0.05 g sodium 

bicarbonate powder in 10 ml of 0.9% sterile saline solution, making the concentration 10 

mg/ml. Xylenol injection (90 mg/kg) was prepared by weighing 0.2 g sodium bicarbonate 

and dissolved in 10 ml of 0.9% sterile saline solution under sterile conditions. The solvent 

was poured into 1 g of xylenol orange tetrasodium salt and shaken until dissolved. The 

dosage for these double-fluorochrome injections was calculated based on the formula 

below and injected subcutaneously four days (calcein) and ten days (xylenol) prior to 

sacrifice: 
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L;45M9	(68) =
N9EMℎ=	(PM) × Q;49	(6MPM )

:;<:9<=>5=E;<	(6M68 )
 

2.14.5 Animal Euthanasia 

Rats were sacrificed humanely via cardiac puncture (Figure 2.10) under anaesthesia after 

eight weeks of being implanted with six groups of chitosan-based bone regeneration 

scaffolds on both sides of femoral condyles. The rat was anaesthetised using Dorminal 

20% (200 mg/ml pentobarbital sodium) purchased from Alfasan International, Woerden, 

Netherlands, intraperitoneally (200 mg/kg) prior to cardiac puncture, which was carried 

out immediately after anaesthesia was induced. 

 

Figure 2.10 Euthanasia using cardiac puncture method. 

Following euthanasia, the femurs of the rats were collected by incising the muscle until 

reaching the femoral head, and the ligaments holding the femoral head and the condyles 

were cut. The surrounding muscle was removed as much as possible. The femurs were 

then fixed in 10% neutral buffered formalin and cut using a hard tissue cutter, obtaining 

the implanted femoral condyles. 

2.14.6 Macroscopic Histopathological Evaluation 

A local macroscopic evaluation was carried out by observing the exposed femoral 

condyle implant sites. The observation focused on the defects' visibility, colour, and 

texture through a macroscopic scoring system adapted and modified from Rudert et al. 

(2005). This scoring system (Table 2.13) was also applied in several other studies 

involving in vivo osteochondral experiments (Abdallah et al., 2016; Betsch et al., 2013; 

Tosun et al., 2017) and reviewed by (Radzak et al., 2021). 
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Table 2.13 Modified histopathological evaluation scoring (Rudert et al., 2005). 

Criterion Score Macroscopic characteristics 

Defect visibility 1 Appeared as small irregular bumps 

2 Regular hole closed by a transparent tissue 

3 Completely closed 

Colour 1 Yellowish paste observed 

2 White bony appearance 

Surface 1 Rough and bumpy 

2 Smooth 

 

2.14.7 Micro Computed Tomography Scanning 

Following the fixation step, femoral condyles were washed in 0.9% physiological saline 

solution, rolled up in cellophane to keep them wet and scanned at room temperature with 

the following parameters (Table 2.14): 

Table 2.14 MicroCT measurement parameters. 

Parameters Set values 

Voltage 70 kV 

Filter Aluminium 0.5 mm 

Resolution 9 µm 

Tomographic rotation 180º 

Rotation degree 0.6º 

Number of scans per position 1 

Calibration phantom scans for bone mineral density (BMD) measurements were run using 

calcium hydroxyapatite samples of known BMD by utilising the same conditions as the 

test samples. The images were analysed using SkyScan Image Analyses Software and 

Bruker CTAn Micro-CT Software (CTAn software v.1.18) to assess two bone 

morphology parameters: bone mineral density (BMD) (g·cm
−3

) and bone volume fraction 

(BV/TV) (%), where BV is the bone volume, and TV is the total volume. 

2.14.8 Histological Processing, Embedding and Cutting  

Tissue samples were fixed in 10% neutral buffered formalin for two weeks prior to the 

histological processing. Histological processing involved dehydration in ascending series 

of ethanol (70-100%), clearance in chloroform and infiltration with PMMA Technovit® 
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7200 (Kulzer, Germany) in ascending concentration (10-100% PMMA in ethanol), prior 

to embedding in Technovit® 7200 hard resin with 1% benzoyl peroxide using blue light 

polymerisation, kept cool throughout the curing process.  

Serial longitudinal sections of 100-300 µm thickness were made at the defect level to 

obtain the sagittal view of the defect using an EXAKT diamond embedded saw equipment 

and polished using an EXAKT grinder machine to obtain 3-7µm sections (EXAKT 

Advanced Technologies GmbH, German) (Figure 2.11). 

 

 

 

. 

Figure 2.11 Cutting procedure of the embedded condyles on sagittal axis. 

The bone sections were laid on slides immersed in an alcohol solution and covered with 

polyethylene films. After the slides were dried, sections were deplasticised, and the 

staining procedures were performed: Hematoxylin-Eosin (HE), Von Kossa (VK) and 

Tartrate-resistant acid phosphatase (TRAP). The optimised animal trial utilised HE stain. 

Each stained slide was scanned to have a global view of the samples (x20 objective), 

where brightfield was used. In addition, unstained sections from both animal studies were 

directly observed under the fluorescent microscope to analyse the fluorochrome labels 

administered prior to the sacrifice. 

2.14.9 Fluorescent Imaging 

Fluorochrome labels were assessed on non-stained sections using an Invitrogen EVOS 

M7000 fluorescent microscope with M7000 software (Life Technologies Corporation, 

USA) (Figure 2.12). The labels were used to mark the bone formation on the injection 

days (Pautke et al., 2005). The fluorochrome labels were analysed using three light 
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sources; GFP, RFP and transmitted light (brightfield). The GFP emission filter permits 

fluorescent signals with wavelengths of 510 nm to 540 nm to pass through (CG), while 

the RFP emission filter allows signals with 575 nm to 590 nm to pass through (XO), thus 

producing clean signals and images. 

 

Figure 2.12 The Invitrogen EVOS M7000 fluorescent microscope and M7000 software utilised in the fluorochrome-
labelling assessment. 

2.14.10 Histopathologic Analysis from Hematoxylin and Eosin Staining 

A pathologist blinded to the treatment evaluated HE slides to screen for any microscopical 

abnormalities. Findings were reported, scored for intensity (Table 2.15) on a scale of 0 

(no lesion) to 4 (severe lesion) and interpreted in terms of relation to the presence of 

scaffold/sponge (scaffold/sponge-associated with growth factors-related effect versus 

background findings with scaffold/sponge alone): 

Table 2.15 Evaluation criteria for Hematoxylin-Eosin slide, focusing on the material integration and the bone 
reconstruction. 

Criteria Scores 

Material integration 

Inflammation (intensity, nature and distribution) 0 (absence) to 4 (severe) 

Fibrosis (intensity, maturity and distribution) 0 (absence) to 4 (severe) 

Hemorrhages / Edema (intensity and distribution) 0 (absence) to 4 (severe) 

Necrosis (intensity and distribution) 0 (absence) to 4 (extent) 

Biomaterial residues (quantity and distribution) 0 (absence) to 4 (a lot) 

Bone reconstruction 

Reconstructed bone maturity 0 (woven bone) to 4 (mature bone tissue)  

Quantity of reconstructed bone 0 (absent) to 4 (large amount) 

Osteoblast activity / osteoid tissue 0 (absence) to 4 (large amount) 
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2.14.11 Measurements of Mineralised and Osteoid Tissue Volume into the Defect by 

Von Kossa Staining 

The mineralised and osteoid tissue volume in the defect was measured on VK scanned 

images since the staining allows the visualisation of mineralised tissue in black while 

osteoid tissue in dark pink (Figure 2.13). 

 

Figure 2.13 Example of VK staining. Mineralised tissue appears in black, osteoid tissue appears in dark pink (red 
arrows), bone marrow and muscle appear in orange and fibrotic tissue appears in pink. 

2.14.12 Measurements of Osteoclasts Surface into the Defect by Tartrate-Resistant 

Alkaline Phosphatase Staining 

The osteoclast surface in the defect was measured on TRAP stained slides since the 

staining permits highlighting the activated osteoclast in red colour (Figure 2.14). 

 

Figure 2.14 Example of TRAP staining. Bone tissue appears in light blue, activated osteoclasts appear red (yellow 
arrows), and the nucleus appears dark blue. 
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2.14.13 Measurement of the Dynamic Bone Formation Parameters through 

Fluorescent Labelling Analysis 

The dynamic bone formation parameters in the defect were measured using fluorescent 

scanned images (from the unstained slides), highlighting the calcein and xylenol 

fluorochromes injected in vivo (Figure 2.15). The measurements were carried out 

manually by using Osteoquant Bioquant
®

 software. All the single labelling (sLS - either 

orange or green labelling alone: blue arrows on the image above) and the double labelling 

(dLS - orange and green: yellow arrows on the image above) were drawn manually in the 

defect and its margin. The Osteoquant Bioquant
®

 software automatically calculates the 

mineralised surface (MS = dLS + sLS/2) and the length between both labellings (IrLth). 

 

Figure 2.15 Example of the fluorescent scans. Calcein labelling appears in green and xylenol labelling appears in 
orange. Single labelling (sLS) along the bone with either orange or green labelling was designated with blue arrows, 
and double labelling (dLS) along the bone with both green and orange labelling was designated with the yellow 
arrows. 

2.14.14 Histomorphometric Parameters Calculations 

The following parameters were measured on the slides (Table 2.16). Therefore, for each 

sample, the following histomorphometric parameters were calculated: 

• Mineralised volume / total volume (MdV/TV) 

• Osteoid volume / total volume (OV/TV) 

• Osteoid volume / mineralised volume (OV/MdV) 

• Osteoclast surface / bone surface (OcS/BS) 

• Mineral apposition rate (MAR) = Length between both labelling (IrLTh) / delay 

between injections 
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• Mineralised surface / bone surface (MS/BS) 

• Bone formation rate / bone surface = MAR x MS/BS 

Table 2.16 Parameters for histomorphometric calculations. 

Staining Measured parameters 

VK • Mineralised volume (MdV) 

• Osteoid volume (OV) 

• Total volume (TV) 

• Bone surface (BS) 

TRAP • Osteoclast surface (OcS) 

Fluorescent • Mineralised surface (MS) 

• Length between labelling (IrLTh) 

 

2.15 Statistical Analysis 

All statistical analysis in this document was performed using the Minitab software. 

Firstly, a descriptive statistic was performed to evaluate the mean and standard deviation 

between the samples. The significance between the two data groups was then tested using 

the student t-test. Subsequently, a one-way ANOVA was utilised to compare three or 

more parametric data groups, followed by a Tukey’s test to assess the significant changes 

in the data. Kruskal-Wallis test was conducted for non-parametric tests. Significance was 

achieved with data exhibiting a p-value less than 0.05 (p<0.05). 
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Chapter 3: Bioresorbable Chitosan-Based Bone Regeneration Scaffold Using 

Various Bioceramics and the Alteration of Photoinitiator Concentration in an 

Extended UV Photocrosslinking Reaction 

3.1 Abstract 

Bone tissue engineering (BTE) is an ongoing field of research based on clinical needs to 

treat delayed and non-union long bone fractures. An ideal tissue engineering scaffold 

should have a biodegradability property matching the rate of new bone turnover, be non-

toxic, have good mechanical properties, and mimic the natural extracellular matrix to 

induce bone regeneration. In this study, biodegradable chitosan (CS) scaffolds were 

prepared with combinations of bioactive ceramics, namely hydroxyapatite (HAp), 

tricalcium phosphate-α (TCP- α), and fluorapatite (FAp), with a fixed concentration of 

benzophenone photoinitiator (50 µl of 0.1% (w/v)) and crosslinked using a UV curing 

system. The efficacy of the one-step crosslinking reaction was assessed using swelling 

and compression testing, SEM and FTIR analysis, and biodegradation studies in 

simulated body fluid. Results indicate that the scaffolds had comparable mechanical 

properties, which were: 13.69 ± 1.06 (CS/HAp), 12.82 ± 4.10 (CS/TCP-α), 13.87 ± 2.9 

(CS/HAp/TCP-α), and 15.55 ± 0.56 (CS/FAp). Consequently, various benzophenone 

concentrations were added to CS/HAp formulations to determine their effect on the 

degradation rate. Based on the mechanical properties and degradation profile of CS/HAp, 

it was found that 5 µl of 0.1% (w/v) benzophenone resulted in the highest degradation 

rate at eight weeks (54.48% degraded), while maintaining compressive strength between 

(4.04 ± 1.49 to 10.17 ± 4.78 MPa) during degradation testing. These results indicate that 

incorporating bioceramics with a suitable photoinitiator concentration can tailor the 

biodegradability and load-bearing capacity of the scaffolds. 

3.2 Introduction 

Bone tissue defects are a rising global concern and are one of the leading causes of 

morbidity and disability, especially in elderly patients. Normal fractures typically heal 

within 6-8 weeks in healthy adults, but in 5-13% of cases, the bone does not heal properly 

and can lead to delayed or non-union, which is classified as the absence of bone healing 

signs three months post-trauma (Andrzejowski & Giannoudis, 2019; Devine et al., 2017; 

Pountos et al., 2016; Rupp et al., 2018; Solomon et al., 2005; Tian et al., 2020). A critical-

sized bone defect is a defect that exceeds the natural capacity of bone healing, and these 

are the major cause of the non-unions, which necessitate a planned reconstruction and 
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secondary surgery to implement and add to the patient’s burden and overall cost of the 

treatment (Donnaloja et al., 2020; Ercal & Pekozer, 2020). Fracture repair is a global 

challenge, with about 3.5 million new bone fractures recorded in European Union 

citizens, involving hip fractures, vertebral fractures, forearm fractures, and other fractures 

(Svedbom et al., 2013). The non-union rates in the United States is 1.9-10%, while in the 

United Kingdom (UK), 5-10% out of approximately 850,000 new fracture cases 

identified or 0.02% in 100,000 population (Nicholson et al., 2021; J. D. Thomas & Kehoe, 

2022). 

Autografts harvested from the patient’s own non-essential bone stock are considered the 

gold standard in treating fractures. Autografts account for 2.2 million transplantations in 

orthopaedic and dentistry repair worldwide due to their high success rate of 80-90% 

(Ansari, 2019; Cui et al., 2018; Elakkiya et al., 2017; Fernandez-Yague et al., 2015; 

Fourie et al., 2022; Jin et al., 2019). While bone grafts can be donated (allograft) to 

support and supplement the limited supply of autografts, these treatments require using a 

considerable amount of the bone grafts with a higher potential risk of disease transmission 

or even being rejected by the recipient’s body (Donnaloja et al., 2020; Polo-Corrales, L. ; 

Latorre-Esteves, M. ; Ramirez-Vick, 2013; Y. Zhang et al., 2020). Therefore, an 

engineered bone scaffold is an attractive alternative treatment for bone fractures replacing 

these conventional autologous and allogenic treatment options. Scientists are now 

focusing on fabricating bone scaffolds that can mimic specific cellular responses at the 

molecular level by using various natural or synthetic biomaterials and also combinations 

of these, such as collagen, gelatin, silk fibroin, chitosan, alginate, polycaprolactone 

(PCL), polylactic acid (PLA) and poly(lactic-co-glycolic acid) (PLGA) (S. M. Choi et al., 

2018; Dixon & Gomillion, 2022; Donnaloja et al., 2020; Fernandez-Yague et al., 2015; 

López-Lacomba et al., 2006; Wei et al., 2020; X. Zhang et al., 2014; Zustiak et al., 2013).  

Additionally, the bone scaffolds are tailored to have compulsory characteristics in line 

with the diamond concept of bone graft substitutes through the combination of 

osteoconductive materials, osteoinductive growth factor, osteogenic cells, and adequate 

mechanical stability (Calori & Giannoudis, 2011; Henkel, 2017; T. Kim et al., 2020). The 

development of scaffolds infiltrated with osteogenic factors released in an extended 

period is a promising acellular strategy to promote bone formation. The first 

commercially available and FDA-approved growth factor delivery system for bone 

healing treatment is known as Medtronic Infuse
®

, which incorporates recombinant bone 
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morphogenetic protein-2 (rhBMP-2) in a collagen sponge carrier (Govoni et al., 2021). 

However, this system requires intra-operative preparation and is associated with high 

burst release that can lead to unwanted adverse effects, including higher rates of implant 

displacement, subsidence, infection, ectopic bone formation, osteolysis, and thus may 

result in ineffective treatment of non-unions (Bullock et al., 2021; Durham et al., 2020; 

James et al., 2016; Raftery et al., 2013).  

The scaffold biodegradation profile plays an essential role in releasing a loaded drug 

through customising these scaffolds to degrade at a similar rate to the bone ingrowth, 

where the newly formed bone gradually replaces the scaffolds in an osteotransductive 

manner, thus obtaining a suitable drug release mechanism (Alves et al., 2020; Devine et 

al., 2017; Fournet et al., 2019). Since chitosan (CS) can undergo enzymatic degradation 

in vivo due to its degradable glycosidic chains and the degradation products can be 

digested naturally after entering the bodies’ metabolic cycle, a plethora of studies have 

been carried out in fabricating bone scaffolds involving this biopolymer (Fourie et al., 

2022; Khouri et al., 2019; Lan Levengood & Zhang, 2015; Lavanya et al., 2020; Maji et 

al., 2016). CS is also popular since it is derived from natural sources (typically the 

exoskeleton of crustaceans and insects), it is biocompatible, has antimicrobial properties, 

and is non-toxic as well as osteoconductive, making it a versatile biomaterial (Fourie et 

al., 2022; Lavanya et al., 2020; Yadav et al., 2021).  

The in vivo performances of CS may be different depending on its deacetylation degree, 

molecular weight and also functionalisation with the other chemical groups, such as 

trimethylated chitosan, which can be tailored based on the specific necessities (Dorati et 

al., 2017). It was reported that high deacetylated CS will degrade slowly in vivo and may 

reach several months before being completely degraded, while rapid degradation can be 

achieved by using a low deacetylated CS (Raftery et al., 2013). Moreover, the 

performance of CS in BTE is restricted by its being insoluble in neutral pH and its 

insufficient mechanical stability, where De Witte et al. (2018) proposed that a bone 

scaffold should possess a compressive strength between 2-12 MPa and an elastic modulus 

of 0.5-1 GPa (T.-M. De Witte et al., 2018). However, chemical modifications utilising 

the crosslinking of CS to another material allow the possibility to introduce different 

functional groups to the CS chain and thus altering the properties of the composite in 

achieving the desired scaffold features (Sanchez-Salvador et al., 2021). Previously, it was 

reported that a CS/HAp scaffold fabricated using novel ultraviolet (UV)-crosslinking 
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procedures failed to degrade after ten weeks in the simulated body fluid, which might 

disturb the bone turnover process in vivo (Devine et al., 2017).  

Hence, researchers have examined the effect of combining CS with osteoinductive 

bioceramics, including hydroxyapatite, tricalcium phosphate and bioactive glass, to 

overcome these limitations (Kaliva et al., 2020; Wei et al., 2020). These osteoconductive 

ceramics have biologically similar inorganic components to the natural bone and bone-

bonding properties, enabling the regenerated bone tissue to form a chemical bond with 

the scaffold surfaces (Maji et al., 2016; Y. Zhang et al., 2007). Furthermore, the addition 

of these bioceramics into scaffold formulations was previously investigated to increase 

the tensile and compressive strength. These biomaterials are also proven to accelerate 

tissue healing without requiring further surgical procedures after implanting polymeric 

scaffolds, as they can deteriorate naturally or be wholly integrated with the newly formed 

tissue once implanted (Dorati et al., 2017).  

 Based on these findings, it is hypothesised that it will be possible to create a CS-ceramic 

scaffold with suitable mechanical and swelling properties using one-step hydrogen 

abstracting free radical initiation process to crosslink the CS matrix. This approach will 

address the extended crosslinking reaction of CS scaffolds with several types of bioactive 

ceramics incorporation and different concentrations of photoinitiator application that was 

not yet investigated. It is hypothesised that this will lead to tuneable bioresorption rates 

while maintaining strong crosslinking and high load-bearing capacity. 

Initially, chitosan was first mixed with 1% (v/v) acetic acid to make it soluble through a 

protonation reaction (Figure 3.1). 

 

Figure 3.1 Chemical structure of the protonated chitosan. 

The scaffold fabrication was then modified based on the method described by (Devine et 

al., 2017) (Figure 3.2) by altering the chemical protocol to enhance and extend the linkage 

within the chitosan molecule. The scaffold samples were assessed using crosslinking 
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testing in 1% acetic acid, FTIR analysis and compression testing to compare the 

properties of scaffolds produced from this modified method. Improved mechanical 

strength and ability of the scaffolds to remain intact in acidic environments were achieved 

using the modified scaffold preparation method, where the neutralisation process was 

carried forward after the protonation reaction before adding PEG600DMA and 

benzophenone solution for the crosslinking reaction.  

It was previously reported that the incorporation of PEG, which is among the limited 

biocompatible synthetic polymer that has the approval by the FDA to be used in 

biomedical applications, has the capability to tune chitosan non-covalent/hydrophobic 

interactions and PEG hydrophilic interactions that presented the properties of hydrogel 

(Chang et al., 2016). It was postulated that PEG600DMA and benzophenone were added 

to attain chitosan's neutral structure again after being protonated by acetic acid. This 

structure will have fewer hydrogen atoms at the active sites for modification, thus 

enabling further free-radical polymerisation reactions yielding two radicals at hydroxyl 

and amino groups. These radicals will then crosslink with PEG600DMA after the 

initiation by benzophenone solution. The efficacy of this method is proposed through the 

chemical reaction mechanism (Figure 3.3), proposing the linkage formed. This 

mechanism was previously detailed in the section 1.3.4. 
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Figure 3.2 Postulated end-product from the chemical crosslinking of chitosan and PEGDMA600 post-curing using 
the original method. 

Di radical produced following intersystem 
crossing post-UV light absorption (Verma, 2017) 
 

(Branched linkage)

) 
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Figure 3.3 The proposed extended crosslinking reaction of chitosan and PEG600DMA following the method 
modification. 

(Neutralisation stage) 

(Cross-linkage)

) 
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3.3 Results and Discussions 

3.3.1 Analysis of Crosslinkage Formation Following UV-Photocrosslinking 

Procedure 

 5 minutes 1.5 hours 24 hours 

CS/HAp 50 µl BP 

   

CS/TCP-α 50 µl BP 

   

CS/FAp 50 µl BP 

   

CS/HAp 20 µl BP 

   

CS/HAp 5 µl BP 

   

CS/HAp 1 µl BP 

   

Figure 3.4 Photographs of CS scaffolds with various ceramics and BP content which were placed in 1% v/v acetic acid 
solution in the water acting as a solvent for CS. Minimal swelling or dissolution was observed for up to 24 hours 
indicating the success of the crosslinking reaction.  
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Swelling studies were conducted in 1% (v/v) acetic acid solution due to chitosan’s 

insolubility in water. As such, the swollen samples in 1% (v/v) acetic acid would dissolve 

if not crosslinked. 

The scaffolds were visually inspected following the submerging in 1% (v/v) acetic acid 

at 5 minutes, 1.5 and 24 hours (Figure 3.4). Among the various ceramic compositions, it 

was found that CS/TCP-α and CS/FAp swelled the most in the acetic acid in 24 hours, 

leading to difficulty during handling. Upon varying the BP content, CS/HAp scaffolds 

with 5 µl of benzophenone were observed to remain intact during handling compared to 

CS/HAp/20 µl BP and CS/HAp/1 µl BP.  

Table 3.1 Gel fraction values for scaffolds with varied ceramics and BP content in acidic conditions. The higher gel 
fraction values indicate a better linkage formed. 

 Various Ceramic 
Compositions 

Various BP content 

Sample CS/HAp

/50 µl 

BP 

CS/TCP-

α/ 50 µl 

BP 

CS/FAp/ 

50 µl BP 

CS/HAp

/20 µl 

BP 

CS/HAp

/10 µl 

BP 

CS/HAp

/5 µl BP 

Gel fraction 
in 1% v/v 
acetic acid 
± SD 

55.437 

± 6.37 

67.1465 

± 7.93 

49.0943 

± 4.01 

53.4653 

± 4.79 

56.5475 

± 2.46 

51.1598 

± 4.16 

 

The gel fraction (GF) is a measure of the percentage of unreacted polymer components 

which had leached from the scaffold during testing (Meeremans et al., 2021; Nokoorani 

et al., 2021). GF in acidic conditions (Table 3.1) indicates partial crosslinking of the 

scaffold (Dorati et al., 2017; Grabska-Zielińska et al., 2020; Kurniati et al., 2021). 

CS/TCP-α exhibited the highest value among the various ceramics scaffolds with a value 

of 67.1465 ± 7.93 followed by CS/HAp (55.437 ± 6.37) and CS/FAp (49.0943 ± 4.01). 

Evaluating the scaffolds with different BP contents, the CS/HAp/BP 5 µl recorded the 

lowest gel fractions in acetic acid of 51.1598 ± 4.16 compared to 56.5475 ± 2.46 for 

CS/HAp/10 µl BP and 53.4653 ± 4.79 for CS/HAp/20 µl BP. The lowest gel fraction 

value of CS/HAp/5 µl BP subsequent to the submerging in acetic acid is accepted as an 

adequately crosslinked scaffold considering the least photoinitiator used since samples 

did not dissolve after 24 hours in the acetic acid solution, indicating that crosslinking had 

occurred (Abbasi et al., 2020; Bachtiar et al., 2016; Oustadi et al., 2020; Wei et al., 2020). 
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On top of that, this low BP usage is more desirable to avoid any hazard of unreacted BP 

to the human body (Oustadi et al., 2020; Qiu, 2008; Taschner et al., 2019). 

Recently, Nokoorani et al. (2021) investigated the effect of different concentrations of 

allantoin in chitosan/gelatin scaffolds for wound healing application and recorded gel 

fraction in double distilled water with values of 86-89% upon utilising 1-Ethyl-3-[3-

dimethylaminopropyl] carbodiimide hydrochloride (EDC) as their crosslinker 

(Nokoorani et al., 2021). As chitosan is insoluble in water, these values are not 

comparable to results in the acetic acid and as such tests were repeated in PBS to 

determine comparable data and to replicate the human in vivo environment (Table 3.2). 

GF in PBS indicated that CS/FAp had the lowest gel fraction in PBS (94.55±1.03), while 

similar values were obtained for CS/HAp and CS/TCP-α scaffolds at 99.28±0.59 and 

99.72±0.88, respectively. In addition, no significant differences were shown in GF in PBS 

for scaffolds with various BP content, exhibiting the values of 97.40±1.86, 96.83±0.27 

and 96.34±0.18 for CS/HAp/5 µl BP, CS/HAp/10 µl BP and CS/HAp/20 µl BP, 

respectively. These results demonstrated the highest GF in PBS for CS/HAp/5 µl BP with 

only ±3% unreacted materials being washed away compared to the other two BP 

concentrations. These results were >10% higher than previously reported data from 

swelling CS scaffolds in ddH2O.  

Table 3.2 Swelling studies of chitosan scaffolds with different ceramics (HAp, TCP-α and FAp) and benzophenone 
contents (20, 10 and 5 µl), comprising the EWC, WU, percentage of swelling and gel fraction in PBS. 

Sample Equilibrium 

water content, 

EWC ± SD 

Water uptake, 

WU ± SD 

% Swelling ± 

SD 

Gel Fraction  

PBS ± SD 

CS/HAp/50 µl BP 65.74±0.79 191.97±6.84 291.97±6.84 99.28±0.59 

CS/TCP-α/50 µl BP 59.29±0.95 145.74±5.68 245.74±5.68 99.72±0.88 

CS/FAp/50 µl BP 87.71±1.92 726.65±127.2 826.65±127.22 94.55±1.03 

CS/HAp/20 µl BP 64.47±0.08 181.43±0.63 281.43±0.63 96.34±0.18 

CS/HAp/10 µl BP 64.60±0.5 182.51±4.04 282.51±4.04 96.83±0.27 

CS/HAp/5 µl BP 63.61±0.43 174.85±3.28 274.85±3.28 97.40±1.86 
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Moreover, it was evident that the CS/FAp-containing scaffolds recorded the highest 

values in EWC, WU, and swelling percentage showing the weak crosslinking degree of 

the scaffolds. EWC of the scaffolds were shown to be 59.29±0.95 for CS/TCP-α, 

65.74±0.79 for CS/HAp and 87.71±1.92 for CS/FAp scaffolds. Meanwhile, the EWC for 

the scaffolds with different BP contents were 63.61±0.43 (CS/HAp/5 µl BP), 64.60±0.5 

(CS/HAp/10 µl BP) and 64.47±0.08 (CS/HAp/20 µl BP), indicating that their swelling 

ability was around a similar level despite the varied photoinitiator amount. While the 

EWC of human bone is about 15-25%, this shows the importance of water in bones since 

it is the main factor affecting the mechanical behaviour of the bones (Granke et al., 2015; 

Surowiec et al., 2022). As such, a lower EWC would be desirable.  

In addition, the swelling test recorded the water uptake (WU) capacity of 145.74±5.68, 

191.97±6.84, and 726.65±127.2 for CS/TCP-α CS/HAp and CS/FAp scaffolds, 

respectively, while CS/HAp/5 µl BP, CS/HAp/10 µl BP and CS/HAp/20 µl BP recorded 

WU values of 174.85±3.28, 182.51±4.04 and 181.43±0.63, respectively, showing a 

reduced WU for CS/HAp/5 µl BP. Although water uptake is essential for nutrient 

transport and gas interchange, swelling under physiological conditions should be 

controlled to avoid excessive degradation from the diffusion of water into weakly 

crosslinked scaffolds and thus further causing the loss of mechanical integrity and 

compressive stresses to the cellular environment (Kamoun et al., 2018; Maji et al., 2016; 

Nga et al., 2020; Tao et al., 2017). A similar trend was also shown in the percentage of 

swelling, with values of 826.65±127.22 (CS/FAp), 291.97±6.84 (CS/HAp), 245.74±5.68 

(CS/TCP-α), while different BP content-scaffolds presented the swelling percentage of 

274.85±3.28 (CS/HAp/5 µl BP), 282.51±4.04 (CS/HAp/10 µl BP) and 281.43±0.63 

(CS/HAp/20 µl BP). Higher and faster swelling behaviour in PBS of pH 7.4 

corresponding to blood pH indicates the scaffolds’ hydrophilicity and porosity (Grabska-

Zielińska et al., 2020; X. Zhang et al., 2019). Based on the swelling data, it appears that 

the relative porosity of scaffolds were: CS/FAp > CS/HAp > CS/TCP-α and CS/HAp/20 

µl BP > CS/HAp/10 µl BP > CS/HAp/5 µl BP. It has been previously reported that 

crosslinking reactions are normally influenced by the type of crosslinker and its 

concentration as well as the reaction time (Hasirci et al., 2017; Oustadi et al., 2020; 

Sanchez-Salvador et al., 2021). These results validated that a high crosslinking density 

can be achieved even with a low BP content due to the reversible BP excitation, enabling 

the diradicals to revert to the ground state and continue to react with the favourable CH- 
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group, thus ensuring an efficient covalent bonding (Riga et al., 2017). However, since the 

cross conjugation took place using UV light, free radicals may be present in the scaffold. 

As such a radical reactive oxygen species (ROS) test should be conducted to ensure 

radicals are not present in the final construct. 

3.3.2 Fourier-Transform Infrared Spectroscopy 

The chemical compositions of the fabricated scaffolds were analysed using FTIR. In this 

work, chitosan exhibited peaks corresponding to N-H stretching and OH- peaks at 3336-

3358 cm
-1

, asymmetrical C-H stretch of –CH2 at 2869-2921 cm
-1

, C=O stretching of 

amide I at 1638-1657 cm
-1

, the N–H deformation of amide II at 1540-1559 cm
-1

, C–CH3 

band at 1372 cm
−1

 and the saccharide C–O–C stretching at 1149-1153 and 1024-1027  

cm
-1

, which correspond to reported values in the literature (Figure 3.5)
 
(Becerra et al., 

2022; Y. Liao et al., 2020; Nikonenko et al., 2000; Queiroz et al., 2015).  

HAp powder presented characteristic peaks corresponding to PO43-
 at 1026 and 1092    

cm
-1

, while scaffolds containing HAp exhibited PO43-
 peaks at 1027 and 1149 cm

-1
,
 
with 

phosphate symmetrical stretching vibration at 962 cm
-1

 and CO32-
 groups at 1411-1657 

cm
−1

. Referring to the literatures, hydroxyapatite is commonly identified through the 

presence of symmetrical phosphate stretching (950-962 cm
−1

), orthophosphate 

asymmetrical stretching (1029, 1089, 980-1100 cm
−1

), carbonate groups (1670-1420, 

1418, 1471 cm
−1

) as well as hydroxyl group stretching bands (3372-3348, 3570, 3575 

cm
−1

) (Becerra et al., 2022; Fern & Salimi, 2021; Nazeer et al., 2017; Predoi et al., 2019).  

TCP-α presented phosphate peak at 1009 cm
-1

 and the presence of TCP-α scaffolds was 

indicated by PO43-
 peaks at 944, 1024, 1063 and 1149 cm

-1
 and CO32-

-region at 895        

cm
-1

, validating the structural characteristics of the calcium phosphate ceramics. TCP-α 

is characterised by its main PO43-
 bands of v3 anti-symmetric P-O stretching at 1107, 

1058, 1039, 1013, 1022 and 984 cm
-1

, as well as v1 symmetric P-O stretching at 935-938, 

954-959 cm
-1 

(Canillas et al., 2016; Moreno et al., 2020; Sinusaite et al., 2021; 

Szurkowska et al., 2020; Thaitalay et al., 2018). FAp is characterised by its v3 phosphate 

ions at 960, 1020-1026, and 562 cm
-1

, where scaffolds produced in this work which 

contained FAp demonstrated the presence of PO43-
 peak at 1024 cm

-1
, which is in 

agreement with the values reported in the literature (Anastasiou et al., 2019; Borkowski 

et al., 2020; Vidal et al., 2022). 
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PEG600DMA contains two different unsaturated bonds at both ends of its repeated unit. 

These peaks are represented on FTIR spectra at 1637-1650 cm
-1 

for C=C and 1720-1760 

cm
-1

 for C=O (Burke et al., 2019; Della Sala et al., 2020; Kasgoz & Heydarova, 2011; 

Maciejewska et al., 2021). In
 
this work, corresponding peaks were observed at 1637        

cm
-1 

for C=C and 1717 cm
-1

 for C=O. Following the UV reaction, these peaks were 

observed at 1638-1657 cm
-1

 for C=C and 1715 cm
-1

 for C=O with reduced intensity. 

 

Figure 3.5 FTIR spectrum of individual components and different CS/ceramic scaffolds following the crosslinking 
reaction. 

The FTIR spectrum of the CS/HAp scaffolds with different BP contents (50, 20, 5 and 1 

µl of 0.1% w/v benzophenone) in Figure 3.6 shows that the CS/HAp scaffolds retained 

the structural properties with no major peaks shifting following the crosslinking reaction 

as outlined earlier in this section. However, with varying concentrations of BP, it was 

observed that the (C=C) peaks appeared to reduce with decreases in BP concentration. 

This peak reduction indicates breakage of the bond during crosslinking, which may have 

resulted in crosslinking of the chitosan structure as supported by swelling studies. This 

crosslinking is promising for a balance between the mechanical strength and the material 

degradation that will be further discussed in the next section. 
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Figure 3.6 FTIR spectrum of CS/HAp scaffolds incorporating 50, 20, 5 and 1 µl BP at 0.1% w/v. 

3.3.3 Mechanical Assessment 

Compression testing was performed to assess the mechanical performance of the tissue 

engineering scaffolds. Healthy cortical bone has a strength of 100-150 MPa. However, 

most autografts consist of cancellous bone, which has a strength of 1.5-38 MPa 

(Bahraminasab, 2020; Patel et al., 2019; Roohani-Esfahani et al., 2016; Wei et al., 2020). 

It was found that the currently formulated scaffolds had Young's modulus values of 

13.69±1.06 MPa (CS/HAp), 12.82±4.10 MPa (CS/TCP-α), and 15.55±0.56 MPa 

(CS/FAp) at 60% strain (Figure 3.7), which falls into the range of cancellous bone (C. Y. 

Lin & Kang, 2021). Similarly, Borkowski et al. (2021) reported that their FAp/ß-1,3-

glucan scaffolds achieved a compressive strength of 11.55 MPa, which is higher than 

their HAp/ ß-1,3-glucan scaffolds of 6.57 MPa. Since ß-1,3-glucan is also a 

polysaccharide equivalent to chitosan, their compressive strength values are relevant to 

the scaffolds produced in this work (Borkowski et al., 2021). These results also validated 

that the crosslinking of chitosan polysaccharides does enhance the mechanical properties 

of the scaffold products (Hasirci et al., 2017). 
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Figure 3.7 The compressive strength of the chitosan scaffolds with different bioceramics recorded similar values 
achieving a strength above 12 MPa. 

Alterations in the photoinitiator concentration in the scaffold formulations did not have a 

significant effect on the compressive strength of the CS/HAp scaffolds (Figure 3.8), 

where values of 12.03±0.98 (CS/HAp/20 µl BP), 13.62±1.93 (CS/HAp/5 µl BP) and 

10.75±3.93 MPa (CS/HAp/1 µl BP) were recorded (p > 0.05, for all comparisons). A 

large standard deviation range in the CS/HAp scaffolds with only 1 µl BP might be caused 

by the least crosslinking occurred, giving unstable mechanical strength to the scaffolds. 

These values are higher than values reported in the literature for bone tissue engineering 

scaffolds, where the compressive modulus of chitosan/HAp-based composites and also 

aneroin/HAp-3D complex construct were between 4-6 MPa at 60% strain and 6.42 MPa 

at 40% strain, respectively (G. Choi & Cha, 2019; Devine et al., 2017). Additionally, the 

recorded compressive strength values are also higher than the values reported by Zhang 

et al. (2019) from the silk fibroin (SF), carboxymethyl chitosan (CMCS), cellulose 

nanocrystals (CNCs) and strontium substituted hydroxyapatite (Sr-HAp) scaffold 

combinations, ranging from 22.91±3.24 KPa to 78.55±5.04 KPa (X. Zhang et al., 2019). 



120 
 

 

Figure 3.8 The Young's modulus values of the chitosan scaffolds with different BP contents present the lowest 
strength in the least BP volume. 

The mechanical strength of the scaffolds is important for the recovery of two primary 

factors in bone healing; the load-bearing capacity and bone strength. Mechanical 

stimulation on the cellular level in the healing area will contribute to normal bone repair 

and regeneration in three stages of healing; mesenchymal stem cells proliferation in the 

early inflammatory phase, soft callus/non-mineralised cartilage in the reparative phase 

and the hard callus reconstitution in the remodelling phase (Ansari, 2019; Augat et al., 

2021; T.-M. De Witte et al., 2018; X. Li et al., 2018; Y. Liao et al., 2020; Maruyama et 

al., 2020). Among these stages, it was found by Fu et al. (2022) that changes in 

mechanical stimulus can more easily manipulate the early healing process than the later 

ones due to the micro-motion following the initial flexible fixation (Barcik et al., 2021; 

Foster et al., 2021; R. Fu et al., 2022; Glatt et al., 2021; Perren, 2002; Thompson et al., 

2020). 

3.3.4  Biodegradation Assessment 

The biodegradability of a scaffold is another vital characteristic of an engineered bone 

scaffold. The ideal scaffold is postulated to be able to have a degradation rate similar to 

the rate of the new bone formation to promote ideal bone healing (Abbasi et al., 2020; 

Bahraminasab, 2020; Burke et al., 2019; Grabska-Zielińska et al., 2020; Jin et al., 2019; 

Ligon et al., 2017; Prasadh & Wong, 2018). In this work, biodegradability in the presence 
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of simulated body fluid (SBF) was monitored to achieve the desired degradation rate of 

eight weeks, which is equivalent to the bone healing time frame for healthy bone 

(Blackwood et al., 2012; Y. Chen et al., 2019; T. Kim et al., 2020; Mahmood et al., 2017). 

 

Figure 3.9 The degradation profile of the chitosan scaffolds in simulated body fluid over eight weeks shows a similar 
degradation rate for chitosan scaffolds with HAp, TCP-α and FAp ceramics. 

After one week in the SBF, it was shown that the non-crosslinked chitosan scaffolds had 

lost 7.69%, which was higher than the other scaffolds tested (Figure 3.9). This weight 

loss is postulated to result from the absence of UV-photocrosslinking that failed to bind 

the biomaterials together or make a weak network, thus leading to earlier biodegradation 

(X. Zhang et al., 2019). It was observed from the weight-loss trend that there was a slight 

increase in weight at the end of the test on week eight for both CS/HAp and CS/TCP-α, 

which could be due to calcium phosphate salt deposition from SBF increasing the 

remaining scaffold weight (Bandyopadhyay et al., 2012; De Mori et al., 2019; El-fiqi et 

al., 2013). However, a major 81.58% weight loss was recorded for CS/FAp scaffolds 

between weeks 2 and 4. This high degradation rate is unlikely for fluorapatite since it was 

reported that FAp possesses higher resistance towards degradation in physiological 

conditions compared to HAp upon the insertion of F- ions into OH- groups (Borkowski 

et al., 2020; Nordquist et al., 2011; Seyedmajidi et al., 2018; Seyedmajidi & Seyedmajidi, 

2022). Nevertheless, this phenomenon might be due to the higher polarity of HAp 

compared to FAp. As such, HAp binds more easily to the polar groups of chitosan, 

thereby binding the structure together and preventing high levels of swelling and 
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degradation. Conversely, the chitosan can swell more easily in CS/FAp (Figure 3.10) due 

to the electrostatic repulsion, allowing fluid ingression, which leads to an increase in 

hydrolytic degradation (Canillas et al., 2016). 

 

CS/HAp 

 

CS/TCP-α 

 

CS/FAp 

Figure 3.10 The scaffolds’ physical condition following submerging in SBF for two weeks, where the swelling of 
chitosan was observed the most in CS/FAp. 

 

Figure 3.11 The degradation profile of CS/HAp scaffolds with different benzophenone content in SBF, where 
CS/HAp/5 µl BP presented a stable degradation rate for eight weeks. 

Additionally, BP loading also affected the degradation rate of the scaffold (Figure 3.11). 

Degradation data indicated that an increased degradation was observed in CS/HAp 

scaffolds with reduced BP contents. Gradual and stable degradation can be observed in 

the CS/HAp/5 µl 0.1% w/v BP scaffold profile, where 54.48(±10.89) % weight degraded 

after eight weeks in SBF. The scaffolds were then left to continue degrading until week 

12 and were observed to lose their integrity during handling. As such no measurement 

was possible at this stage, thus establishing that this representative high-strength scaffold 

can induce osteotransduction within the desired timeframe (Alves et al., 2020; Lavanya 

et al., 2020; J. Wu et al., 2019). This degradation period corresponds to a report by 

Turnbull et al. (2017) documenting that a porous ß-dicalcium silicate (ß-Ca2SiO4) 
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scaffold was aimed at bone healing applications (Turnbull et al., 2017). The loss of the 

scaffold integrity within this period will enable the permeation of bone healing molecules 

and mechanisms within the bone defect facilitating the bone regeneration process 

(Hernandez et al., 2016). In general, the changes in photoinitiator concentration are 

indeed leading to the tuneability of the degradation rate, pore size and porosity of the 

scaffolds (Donnaloja et al., 2020). 

3.3.4.1 Mechanical Stability during Biodegradation 

Since scaffolds degraded slowly over the increasing incubation period, the scaffolds' 

strength was also presupposed to decrease over time (C. Wang et al., 2020). The 

compression test was performed on the scaffolds following the degradation time points 

to evaluate the strength of the scaffolds while disintegrating in the SBF solution.  

The compression test result (Figure 3.12) shows that the strength of the scaffolds for both 

formulations decreased while degrading over eight weeks. The strength of the CS/HAp 

scaffold decreased from 13.69(±1.06) MPa after one day to 5.46(±2.47) MPa after eight 

weeks, while CS/TCP scaffolds had reduced the strength from 12.82(±4.1) MPa on day 

one to 8.24(±1.76) MPa on week eight of the degradation test with significant difference 

recorded for both formulations (p<0.05, for both comparisons). The decreasing trend of 

Young's modulus values obtained in this degradation procedure could indicate that the 

bonds and linkage between the materials were broken gradually, thus validating that 

biodegradation of the materials had occurred (F. Yang et al., 2013).  
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Figure 3.12 The compressive strength profile of the scaffolds while degrading in SBF for CS/HAp and CS/TCP-α, 
showing a reduction in the scaffold strengths over the eight weeks (n=3). 

The compressive strength of the scaffolds fabricated with various BP content while 

degrading was also tested (Figure 3.13). It was found that these BP volumes which were 

lower than the previous 50 µl had lost their integrity during handling after four weeks in 

the SBF, and were thus unable to be tested after week 4. The CS/HAp scaffolds with 20 

µl 0.1% w/v benzophenone showed a reduction in strength from the initial 11.20 MPa to 

7.85 MPa after week 2 before increasing to 10.15 MPa in week 4. Interestingly, the 

compressive strength of CS/HAp/5 µl BP was observed to increase over the four weeks 

in the SBF. However, no significant difference was observed, illustrating that the 

scaffolds had maintained their strength for four weeks prior to complete disintegration in 

week 8 (p>0.05, for all comparisons). An increase in Young's modulus values after the 

initial reduction observed could be explained by the polymeric structural breakdown 

process. In the beginning, the shorter polymer chain in the scaffold composite has broken 

down, leaving the longer chains behind. Thus, this could result in the greater strength of 

the scaffold before the breaking down of the longer chain takes place. This result was 

highly preferable as it was aimed to maintain the strength of the scaffold following the 

application in vivo ( a A. Kumar et al., 2011). However, since this result was obtained 

from the degradation test utilising n=3, it is recommended to increase the sample size to 

n=6 in future investigations for a more robust outcome.
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Figure 3.13 The compressive strength profile of the CS/HAp scaffolds with different BP contents while degrading in 
SBF for eight weeks (n=3). An increase in strengths might be indicative of the remaining strong crosslinked chains 
following the initial disintegration of the weaker chains. 

3.3.5 Scanning Electron Microscopy and Energy Dispersive X-ray Spectrometry 

Surface analysis was performed using SEM and the elemental compositions were 

confirmed using EDX. The main elements recorded for all scaffolds were Carbon (C), 

Oxygen (O) and Sodium (Na), which originated from the neutralised chitosan, while 

Calcium (Ca) and Phosphorus (P) represented the incorporated ceramics. In addition, the 

unique Fluorine (F) component present in CS/FAp scaffolds (0.9%) validated the 

fluorapatite prepared, although this value was less than that of the prepared FAp powder 

(2.5%). Chen et al. (2006) and Kimoto et al. (2011) previously validated the synthesised 

FAp through the presence of a fluorine peak in the EDX analysis compared to the absence 

of this peak in the HAp sample, thus showing the importance of fluorine in characterising 

FAp (H. Chen et al., 2006; Kimoto et al., 2011). CS/HAp scaffolds presented a Ca/P ratio 

of 2.5149±0.24, which is higher compared to the theoretical value for HAp alone and 

human bones of 1.66 and 2.2-1, respectively (Figure 3.14) (Alhazmi et al., 2022; Choy et 

al., 2021; Fernández et al., 2017; Iga et al., 2020; Mazalan et al., 2018; Miculescu et al., 

2020; Nga et al., 2020; Osuchukwu et al., 2021; Redondo et al., 2022). It is hypothesised 

that this higher than the expected Ca/P ratio was due to the presence of unreacted calcium 

chloride residues in HAp (Devine et al., 2017; Ma, 2019). Also, CS/TCP-α presented a 
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Ca/P ratio of 1.9571±0.12 which is higher than the TCP stoichiometric value (1.5) but 

lower than the previously reported value for TCP-ß (2.02). This result might be due to the 

mixtures of two types of TCP, namely TCP-α and TCP-ß. However, CS/FAp exhibited a 

Ca/P ratio of 0.986±0.33 compared to its theoretical value (1.67) and previously reported 

Ca/P for FAp (1.4), thus showing the lesser mineralisation occurred (H. Chen et al., 2006; 

Choy et al., 2021; Guo et al., 2014; Ratnayake et al., 2020).  

In addition, the SEM photomicrographs also revealed the porosity of the fabricated 

scaffold composites, which was analysed by using ImageJ software. CS/HAp presented 

3.68±0.2% porosity, followed by CS/FAp (3.06±0.2%), and CS/TCP-α (3.02±0.1%), 

where these values are close to the reported porosity of the cortical bone (5-30%). While 

it was proposed that a scaffold should possess a porosity of >90% to facilitate optimum 

nutrients diffusion, this will compromise the mechanical strength and thus leading to 

failure of load-bearing support (Donnaloja et al., 2020; Islam et al., 2020).  

 CS/HAp/ 

50 µl BP 

CS/TCP-α/  

50 µl BP 

CS/FAp/  

50 µl BP 

SEM 

photomicrograph 

of the scaffold 

surface 
 

1 cm: 200 µm 

 

1 cm: 500 µm 

 

1 cm: 200 µm 

Calcium 12.3 ± 3.12 17.8933 ± 5.87 7.4667 ± 3.33 

Phosphate 4.925 ± 1.32 9.1467 ± 2.85 7.4 ± 0.78 

Ca/P 2.5149 ± 0.24 1.9571 ± 0.12 0.986 ± 0.33 

Figure 3.14 SEM-EDX analysis for the scaffolds showing the highest Ca/P values in CS/HAp followed by CS/TCP-α 
and CS/FAp. 

The surface and elemental analyses were also conducted on the degrading CS/HAp 

scaffolds to observe the Ca/P ratio representing the apatite formation in SBF (Figure 

3.15). The Ca/P ratio of the scaffold during the first week of degradation was observed to 

be the lowest (0.821±0.21) compared to the later time points. This supports the theory 

that unreacted calcium chloride was present in the HAp. Due to its relatively high 

solubility, these calcium compounds dissolved leading to a reduction in the Ca/P ratio at 

one week. Subsequently, the Ca/P ratio increased again due to mineral deposition from 
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the SBF as reported by Zhang et al., (2019), Shemshad et al., (2019) and Wu et al., (2020) 

(Shemshad et al., 2019; M. Wu et al., 2020; X. Zhang et al., 2019). The ratio continued 

to decrease during the degradation study which appears to be led by an observed increase 

in P levels supporting the mineral deposition theory. Previously, pig bone-derived HAp 

was observed to reduce the Ca/P ratio after being soaked in SBF, indicating the gradual 

deconstruction of the ceramic in SBF as well as the elimination of organic moieties from 

the samples, which might as well explain the scaffolds’ behaviour in this work (Lim et 

al., 2019). 

 Week 1 Week 2 Week 4 Week 8 

SEM 

photomicrograph 

of the scaffold 

surface 
 

1 cm: 200 µm 

 

1 cm: 200 µm 

 

1 cm: 200 µm 

 

1 cm: 200 µm 

Calcium 6.2111 ± 2.31 13.75 ± 3.43 10.6833 ± 

4.18 

14.0833 ± 5.44 

Phosphate 7.4111 ± 0.74 6 ± 1.44 5.15 ± 2.20 7.0167 ± 2.8 

Ca/P 0.821 ± 0.21 2.2891 ± 0.14 2.0961 ± 0.1 2.0268 ± 0.1 

Figure 3.15 SEM-EDX analysis for the degraded CS/HAp 5 µl BP scaffolds in weeks 1 to 8, showing a low Ca/P 
value in week 1 before increasing in week 2 and decreasing gradually to week 8. 

3.3.6 Analysis of UV Curing Time on the Crosslinking of Chitosan/Hydroxyapatite 

Composite Scaffold 

3.3.6.1 Crosslinking Test 

A complementary test was carried out to validate the features of two different scaffold 

sizes (20 and 5 mm diameters), where the smaller size scaffold was intended for the 

upcoming tests in the cell culture. Both scaffold sizes were subjected to crosslinking 

testing following the UV curing process. They were submerged in 1% acetic acid for 5 

minutes, 1.5 hours, 3 hours and 24 hours to assess the strength of the linkage formed.  

It can be observed that the smaller 5 mm scaffolds' behaviour in the acetic acid started to 

dissolve in acidic conditions after 3 hours of being submerged (Figure 3.16). After 24 

hours, all scaffolds were wholly dissolved in the acetic acid regardless of the curing time. 

If the samples were successfully crosslinked, they should remain intact in the acetic acid 
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(Devine & Higginbotham, 2005). It was hypothesised that the size of the scaffold might 

have influenced this test. Therefore, an FTIR scan was carried out for these 5 mm 

diameter scaffolds to confirm the linkage produced during the hydrogen abstracting free 

radical initiation process. 
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Figure 3.16 The crosslinking test of 5 mm diameter scaffolds in acetic acid for 5 minutes, 1.5 hours, 3 hours and 24 
hours to assess the linkage formed. 
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This crosslinking test was also carried out using the large scaffolds with 2.1 cm diameter 

fabricated with all four UV curing times (Figure 3.17) to compare with the small 0.5 cm 

diameter scaffolds. After 24 hours in contact with the acetic acid, the scaffold remained 

the most intact when crosslinked under UV light for 40 minutes compared to 10, 20 and 

30 minutes (Figure 3.17). It was proposed that the shorter curing time had caused the 

samples to dissolve faster in acetic acid due to less C=C bond breaking and thus less 

linkage between the materials. This result was supported by a PhD dissertation stating 

that the amount of benzophenone will affect the crosslinking speed between the materials 

(Ciechacka, 2011). Subsequently, an FTIR scanning was carried out to compare the 

structure and bond breaking between the scaffolds of both sizes and all curing times. 
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Figure 3.17 The crosslinking test of 20 mm diameter scaffolds in acetic acid for 5 minutes, 1.5 hours and 24 hours to 
assess the linkage formed. 
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3.3.6.2 Fourier-Transform Infrared Spectroscopy 

The linkage formed for both scaffold sizes (20 and 5 mm diameters) was analysed using 

attenuated total reflectance FTIR. The spectrum for 2.0 mm scaffolds shows a shifting in 

samples fabricated under 40 minutes curing time at 2874 cm
-1

 peak to 2918 cm
-1

,
 

compared to the other curing times (Figure 3.18). This shifting could indicate the C=C 

bond-breaking into C-C bonds through the UV curing, which showed the sufficient curing 

time required for a successful crosslinking reaction. The curing time that affected the 

methacrylate conversion might also be the reason for this test performance (Qiu, 2008). 

 

Figure 3.18 The FTIR spectrum of scaffolds with 20 mm diameter under different curing times in the UV chamber. 

The previous result was then compared to the smaller scaffolds with 0.5 cm diameter 

(Figure 3.19), where a similar peak-shifting as found in the 20 mm diameter scaffold’s 

spectrum was present when the smaller diameter scaffolds were UV-cured for ten minutes 

compared to 20, 30, and 40 minutes. This result might indicate that ten minutes of curing 

time under UV light was sufficient for the smaller scaffold to break the C=C bonds 

leading to a successful crosslinking reaction.  
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Figure 3.19 The FTIR spectrum of scaffolds with 5 mm diameter under different curing times in the UV chamber. 

3.4 Summary 

Developing a biodegradable bone scaffold with sufficient mechanical properties and can 

provide osteoconductive features is crucial in this tissue engineering field. The present 

study demonstrated an improved chemical crosslinking method of a chitosan-based 

scaffold with various bioceramics and photoinitiator alterations. The swelling test in 

acidic conditions presented a gel fraction of more than 50%, demonstrating crosslinking 

was achieved. The FTIR showed the scaffold characteristics for both chitosan and 

ceramics following crosslinking, where a reduction in C=C peaks were recorded with 

decreasing BP content. Moreover, the surface morphology was confirmed through SEM-

EDX analysis. The compression testing validated the mechanical performance of the 

scaffolds achieving 12-15 MPa, which was sustained to at least 10 MPa during 

degradation recorded over eight weeks in SBF. The scaffold mineralisation in SBF was 

monitored semi-quantitatively using SEM-EDX, where an increase of Ca/P ratio was 

recorded from week 1 to week 2 before gradually reduced from week 2 to week 8.  

CS/HAp with 5 µl of 0.1% w/v benzophenone scaffold formulation is proposed for future 

investigation as a biomimetic bone scaffold candidate since it was found promising 

mechanical properties while degrading in addition to favourable swelling and gel fraction 

characteristics. Ultimately, the scaffold fabrication method presented is hypothesised to 
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provide better control of the covalent grafting of active ingredients between the scaffold 

structure and its release in vitro and later in vivo. 

Following on from the optimisation of the scaffold fabrication in this chapter, the 

subsequent chapter will concentrate on the effect of loading osteogenic compounds into 

the scaffold and its effect on bone healing.  
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Chapter 4: Chitosan/Hydroxyapatite Scaffolds with P28 as a Promising 

Osteoinductive Scaffold for Bone Healing Applications 

4.1  Abstract 

Despite bone’s inherent ability to heal, large bone defects remain a major clinical concern. 

This study proposes an off-the-shelf treatment combining chitosan/hydroxyapatite 

(CS/HAp) scaffolds, covalently linked with either bone morphogenetic protein-2 (BMP-

2) or its related peptide P28 via a UV crosslinking process. Although covalently binding 

the growth factors was reported as a great alternative to the conventionally physical 

adsorption and encapsulation methods, this method presents the risk of altering the 

molecular activity and interaction of the growth factors. Therefore, alkaline phosphatase 

(ALP) activity and alizarin red staining (ARS) with a quantitative cetylpyridinium 

chloride (CPC) assay were conducted to validate that our photo-crosslinking fabrication 

method did not interfere with the functionality of the growth factors. The ALP activity of 

C2C12 with 100 µg/ml P28 was found to be comparable to 0.5 µg/ml BMP-2 after two 

weeks, where 0.001 U/ml was recorded for both treatments. The C2C12 cultured with 

CS/HAp/BMP-2 and CS/HAp/P28 scaffolds also showed an increased ALP activity 

compared to the negative control. ARS-CPC assay presented the highest optical density 

in 0.3 µg/ml BMP-2 and 50 µg/ml P28, while the highest intensity of ARS was observed 

in C2C12 cultured with CS/HAp/BMP-2 and CS/HAp/P28 scaffolds compared to the 

negative controls. The osteoconductive capability of this delivery system was then 

investigated through a rat femoral condyle defect model, where the new bone mineral 

density and the bone volume increased for all CS/HAp scaffolds compared to the collagen 

sponge control treatment. The histological assessment showed a favourable bone 

regeneration efficacy of the CS/HAp/P28 compared to the CS/HAp/BMP-2 treatment, 

thus showing the use of CS/HAp scaffolds with P28 as a promising osteoinductive 

scaffold for bone healing applications. 

4.2 Introduction 

Critical bone defects are caused by various factors, including high-impact trauma from 

falling or collisions, cancer, and bone diseases, which have been a global challenge to 

clinical orthopaedics for centuries (Cui et al., 2018; Klein et al., 2019; Meng et al., 2021; 

Sparks et al., 2020; Sun et al., 2017). While autologous treatment is favoured for its gold-

standard features, it requires additional surgery and its limited supply demands the need 

for alternatives (Jahan et al., 2020; X. Zhang et al., 2019). To date, substantial 
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investigations have been carried out by tissue engineering researchers collaborating with 

orthopaedics and plastic surgeons to come up with off-the-shelf treatment alternatives for 

treating bone defects (Henkel, 2017; Taraballi et al., 2017). Researchers are investigating 

the use of available biomaterials to produce biodegradable bone substitutes that have been 

the current go-to alternatives since it is a critical factor in the success of new tissue 

turnover (Burke et al., 2019; Fournet et al., 2019). This biodegradable biomaterial 

comprises synthetic biodegradable polymers, such as poly lactic-co-glycolic acid 

(PLGA), and naturally occurring polymers, such as chitosan, silk fibroin and collagen, as 

well as inorganics such as hydroxyapatite, tricalcium phosphate and antimicrobial 

fluorapatite (L. Chen et al., 2020; Hirenkumar & Steven, 2012). 

Chitosan has been utilised in numerous research articles as a bone substitute for materials 

due to its biocompatible and biodegradable properties and the ability to promote cell 

attachment and proliferation, while it costs less compared to the other materials (Maji et 

al., 2016; Sukpaita et al., 2019). It has also been approved by the Food and Drug 

Administration (FDA) as a Generally Recognised as Safe (GRAS) biomaterial to be used 

for biomedical applications (Chang et al., 2016; Fourie et al., 2022; A. Kumar & Kumar, 

2017; Marques et al., 2020). In addition, bone regeneration research has directed a 

significant application of chitosan composite in the formulation since it gives minimal 

foreign body reactions, has intrinsic antibacterial nature and can also be constructed into 

various geometries and forms for tuning the porosity, osteoinduction and osteoconduction 

properties (Venkatesan & Kim, 2010). Chitosan can also mimic the extracellular matrix 

(ECM) due to its similar structure to proteoglycans, which has led researchers to utilise it 

for tissue engineering (Barroso et al., 2022; Jhala et al., 2020; Nicolas et al., 2020; F. 

Zhang & King, 2020). However, owing to its low solubility property, chitosan is often 

combined with other biomaterials, such as hydroxyapatite, to improve its solubility as 

well as to enhance the mechanical properties and provide bioactive features to the bone 

scaffold (B. Li, Wang, et al., 2019; Maachou et al., 2008; Zheng et al., 2015). Moreover, 

despite their known osteoconductive properties, CS and HAp require the incorporation of 

growth factors to enhance the osteoinductive feature of the scaffolds, where 

osteodifferentiation of the stem cells into osteoblasts is promoted (Bjelić & Finšgar, 2021; 

Reves et al., 2011). 

Consequently, a promising acellular strategy that centres on developing scaffolds 

incorporating osteogenic factors was employed. This plan combines biology and 



136 
 

engineering principles to create viable substitutes to restore and maintain the function of 

human (bone) tissue, involving covalent bonding of the growth factors to the composite 

vehicle through UV crosslinking. This method is one of the alternatives to overcome the 

limitations of surface adsorption and physical encapsulation methods, such as the 

unspecific affinity between the protein and carrier and the rapid uncontrolled release, 

respectively. This preferred alternative was reported to be efficient in yielding a thorough, 

stable and extended release instead (Devine et al., 2017; El Bialy et al., 2017) due to the 

controllable concentrations and the directed peptide conformations. In addition, 

covalently bound peptides were declared to have higher stability and specificity in terms 

of controlling the intended folding, thus allowing signalling and binding domains to be 

available for cellular interactions (Bullock et al., 2021). 

This project was aimed at fabricating a biodegradable scaffold that will release growth 

factors while degrading in a gradational way for an expected period to be replaced by a 

newly formed bone tissue from the bonded cells (osteotransduction) and then be secreted 

from the body naturally after it completes its function (Alves et al., 2020). Previously, the 

FDA had approved a clinically relevant protein, the recombinant human bone 

morphogenetic protein-2 (rhBMP-2), with a collagen carrier called INFUSE
®

 to induce 

new bone tissue following the implantation (Rosenberg et al., 2019). However, due to the 

ectopic bone formation resulting from the implantation, a P28 peptide derived from the 

knuckle epitope of BMP-2 was then examined as an alternative (Meng et al., 2021; Y. 

Wu et al., 2020; G. Zhao et al., 2021). This P28 peptide was postulated to present a 

comparable osteoinductive performance to its protein of origin since it was previously 

found to be a potential substitute for the full-length rhBMP-2 in inducing new bone-cell 

formation due to its high performance with greater control over cellular interactions and 

a cost-effective alternative to BMP-2 (Bain et al., 2015; Bullock et al., 2021; Cui et al., 

2016). 

C2C12 myoblast cell line, which has a low baseline ALP activity, normally regulates the 

osteoinduction process through the growth factor incorporation, typically BMP-2 (MW: 

26 kDa), by altering the differentiation pathway of the myoblasts towards an osteoblastic 

lineage (De Gorter et al., 2010; Hidaka et al., 2020). An upregulation in ALP activity 

induced by BMP-2 indicates the bioactivity of these osteogenic factors (Blackwood et al., 

2012; Katagiri et al., 1994). However, to our knowledge, no previous study has reported 

the C2C12 differentiation profile upon the osteogenic induction by P28 peptide (MW: 
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3091.2 Da) with the sequence of S
[PO4]

 DDDDDDDKIPKASSVPTELSAISTLYL (Sun 

et al., 2017). Therefore, the C2C12 responses towards P28 treatments compared to BMP-

2 on their own, or following the incorporation into the CS/HAp scaffolds in the cell 

testing, were systematically studied. 

4.3 Results and Discussion 

4.3.1 Scaffold Characterisation through a Fourier-Transform Infrared 
Spectroscopy 

The chemical compositions of the fabricated scaffolds were analysed using FTIR. 

Chitosan characteristics could be observed through the saccharide C-O-C stretching at 

1150, 1060 and 1020 cm
−1

 and the asymmetrical C-H stretch of –CH2 at 2921 cm
−1

 

(Becerra et al., 2022; Y. Liao et al., 2020), while HAp was commonly presented by the 

calcium phosphate regions at 1029, 1049, 1089, 980–1100 cm
−1

 and carbonate regions at 

1670–1420, 1418, 1471 cm
−1

 (Fern & Salimi, 2021; Nazeer et al., 2017; Predoi et al., 

2019; Shemshad et al., 2019). In this work, the CS/HAp scaffold exhibited the 

asymmetrical C-H stretch of –CH2 at 2871 cm
−1

 and the calcium phosphate regions at 

1017, 1089, 1148 and 1049 cm
−1

, corresponding to values presented in the literature.  

Halloran et al. (Halloran et al., 2020) identified BMP-2 through two different amide bands 

of the protein at 1664 and 1393 cm
−1

, while Rosenberg et al. (Rosenberg et al., 2019) 

observed the amide I at 1633 cm
−1

 and amide II at 1533 cm
−1

. Interestingly, the BMP-2 

and P28 in this work portrayed only the amide I band at 1636 cm
−1

 (Figure 4.1). This P28 

profile was likely due to the protein of origin of the peptide, which was BMP-2, therefore 

it gave similar values (Cui et al., 2016; Meng et al., 2021; Sun et al., 2017). 

While the concentration of BMP-2 in the mixture was low compared to the other 

constituents in the construct, there was an observed increase in the peak height at 1650 

cm
−1,

 which could be caused by the incorporation of BMP-2. Similarly, there was a further 

increase in the peak height following the incorporation of P28, which was added at a 

higher concentration compared to BMP-2. 
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Figure 4.1 FTIR responses of the scaffolds, BMP-2 and P28, presenting the success of the covalent bonding through 
the increase in the peak height at 1650 cm−1. 

4.3.2  Kinetic Release of BMP-2  

Initially, the BMP-2 and P28 release study was planned to be analysed using a high-

sensitive HPLC system due to its time and cost-effective features. This technique was 

reported to be able to carry out a direct analysis in the analytes ranging from 2-100 µg/ml 

(Biswas et al., 2019), giving a potential to detect the low GF release concentrations. Here, 

ultrapure water was chosen during the in vitro release procedure to eliminate complexity 

in separation.  

4.3.2.1 System Suitability Test to Determine the Best Wavelength for Analysis 

Initially, a system suitability test (SST) was carried out for two wavelengths (220 and 230 

nm) to confirm the reproducibility of the test as an alternative to plotting the standard 

calibration curve. This test was performed by taking the area of each peak for each BMP-

2 injection, followed by calculating the mean, standard deviation (std dev) and the 

percentage relative standard deviation (%RSD) (Table 4.1). It could be confirmed that the 

220 nm wavelength was more suitable to be used based on its fewer variations in the peak 

areas of the analysis (1.40% RSD) and better reproducibility compared to 230 nm (6.64% 

RSD) (p<0.05) (Dolan, 2008). Similarly, another study reported a 1.45% RSD from the 

SST for rhBMP-2 analysis, thus passing the criteria of <2% RSD (Biswas et al., 2019). 
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Table 4.1 The table shows the system suitability test calculations to determine the best wavelength for the analysis of 
BMP-2. 

 
230 nm 220 nm 

Injection Total Peak Areas 

1 9346435 4524961 

2 8062176 4382529 

3 8115740 4390884 

4 8102664 4375658 

5 8153167 4429845 

Mean 8356036 4420775 

Std Dev 554603 61905 

%RSD 6.64 1.40 
  Annotations: Std Dev: Standard deviation; %RSD: % Relative standard deviation 

 

Figure 4.2 The HPLC chromatogram of 30 ng/ml BMP-2 standard shows a more consistent response in the SST. a) 
represents the complete chromatogram while b) shows the zoomed peak region. 

4.3.2.2 The BMP-2 Release from Chitosan/Hydroxyapatite Scaffold  

The HPLC was set up to run the BMP-2 release samples with wavelength set to 220 nm. 

Subsequently, the peak areas were calculated for the standards, negative control, and the 

protein released samples at different time points, starting from six hours in the water until 

day 14, quantifying the concentration of protein being released from the scaffold. The 

adjustment was made by deducting the water area from the standard and the control peak 

area from the samples. This procedure was carried out due to the protein's high affinity to 

the system, which was indicated by the pre-sampling peaks (Table 4.2), although the 

column and system cleaning procedures were conducted. 

a) 

b) 



140 
 

 

Table 4.2 The quantification of BMP-2 released samples at different time points by HPLC. 

Sample Peak Adjusted 
Area 

Released 
Sample 
Conc 
(ng) 

BMP2 
Standard 

Conc. 

Water 443576 

  

  
BMP2 

Std 
539644 96068 

 

30 

Control 391161 

  

  

6h  420752 29591 9.240642   

24h 424064 32903 10.27491   

48h 433867 42706 13.33618   

72h 430149 38988 12.17513   

192h 438563 47402 14.80264   

264h 458354 67193 20.98295   

336h 453091 61930 19.33943   

Water 445874 54713 17.08571   

 

The values of the protein released were calculated by using this formula: 

Adjusted Area = Area of Sample - Area of Control 

      Adjusted Area = Area of Standard - Area of Water 

Released Sample Concentration (ng) = Sample Area ÷ Standard Area ×  

   Standard Concentration 
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Figure 4.3 The graph shows the BMP-2 released concentration from the CS/HAp scaffold over 14 days. 

It can be observed that the protein gave a slight burst release at the beginning of the test, 

and the scaffold continued to degrade, giving a maximum BMP-2 release after 264 hours 

or 11 days (20.98 ng) before decreasing at the end of the test (Figure 4.3). The trend was 

due to the increasing protein release from the new individual scaffold at each time point 

which gave the higher amount of protein released accumulated compared to the 100 ng 

BMP-2 incorporated into the CS/HAp scaffolds. These results concluded that the clinical-

grade BMP-2 had been successfully covalently linked to the scaffold via the novel UV 

crosslinking procedure, and the scaffolds were able to degrade and release the protein. 

Therefore, this work shows an improved protein incorporation method compared to the 

documented previous research that utilised the adsorption method of BMP-2 onto the 

scaffolds. It was reported that the disadvantage of the adsorption method is the higher 

amount of protein needed and also the high risk of the growth factors being washed away 

(Y. Chen et al., 2017; C. Fu et al., 2017). For instance, collagen/hydroxyapatite 

composites conjugated with BMP-2 and alendronate using the physical adsorption 

method previously recorded a rapid release of BMP-2, where 30% of the loaded protein 

was washed out on the first day, and 90% of the total protein was released after seven 

days (Lee et al., 2021). This total release period of seven days is far too quick compared 

to our desired six to eight weeks of expected bone healing, thus leading us to choose 

another growth factor binding method instead, which is the UV photocrosslinking. 
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In addition, numerous research reported the quantification of the BMP-2 released from 

the scaffolds, but most of them had utilised the enzyme-linked immunosorbent assay 

(ELISA) technique instead of HPLC quantification (Draenert et al., 2013; Lee et al., 2021; 

Suliman et al., 2015). The HPLC method was often used to purify the peptide synthesised 

from protein (Cui et al., 2018; Hamilton et al., 2013; Madl et al., 2014) and quantify the 

peptide release instead (Cui et al., 2016). A similar approach in quantifying BMP-2 and 

its related peptide (P28) could be possible if an inert HPLC system is utilised in 

comparing the release performance following the scaffold degradation since BMP-2 has 

a high affinity to stainless-steel meaning the detected release rates may have been 

underestimated.  

4.3.3  In Vitro Kinetic Release of P28 

Due to the difficulties in terms of protein/peptide high affinity towards the stainless-steel 

system, the cumulative release of the P28 peptide from CS/HAp scaffolds in ultrapure 

water was measured using a UV spectrometer.  

Within 48 h, 27.43 ± 0.18% of P28 incorporated in the scaffolds was released in a burst 

release manner, followed by a sustained release from 72 h until the end of the study at 14 

days (2.84 ± 0.01 to 2.42 ± 0.01%) (Figure 4.4). Taken together, 38.09 ± 0.2% of the total 

P28 was detected in 14 days. The graph was extrapolated to six weeks (1008 h) and shows 

a consistent P28 release rate up to this time point. This finding agreed with the bone 

healing timeframe, which usually takes about 6–8 weeks (Anesi et al., 2020; Fournet et 

al., 2019). Consequently, this release profile obtained could validate the efficiency of our 

CS/HAp scaffolds to retain the P28 peptide within the composite and thus serve as the 

delivery vehicle for the peptide, thereby promoting new bone formation (Cui et al., 2016). 

These results compare favourably to previous work carried out by Sun, T. et al. (Sun et 

al., 2017), who incorporated P28 peptide into a nanohydroxyapatite/collagen/poly (L-

lactide) (nHAp/C/PLA) scaffold and recorded a sustained release over 14 days compared 

to P4 peptide and BMP-2. At 14 days, 72 ± 3% of P28 had been released compared to 

nearly 100% for P4 and BMP-2. This profile showed the better affinity of P28 towards 

nHAp/C/PLA scaffolds. The affinity of P28 to HAp-containing scaffolds may also 

explain the slow release observed in the current study. These findings emphasise that 

good P28 affinity towards the scaffolds is crucial in order to extend the release profile 

and thus enhance osteogenesis (Xiong et al., 2020; J. Zhou et al., 2020). 
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Figure 4.4 P28 release profile showing an initial burst release in the first 48 h, followed by a sustained release until 
335 h (14 days). Blue line indicates the extrapolated graph to estimate the release in 672 h (4 weeks) and 1008 h (6 
weeks). 

Further tests with cells were carried out to verify that the released growth factor remains 

bioactive following the initial UV grafting step and will positively induce osteogenic 

differentiation . 

4.3.4 C2C12 Mineralisation through Culture with P28 Peptide and BMP-2 Loaded 

Scaffolds Using Alkaline Phosphatase 

C2C12 cells are myoblastic cells known to upregulate alkaline phosphatase (ALP) 

expression following exposure to BMP-2 (Honda et al., 2010). It is hypothesised that as 

P28 is derived from, and has a similar structure to, BMP-2, it will also upregulate ALP 

expression following culture with C2C12 cells. Therefore, ALP assays for C2C12 were 

performed in the presence of various concentrations of both BMP-2 (0.1, 0.3, 0.5 and 1 

µg/ml) and P28 (10, 50, 100 and 200 µg/ml), as well as post-treatments with scaffolds 

(CS/HAp, CS/HAp/BMP-2 and CS/HAp/P28) in complete DMEM + 10% FBS for 4, 7 

and 14 days of cell culture (Figure 4.5). 
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(a)                                          (b) 

  
(c) 

 
Figure 4.5 Alkaline phosphatase response of C2C12-treated with various concentrations of (a) BMP-2 and (b) P28 
controls and (c) the CS/HAp scaffolds. An increased ALP response was observed in the culture with 1 µg/ml BMP-2 
after 14 days, despite the high background control. 

A high background was observed in the negative control, which was the untreated cells 

over the 14 days (p > 0.05). For each BMP-2 concentration, a reduction in ALP activity 

was observed from day 4 to day 7 before an upregulation of ALP expression from day 7 

to day 14 for the treated C2C12 cultures. The BMP-2 standard with 1 µg/ml concentration 

presented the highest ALP activity compared to the other BMP-2 concentrations for the 

given culture time (p < 0.05). Generally, the ALP response in the C2C12 treated with 

BMP-2 in this work was lower than ALP expression from C2C12 cells reported by 

Katagiri et al. (Katagiri et al., 1994), where 0.6 U/ml alkaline phosphatase activity was 

recorded after six days of incubation. The reason for the lower-than-expected 

mineralisation data could be the method used to lyse the cells, which in this case was a 

mechanical disruption method using a vortex, which may have been inefficient compared 

to the pulsed sonicating device recommended by the kit supplier but was not available in 

our laboratory. Nevertheless, the increase in ALP expression indicates the inhibition of 
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the C2C12 myogenic cell lineage following the osteogenic treatments with BMP-2 

(Hidaka et al., 2020).  

Previously, researchers had studied the osteoinductivity of P28 peptide in the culture with 

MC3T3-E1 pre-osteoblasts phenotype (Sun et al., 2017; J. Zhou et al., 2020). To our 

knowledge, no study has investigated the application of P28 peptides in converting the 

differentiation pathway of C2C12 in bone healing treatments. Therefore, we used the 

same C2C12 culture system indicated for BMP-2 treatments, with cells cultured in 

various P28 peptide concentrations. Corresponding to the BMP-2 response, an initial 

reduction in the ALP activity was observed from day 4 to 7 before increasing on day 14. 

However, after 14 days of treatment, the ALP response remained lower than on day 4 in 

all P28 concentrations, although no significant difference was recorded (p > 0.05). The 

potential of several peptides derived from the similar knuckle epitope of BMP-2, such as 

P28, to induce calcification in the murine multipotent mesenchymal (C3H10T1/2) cell 

line and upregulation of ALP activity have been reported (Saito et al., 2003). P28 peptide 

scaffold’s efficacy had also been investigated, where the positive ALP activity in the 

chitosan scaffold on the pre-osteoblast cell line, MC3T3-E1, was addressed (Cui et al., 

2018). In addition, a recent study reported the use of another five peptides derived from 

BMP-2 knuckle epitope named P1 to P5 peptides to investigate the binding affinity of 

these peptides to the bone morphogenetic protein receptor (BMPRII) in the C2C12 cell 

line and deduced the P5 peptide to present the highest binding affinity to BMPRII and 

thus has the potential to promote osteogenesis (Gudivada et al., 2021). Therefore, the 

BMP-2-derived peptides, especially from the knuckle epitope of the protein structure, are 

indeed osteoinductive, thus reserving the P28 osteogenic potential to be further 

investigated. 

ALP activity of C2C12 cells was also assessed in the presence of BMP-2 and P28-

incorporated scaffolds (CS/HAp, CS/HAp/BMP-2 and CS/HAp/P28) to investigate 

whether the osteogenic factors remained bioactive following the crosslinking procedures 

employed in the preparation of the scaffold. A higher ALP response was recorded in the 

C2C12 culture with the CS/HAp, CS/HAp/BMP-2 and CS/HAp/P28 scaffolds compared 

to the culture with the growth factor standards presented previously. However, only day 

7 of the culture showed a significant difference between the negative controls (C2C12 

only and nude CS/HAp compared to CS/HAp/BMP-2 and CS/HAp/P28 (p < 0.05)), 

where an increased ALP activity was recorded for the osteogenic factors incorporated 
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scaffolds. In contrast, no significant difference was seen in the ALP activity in all samples 

on day 4 and day 14 of treatment. These results might be due to insufficient scaffold 

degradation or the small concentrations of both BMP-2 and P28 used in the scaffolds. 

However, the increase in ALP activity observed on day 7 illustrated the bioactivity of the 

growth factors following encapsulation. The ALP activity was lower than values reported 

in the literature following the incorporation of BMP-2 into scaffolds. However, in most, 

if not all cases, researchers utilised supplemented media, which was not used in this work. 

For example, Wu et al. (Y. Wu et al., 2015) utilised 50 μg/ml ascorbic acid and 10 mM 

β-glycerol phosphate in their C2C12 cultured with or without 100 ng/ml BMP2, where 

they observed an increased differentiation following the treatments. In addition, similar 

components were supplemented as calcification medium (10 mM β-glycerophosphate and 

50 µM ascorbic acid) in C2C12 cultured with midazolam and rhBMP-2, where 

mineralised nodules were observed after 10 days of treatment (Hidaka et al., 2020). The 

supplemented media were postulated to increase the osteogenic induction further, thus 

enhancing ALP activity in the treatments containing the P28 standards and their 

associated scaffolds. The absence of these supplements in this current work might explain 

the lower ALP values recorded. However, the initial purpose of excluding the 

supplements was to eliminate any possible background responses and investigate the 

original osteoinductive response of our scaffold formulations without the external aid of 

an osteogenic medium. 

A complementary investigation was attempted to validate the possible increased 

osteogenic response postulated earlier upon the change in the media composition. The 

FBS was decreased from 10% (growth medium (GM)) to 2% (differentiation medium 

(DM)) before treating the C2C12 cells with the scaffolds (Figure 4.6). The physical 

observations of the C2C12 culture in the different conditions showed the changes in the 

morphology of the cells after seven days in the culture using the DM and GM. It was 

observed that the myotubes were formed in the DM and GM culture without the scaffolds. 

When the scaffold was introduced, the structure of the cells changed with evidence of 

cuboidal structures observed in both media for all scaffold treatments, with the effect 

more pronounced in the GM cells (Metzger, 2016; Sondag et al., 2014).  
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Figure 4.6 Morphological changes in C2C12 following cultured with the various scaffold formulations in 
differentiation media (magnification: 10×) and growth media (magnification: 4×). Cuboidal morphology can be 
observed in the culture with CS/HAp/BMP-2 and CS/HAp/P28 compared to the controls. 

Studies have previously shown that C2C12 cells maintained their tubular shape without 

the treatment of growth factors, while the cell morphology changed in the presence of 

lower FBS content (DM) and osteogenic factor conditions (Katagiri et al., 1994). This 
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morphology change observed indicates a change in the cell phenotype in response to the 

growth factor-loaded scaffolds. These results highlight that cell culture media selection 

is vital in differentiation experiments as it has the possibility to affect cellular behaviour 

and cell expression (Kang et al., 2004). 

4.3.5 C2C12 Mineralisation through Culture with P28 Peptide and BMP-2 

Loaded Scaffolds Using Alizarin Red Staining 

Alizarin red staining (ARS) was utilised to stain calcium deposits or mineralised nodules 

due to osteogenic differentiation of C2C12 subsequent to the treatment of various BMP-

2 and P28 peptide concentrations for 7, 14, 21 and 28 days, followed by a destaining step 

using cetylpyridinium chloride (CPC). The induction from BMP-2 and P28 will shift the 

differentiation pathway of the myoblasts towards an osteoblastic phenotype instead of the 

normal myotube pathway, thus causing mineralisation (Akiyama et al., 1997; Gleeson et 

al., 2010; D. P. L. Lin et al., 2017; Rauch et al., 2002). 

Positive ARS in C2C12 cultured with BMP-2 was observed, with an enhanced stain in 

the treatments with 0.5 and 1 µg/ml BMP-2 after four weeks (Figure 4.7a). In addition, 

there was an increased CPC response following the ARS in each of the BMP-2 

concentrations over the four weeks of treatments (p < 0.05), where BMP-2 of 0.3 µg/ml 

gave the highest optical density of more than 0.5 after four weeks. Conversely, no 

significant difference was achieved for the negative control set over the four weeks (p > 

0.05) (Figure 4.7b). The response of the BMP-2-treated cells was higher compared to the 

controls, thus indicating increased mineralisation following the induction of the growth 

factors up to the fourth week. Positive results were also previously obtained through a 

study with the treatment of rhBMP-2 and fibroblast growth factor-2 (FGF-2) in C2C12 

culture, where the 4 µg/ml of rhBMP-2 and 2 ng/mL FGF-2 showed the highest level of 

mineralisation after four weeks. However, the cells marked with ARS were not de-stained 

with CPC for quantitative values, hence presenting only qualitative observation (Song et 

al., 2017). 

Other interesting results were reported, testing the effects of rhBMP-2 in the calcification 

activity of C2C12 cultured with the osteogenic medium (Hidaka et al., 2020). However, 

no appearance of the calcium nodules stained by ARS was observed in culture using an 

osteogenic medium with the presence of 0.5 µg/ml rhBMP-2 after ten days, whereas in 

the current study, calcium nodules were observed as early as seven days in the same 
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concentration. This mineralisation shows that BMP-2 has the ability to shift the 

differentiation pathway of the C2C12, although the culture media used was not 

supplemented with any osteoinductive components such as the ascorbic acid and β-

glycerophosphate that were used by the other studies (Gleeson et al., 2010; Hidaka et al., 

2020; Ho et al., 2014; Y. Wu et al., 2015). Nevertheless, it was reported that the 

osteogenic medium would indeed enable the higher induction of mineral deposition of 

BMSCs in 14 days (Shalumon et al., 2016). 

Subsequently, various P28 peptide concentrations were tested using ARS and CPC assay 

to assess the ability to induce C2C12 calcification. A positive ARS was visible from week 

two of the treatments and the staining intensity increased over the four weeks studied 

(Figure 4.7c). The CPC assay showed a significant difference in the staining intensity in 

each of the P28 concentrations over four weeks (p < 0.05) (Figure 4.7d). In addition, a 

significant difference was also obtained comparing the 0 and 10 µg/ml P28 to 50, 100 and 

200 µg/ml P28 concentrations at week four (p < 0.05). This result indicated that P28 

concentrations of 50 µg/ml and above can induce calcification in the C2C12 culture. This 

work is in alignment with the literature where ARS was conducted on the MC3T3-E1 

pre-osteoblasts cultured with P28-infused scaffolds, where cells cultured with P28 

scaffolds showed an increase in mineralisation compared to a negative control scaffold 

(J. Zhou et al., 2020). In addition, P28 was found to possess osteoinductivity similar to 

its protein of origin, BMP-2, which was further validated in vivo through the implantation 

of silicone/hydroxyapatite scaffold with P28 peptide (Si/HAp/P28) in the rat calvarial 

defects (Cui et al., 2018). 
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Figure 4.7 Alizarin red stained images and the destaining by CPC quantitation. (a) ARS of C2C12 treated with various 
concentrations of BMP-2. (b) CPC quantitation of the destained ARS of C2C12 treated with various concentrations of 
BMP-2. (c) ARS of C2C12 treated with various concentrations of P28. (d) CPC quantitation of the destained ARS of 
C2C12 treated with various concentrations of P28. (e) ARS of C2C12 treated with various CS/HAp scaffolds. (f) CPC 
quantitation of the destained ARS of C2C12 treated with various CS/HAp scaffolds. Positive ARS was observed in week 
4 following the treatments with BMP-2 and P28 as well as CS/HAp/BMP-2, CS/HAp/P28 compared to the controls. (* 
p < 0.05). 
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Complications with the use of high doses of growth factors have been widely reported 

(Bouyer et al., 2016; Durham et al., 2020; Hettiaratchi et al., 2020; Kisiel, 2013; Lee et 

al., 2021; Mumcuoglu et al., 2018). As such, low-dose osteogenic factor treatments (0.1 

µg BMP-2 or 25µg P28) were used for ARS, carried out in the presence of the CS/HAp 

scaffolds UV-grafted with either (CS/HAp, CS/HAp/BMP-2 and CS/HAp/P28) for four 

weeks. The treated cells were stained with ARS (Figure 4.7e), which was followed by de-

staining using CPC (Figure 4.7f). However, CPC results could not be measured until week 

3 due to the sterility of the scaffolds from the condensation that might cause 

contamination and leaving only one sample at week 4. It is suggestive to use sterile freshly 

made scaffolds to avoid possible contamination from the stored scaffolds. 

Slightly positive ARS was observed in CS/HAp/BMP-2 and CS/HAp/P28 treatments in 

C2C12 compared to the cells without any scaffolds and the cells with nude CS/HAp. 

However, due to the low intensity of the ARS, the CPC assay shows no significant 

difference in all scaffold treatments. This low calcification might have been caused by 

the insufficient degradation of the scaffolds since the scaffolds were found to degrade 

after eight weeks, thus delaying the release of the growth factors in this mineralisation 

assay. 

In addition, the low growth factor concentrations incorporated in the CS/HAp scaffolds 

might also have caused the low mineralisation seen in the cells. A previous study had 

reported that using 3 mg/ml P28 in the mineralised small intestinal submucosa (mSIS) 

scaffolds resulted in the highest mineralisations in the rat calvarial defects, compared to 

the negative control (Sun et al., 2018). However, the P28 incorporation method used in 

this study was the absorption method which is known to lead to weak binding with the 

scaffold and to a burst release of ca. 10% of the P28 loading (Sun et al., 2018). It is likely 

that the higher peptide concentrations used by Sun et al. led to a more rapid C2C12 

response, thereby enhancing the cellular response. 

4.3.6 Post-Operative Evaluations of the Animals 

The post-surgery recovery of the animals was examined in terms of pain, lameness, 

inflammation and growth rate, where the body weight of rats was compared relative to 

the initial weight before implantation (Alghamdi et al., 2014; Luckanagul et al., 2016). In 

relation to the mean body weight curve per group, a slight decrease in body weight was 

noted just after the surgery (Figure 4.8). This bodyweight reduction could be explained 
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by the lameness development that might decrease the animal’s appetite, thus reducing the 

animal’s capacity to catch food (Brennan et al., 2009). The observed weight loss was 

similar to several studies reporting less than 10% weight loss post-operative, indicating a 

normal phenomenon (Baker, 2016; Brennan et al., 2009). However, no intervention was 

needed since the rats did not reach the maximum admissible weight loss (≤20%) (Baker, 

2016). In addition, it was observed that the mean body weight in all groups started to 

increase after day six, which was in line with the physiological increase seen with ageing, 

thus suggesting that neither the surgery nor the lameness affected animal metabolism (Z. 

Zhao et al., 2009).  

 

Figure 4.8 Mean body weight curve for each group. 

4.3.7 Macroscopic Evaluation 

Following euthanasia, the implanted femoral condyles were harvested, and local 

macroscopic evaluation was carried out. Traces of defects were still visible and appeared 

as small irregular bumps in condyles with the implanted CS/HAp scaffolds or collagen 

sponge alone (Figure 4.9). In contrast, they appeared as regular holes closed by 

transparent tissue in collagen sponge/rhBMP-2 condyles. The defects were visible in 

condyles implanted with CS/HAp scaffolds, whether the scaffold was conjugated with 

the growth factors or not, suggesting that the entry of the defect was not completely closed 

after two months of implantation. These visible defects might have been caused by the 

incomplete degradation of the chitosan-based scaffolds in vivo, although proven 

otherwise  (X. Zhang et al., 2019). 
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CS/HAp CS/HAp/BMP-2 CS/HAp/P28 
Collagen 

Sponge 

Collagen 

Sponge/BMP-2 

 
Figure 4.9 Defects visibility on the condyles after eight weeks (red circle). Traces of defects were still visible and 

appeared as small irregular bumps, especially in condyles with the implanted CS/HAp scaffolds. 
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Figure 4.10 Representative images of twisted condyles comparisons between the implanted and physiological femoral 
condyle after eight weeks, showing that all groups experienced twisted condyle formation that might be caused by 
rotational instability from the defect induction and implantation. Annotations: Yellow broken lines=condyle axis; Red 
broken lines= femoral diaphysis axis 

Observing the bone physiology, 71% of the femoral condyles in all types of implanted 

material were, surprisingly, twisted towards the defect side, compared to a normal femoral 

condyle (Figure 4.10). This bone torsion could have been caused by the presence of the 

scaffolds as foreign materials or the defect induction surgery causing a level of rotational 

instability upon ambulation from the press-fitted implant in the defects of the animals, 

which could not be confirmed due to the absence of an empty defect in this study 

(Mohiuddin et al., 2019). Since this study takes the collagen sponge/BMP-2 as the 

positive control while the nude CS/HAp scaffold is considered as the negative control, an 

empty defect should also be considered in the future. However, a similar phenomenon 

was also seen in a study regarding an osteoarthritic joint remodelling, where slight gross 

morphological changes and deformations, such as twisted shapes in the 

temporomandibular joint of Sprague Dawley rats, were observed post-development of 
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prosthetic unilateral anterior crossbite rodent model, which might have been caused by 

the modifications in deep zone cartilage (H. Y. Zhang et al., 2019; J. Zhang et al., 2018). 

Therefore, this contorted or twisted condyles observation following the implantation is 

worth to be investigated in the future since this phenomenon somehow might affect the 

healing capacity of the bone defects. 

4.3.8 Micro-CT Evaluation of the Femoral Defects Treated with the Scaffolds 

Micro-computed tomography (µCT) scanning analyses were conducted on the implanted 

condyles following the harvest after eight weeks of implantation and the images were 

reconstructed to observe the new bone formation within the defects. In scaffold conditions 

(with or without BMP-2 or P28), the defect was mainly visible and delineated with bone 

tissue at the defect margin, while the entry of the defect remained empty. Femoral 

distortion was observed to be subsided to the side of the defect in all types of scaffolds, 

while no other bone lesions were observed (Figure 4.11). This architectural distortion 

observed in the remodelled bone could have been secondary to the various incidents of 

collapse, asymmetric growth and disturbed ossification process (Bejar et al., 2005). 

In addition, mineralised areas inside the defect, and at the defect entrance, were observed. 

These mineralised areas may have corresponded to HAp residues (a mineralised cement) 

that could block the defect closure even after eight weeks. However, the mineralised areas 

may also have corresponded to newly formed bone islets, suggesting osteogenesis (X. 

Chen et al., 2016). Conversely, the defect was almost not visible in condyles implanted 

with the collagen sponge (with or without BMP-2). Only a few traces of defect margin 

were still observed while the defect entrance was already closed. Moreover, the collagen 

sponge was not visible anymore. It was previously reported that the collagen sponge could 

be entirely resorbed in 28 days, thus showing that the bone healing was almost ended 

(Lyles et al., 2015). 
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CS/HAp CS/HAp/rhBMP-2 CS/HAp/P28 Collagen 

sponge/rhBMP-2 

 

Figure 4.11 Representative coronal view images of the femoral condyle in CT scan per sample group after eight weeks 
of implantation. The condyle implanted with collagen sponge/rhBMP-2 is observed to reach the terminal healing 
process while traces of scaffolds were still present in CS/HAp scaffolds. However, CS/HAp/P28 gave better defect 
closure compared to CS/HAp and CS/HAp/rhBMP-2. (Annotation: Yellow circle= Implantation site) 
4.3.8.1 Quantitative Analysis of Micro-Computed Tomography Scanning 

The bone volume fraction (BV/TV) and bone mineral density (BMD) (Figure 4.12) were 

measured, including both the entire defect and its margin (ROI 4 mm). The 

hydroxyapatite might have caused a higher bone volume fraction (BV/TV) and bone 

mineral density (BMD) in the presence of a chitosan-based scaffold compared to the 

collagen sponge, with a significant difference between collagen sponge/rhBMP-2 and 

CS/HAp/BMP-2 (p < 0.05) (there was an increase of 22% for BV/TV and 38% for BMD). 

  

(a) (b) 

Figure 4.12 (a) Graph of mean volume fraction for each sample group in the entire defect and its margin after eight 
weeks (ROI 4 mm) (CS/HAp: 39 ± 9.3%; CS/HAp/BMP-2: 45.7 ± 6.6%; CS/HAp/P28: 34.1 ± 6.1%; Collagen sponge: 
26.2 ± 2.3%; Collagen sponge/BMP-2: 23.2 ± 3.3%). (b) Graph of mean bone mineral density per sample group in the 
entire defect and margin after eight weeks (ROI 4 mm) (CS/HAp: 449.06 ± 66.69 mg/cm3; CS/HAp/BMP-2: 497.03 ± 
57.45 mg/cm3; CS/HAp/P28: 438.37 ± 38.94 mg/cm3; Collagen sponge: 402.6 ± 28.45 mg/cm3; Collagen sponge/BMP-
2: 360.83 ± 22.93 mg/cm3. Significant difference was achieved in CS/HAp/rhBMP-2 treatments compared to the others. 
However, the values might be due to traces of HAp, which is a type of ceramic. (* p<0.05). 
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Previously, the BV/TV values of the nude collagen sponge and collagen sponge soaked 

with a clinical dose of BMP-2 (5000 ng) were reported to be around only 4% and 9%, 

respectively (Durham et al., 2018). This value was much less than the values recorded in 

this work, where the newly formulated scaffolds with 100 ng BMP-2 yielded more than 

40% BV/TV value, which was almost four times more than the reported BV/TV of 

collagen sponge/BMP-2. This result also validated the efficiency of the growth factor UV 

grafting method compared to the anionic binding method, where the latter might lead to 

a burst release phenomenon, thus resulting in a low yield of new bone formation (Oliveira 

et al., 2021). Furthermore, the report showed decreased BV/TV values in increasing 

BMP-2 concentrations, indicating decreased bone healing. However, an increased ectopic 

bone formation was yielded with increasing BMP-2 concentrations in the collagen sponge 

(Durham et al., 2018). Therefore, the low dose of BMP-2 and its peptide, P28, in the 

chitosan-based scaffold might be the better alternative for clinical use.  

4.3.9 Histopathologic Analysis 

A Hematoxylin-Eosin (HE) staining was carried out to perform a deep qualitative analysis 

of the tissues (Figure 4.13). In addition, ISO10993-6:2016 explains the possible 

assessment of local tissue changes post-implantation of biomedical devices, where the 

inflammatory response, tissue morphology, presence of fibrosis, necrosis, biomaterial 

residues, inflammation and bone formation are evaluated (Maglio et al., 2020). 
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CS/HAp CS/HAp/BMP-2 CS/HAp/P28 

   

Collagen sponge Collagen sponge/BMP-2  

  

 

Figure 4.13 Representative images of condyles per sample group on H&E stained slides (x1 magnification). 

4.3.9.1 Fibrosis 

In the CS/HAp scaffold condition (Figure 4.14A), bone tissue seen at the defect margin 

and defect entry was still open with significant fibrosis due to periosteal activation 

(normal stage of the bone healing process). Eosinophilic homogenous and mineralised 

fragments were present in the defect as residues of the scaffold, thus showing poor bone 

formation (Ghiacci et al., 2016).  

On the other hand, only traces of bone tissue at the defect margin and inside the defect 

were seen in sponge conditions (Figure 4.14B). The defect entrance was closed by 

lamellar cortical or spongious bone, and no fibrosis was highlighted, but physiologic bone 

marrow suggested that the terminal stage of the bone healing process was reached in bone 
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defects implanted with sponge material (Ansari, 2019). Moreover, there was no trace of 

collagen sponge, suggesting either substantial material leakage or strong resorption.  

 

Figure 4.14 Representative images of the defect behaviour in scaffold and collagen sponge in H&E stained slides 
(x1.25 magnification). Annotations: A=CS/HAp; B=Collagen sponge; Yellow line=Defect boundaries; X=remaining 
material inside the defect;*= defect entry; arrow=bone tissue at the defect margin. 

4.3.9.2 Biomaterial Residues 

The non-degraded materials were observed in the condyle defects implanted with the 

chitosan-based scaffolds (Figure 4.15). Scaffold material corresponded to homogenous 

eosinophilic fragments, which may correspond to the chitosan part of the scaffold and 

lamellar mineralised fragments, which may correspond to the hydroxyapatite part of the 

scaffold. Although most material residues were seen in the defect, some leaked from the 

region (Figure 4.15B and C), which may explain the deformation of the defect and may 

block the defect closure.  

 

Figure 4.15 Remaining materials in scaffold-implanted condyles in the defect (A) leaked outside the defect (B&C) on 
H&E stained slides (x10 magnification for A and x1.25 magnification for B and C. Annotations: A= CS/HAp/BMP-2; 
B= CS/HAp; C= CS/HAp/BMP-2; x=mineralised acellular fragments; *=homogenous to lamellar eosinophilic 
fragment; X=leakage of materials. 

The number of remaining materials in the defect was scored, and the mean score per 

material was calculated (Figure 4.16). The residual material was scored zero in the 

collagen sponge conditions, confirming the previous results, while the scaffold residue 

quantity in the defect was moderated with an almost similar quantity between CS/HAp, 

CS/HAp/rhBMP-2 and CS/HAp/P28, where a statistical difference was recorded between 

the scaffold and collagen sponge conditions (p<0.05). The presence of residual scaffold 

suggests that this chitosan-based material was not completely degraded, while no 

A B 

A B C 
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residuals of collagen sponge were found. This observation might be due to the fact that 

the collagen sponge can be resorbed in 28 days (Lyles et al., 2015). 

 

Figure 4.16 Graph of mean score of biomaterial residues per sample group. 

4.3.9.3 Inflammation 

Inflammation which is the initial response of bone formation and the natural healing 

variables and fibroplasia, which is a concentric deposition of collagen fibres (Bedeloğlu 

et al., 2017) were observed only in samples implanted with both nude and growth factor 

infused CS/HAp scaffolds (Figure 4.17). Since the inflammatory response occurs during 

the early stages of the bone healing process, the inflammation observed is connected to 

the bone healing process and the potent material degradation/resorption (Loi et al., 2016). 

Besides the inflammatory response, bone healing is accompanied by a considerable 

proliferation of fibroblasts leading to fibroplasia. These fibroblasts produce a semi-rigid 

soft callus, which can provide mechanical support to the defect and act as a template for 

the bony callus that will later supersede it (AffshanaM. & Saveethna, 2015). 
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Figure 4.17 Representative images of inflammatory process and fibroplasia inside the defects in scaffold conditions in 
HES stained slides (x20 magnification on the left panel and x40 magnification on the right panel). Annotations: 
*=homogenous to lamellar eosinophilic fragments; X=mineralised acellular fragments; Arrows=immune cells; Arrow 
heads=deposition of collagen fibres. 

There was no evidence of the inflammatory response and fibroplasia in the condyles 

implanted with a collagen sponge, which are usually observed in the first stages of the 

bone healing process (Figure 4.18a and b), suggesting that the healing process is 

completed. However, a slight increase in inflammation was observed in condyles 

implanted with chitosan scaffolds containing osteogenic factors compared to scaffold 

alone (an increase of 20 to 35%), suggesting an increased inflammatory response in any 

osteogenic factor’s presence. Nevertheless, this inflammation remained mild and was not 

harmful. The scoring of fibroplasia was equivalent and mild in scaffold conditions 

confirming the early stages of the bone healing process in these conditions. In contrast, 

the score of inflammation and fibroplasia was at 0 in sponge conditions (p<0.05), 

confirming the absence of an inflammatory response and that the healing process might 

have reached a later stage in these conditions (Ansari, 2019). 

a) 

 

b) 

 

Figure 4.18 Graph of mean score of inflammation (a) and fibroplasia (b) per sample group 
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4.3.9.4 Necrosis 

Necrosis was evaluated since it is connected to the toxicity of material that could induce 

necrosis in adjacent cells (Figure 4.19). Thermal osteonecrosis can also be caused by 

increased heat during the drilling of the defect using the metallic bur, resulting from the 

lack of irrigation given (X. Chen et al., 2015; Gao et al., 2018). Islets of necrosis were 

observed in some samples implanted with scaffold with or without the osteogenic factors 

(two condyles with CS/HAp scaffold, three condyles with CS/HAp/BMP-2 and two 

condyles with CS/HAp/P28) (Figure 4.20). However, no necrotic islets were highlighted 

in condyles implanted with collagen sponge, with or without rhBMP-2. Since not all of 

the condyles implanted with scaffolds presented necrotic foci (p>0.05), it is not confirmed 

that the scaffolds had contributed to potent toxicity. The necrosis might be due to an 

increased density of material locally that could block the oxygenation of the adjacent cells 

(Skuk et al., 2007). 

 

Figure 4.19 Representative images of necrotic areas in scaffold conditions on H&E stained slides (x5 magnification). 
Annotations: A=CS/HAp/rhBMP-2; B=CS/HAp *= homogenous to lamellar eosinophilic fragments; X= mineralised 
acellular fragments; •= necrotic areas 

A B 
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Figure 4.20 Graph of mean score of necrosis per sample group. 

4.3.9.5 Bone Formation 

Since fibrosis might act as a template for newly formed bone during the soft callus stage, 

the bone healing process continues with a primitive and relatively low mineral bone tissue 

known as woven bone (Maglio et al., 2020). This woven bone is deposited on fibrotic 

tissue, the late soft callus stage of the bone healing process. It is then replaced with poorly 

organised mineralised mature bone tissue, which is the early bony callus stage of bone 

healing and is subsequently degraded and replaced with regularly thick and well oriented 

mature bone in the late bony callus stage of bone healing (Ansari, 2019).  

Well oriented mature bone was observed at the defect margin of chitosan scaffold 

conditions (Figure 4.21A), whereas foci of woven bone were seen surrounding the defect 

margin and inside the defect close to material fragments (Figure 4.21B). The presence of 

immature bone was associated with osteoblast lining in contact with woven bone leading 

to high osteoblastic activity. This observation suggests that the bone healing process 

reached late soft callus and early bony callus stages. This woven bone could provide extra 

mechanical support in this first stage of the mineralisation process with the aid of the 

scaffold (Loi et al., 2016).  
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Interestingly, in the presence of P28 in the chitosan composite scaffold, non-anastomosed 

mature bone lamellae were observed in three out of five samples (Figure 4.21C), 

suggesting that the P28 peptide had indeed aided in the upregulation of the osteoblast 

differentiation and led to the bone regeneration reaching the later stage of hard callus 

remodelled bone formation (Cui et al., 2016; J. Li & Stocum, 2014). In collagen sponge 

conditions (Figure 4.21D), mature lamellar bone was seen at the entrance and appeared 

as traces at the defect margin and inside the defect, indicating a successful osteogenic 

differentiation (Amini et al., 2012). Moreover, osteoblastic activity was almost absent, 

which might suggest that the hard callus stage of bone healing has been reached with the 

total degraded collagen sponge (Cui et al., 2016). 

 

Figure 4.21 Representative images of newly formed bone at the defect margin (A&D) and inside the defect (B&C) on 
HES stained slides (x10 magnification for A-C, x2.5 magnification for D). Annotations: A&B= CS/HAp; C= 
CS/HAp/P28; D= Collagen sponge; Blue stars= woven bone; black star= small lamellae, disseminated not 
anastomosed; yellow star= mature lamellar bone; arrow heads= osteoblast lining. 

The nature and quantity of new bone tissue were scored at the defect area. The scoring 

was denoted from 0 (woven bone) to 4 (mature bone tissue) for qualitative assessment 

and from 0 (absent) to 4 (large amount) for the quantity of new bone assessment. 

Generally, it was observed that the CS/HAp/P28 and CS/HAp/BMP-2 implanted defects 

achieved a significant difference in terms of qualitative bone formation (p<0.05) (mean 

scores of 1.60 and 0.80, respectively) (Figure 4.22a). However, no significant difference 

was noted quantitatively in all implanted materials, although the nude CS/HAp scored the 

lowest mean compared to the CS/HAp/BMP-2 and CS/HAp/P28 (mean scores of 1.60, 

A B 

C D 
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2.40 and 2.20, respectively) (Figure 4.22b). Moreover, focal newly formed bone was also 

found inside the defect with the presence of the osteogenic factors. This result might 

support that this osteogenic factor can speed up bone healing than a scaffold without 

osteogenic factors (Huber et al., 2017). The BV/TV measurement on CT-scan images 

(decreased bone volume in sponge conditions compared to scaffold conditions) was 

because this scoring of bone quantity had taken both the mineralised and non-mineralised 

new bone tissues into account, while the CT-scan images only highlighted the mineralised 

bone. 

Nevertheless, the scoring of bone quality was the highest in sponge conditions (Figure 

4.22a) associated with the absence of osteoblastic activity (Figure 4.22c), thus supporting 

previous observations, where the healing process might have ended. Furthermore, most 

samples with low bone formation scores (bone quality and osteoblastic activity) have a 

high necrosis score, suggesting that necrosis may block bone formation. Therefore, these 

results show that in the presence of a scaffold, early stages in the bone healing process 

were reached with a slight increase in bone formation with the osteogenic factors, whereas 

in collagen sponge conditions, the terminal stage of the bone healing process was reached. 
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a) 

 

b) 

 

                                    c) 

 

Figure 4.22 Graph of mean score of new trabecular bone quality (a), trabecular bone quantity (b) and osteoblast 
activity (c) per sample group. 

4.3.10 Mineralised and Osteoid Tissue Evaluation through Von Kossa Staining 

Mineralised and osteoid tissues were evaluated on Von Kossa stained slides (Figure 4.23) 

as it enabled a distinction between osteoid and mature mineralised bone matrix (Gruber 

& In, 2003). This staining confirmed ECM mineralisation that is detected through the 

presence of phosphate and seen as black mineralised thin layers (de Azevedo e Sousa 

Munhoz et al., 2020). Generally, homogenous mineralised tissue deposition was noted at 

the defect margin in scaffold conditions, and focal mineralised fragments were seen 

locally in the defect. These mineralised tissues were differentiated from focal mineralised 
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fragments in the defect, indicating newly formed bone and hydroxyapatite residues, 

respectively (Sulaiman et al., 2013).  

CS/HAp CS/HAp/BMP-2 CS/HAp/P28 

   

Collagen sponge Collagen sponge/BMP-2  

  

 

Figure 4.23 Overview of the implanted defects stained using Von Kossa staining (x1 magnification). 

However, the intense calcium deposits observed in the defect region could also be 

explained by the implanted materials having the ability to promote bone mineralisation 

by mimicking the natural mineralisation profile of native bone, thus providing an 

appropriate microenvironment for bone cell division and differentiation as well as the 

structural support for vascular growth (de Azevedo e Sousa Munhoz et al., 2020). This 

observation is due to the osteoid presence (Figure 4.24), which will produce mineralised 

bone at the end of the bone formation process (McGregor et al., 2020). The defects 

implanted with chitosan based-scaffolds showed osteoid tissue along the mineralised 

bone at the defect margin, corresponding to the non-mineralised, organic portion of the 

bone matrix that forms by osteoblast before the maturation of bone tissue (Czekańska, 

2014; McGregor et al., 2020).  
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In addition, focal homogenous mineralised tissue was also observed inside the defect. The 

presence of osteoid tissue matched the osteoblast lining, indicating that osteogenic 

differentiation had started. This result confirmed the high bone formation process along 

the defect margin and the newly formed bone inside the defect filled with the chitosan-

based scaffolds (Roseti et al., 2017). In contrast, defects implanted with a collagen sponge 

showed homogenous mineralised tissue at the defect entrance and some traces of 

mineralised tissue at the defect margin and inside the defect. Only a few osteoid tissues 

were observed in sponge conditions and were mainly seen in bone tissue at the defect 

entrance, not inside the defect induced, confirming the low bone formation activity. 

 

Figure 4.24 The representative images of mineralised tissue in the defect and margin in scaffold conditions (A&B) or 
sponge conditions (C&D). Von Kossa stained slides (x1.25 magnification on left panels, x5 magnification on right 
panels). Annotations: A= CS/HAp; B= CS/HAp/P28; C= Collagen sponge; D= Collagen sponge/rhBMP-2. Yellow 
arrows = bone tissue at defect margin; Red arrows = osteoid tissue; Yellow star = defect entrance; Black star = 
homogenous material fragments; Yellow cross = mineralised fragments. 

The mineralised volume in the defect was observed to be equivalent in all sample groups 

(p>0.05) (Figure 4.25a), which might be explained by the compensation of decreased 
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bone tissue in sponge conditions compared to scaffold conditions with bone formation at 

the defect entrance. Nonetheless, the values achieved (20-30%) are indeed around the 

same range as that was reported in a previous study, showing the similar mineralised bone 

volume in empty defects, demineralised bone (DBM) and DBM with BMP-2 treatments 

(Huber et al., 2017). However, DBM/BMP-2 showed a higher amount of bone tissue 

compared to the rest of the samples, thus validating the osteogenicity of the growth factor. 

a) 

 

b) 

 

 

                                c) 

 

Figure 4.25 Graph of mean mineralised volume fraction (a), osteoid volume fraction (b) and mean osteoid volume to 
mineralised volume (c) per sample group. 
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Although CS/HAp/BMP-2 and CS/HAp/P28 recorded the highest osteoid volume ratio to 

the bone volume (OV/TV), thus proposing the increase in bone formation activity in 

scaffold conditions, the values in the defect were low in all sample groups (p>0.05) 

(Figure 4.25b). This result might suggest that bone formation might not be pathologic or 

in response to growth factors as the stimuli of bone regeneration (De Vlam et al., 2006). 

Comparing the mean osteoid volume to the mineralised volume (OV/MdV) (Figure 

4.25c), the defects implanted with chitosan-based scaffolds recorded a higher mean 

OV/MdV compared to the collagen sponge conditions, although no significant difference 

was recorded (p>0.05). Here, CS/HAp/P28 showed the highest mean value, with the 

lowest value observed in nude collagen sponge conditions. This result might support the 

osteoconductivity of the chitosan-based scaffold production of mineralisation in the 

newly synthesized ECM (osteoid) by osteoblast (Jahan et al., 2020; H. T. Liao et al., 

2018) 

4.3.11 Evaluation of the Presence of Osteoclast through Tartrate-Resistant Acid 

Phosphatase Staining 

The identification and study of osteoclasts and osteoblasts are routinely carried out 

through enzyme histochemistry. The presence of osteoclasts, seen as a multinucleated cell 

(containing more than three nuclei) under the microscope (X. Chen et al., 2015), was 

evaluated using a lysosomal enzyme, tartrate-resistant acid phosphatase (TRAP) stained 

slides (Figure 4.26). TRAP is abundantly expressed in osteoclasts, so its localisation 

provides a sensitive method of osteoclast identification during osteoclastic resorption of 

new bone formed and replaced by mature bone, thus evaluating potent material resorption 

(Gruber & In, 2003; Harada et al., 2013). 

Only a few osteoclasts were observed in all implanted materials leading to low osteoclast 

activity. In scaffold conditions (Figure 4.27 A-D), osteoclasts were present at the edge of 

newly-formed bone tissue inside the defect and the margin. Some osteoclasts were also 

observed at the edge of residual mineralised material. This result indicates that the 

implanted scaffolds somehow have the ability to recruit the TRAP-positive cells, which 

might be aided by the rough surface of the scaffolds that support cell attachment and 

proliferation (e Silva et al., 2021). Therefore, the newly formed bone that was slightly 

resorbed could suggest that the bony callus stage of the bone healing process was just 

initiated (X. Chen et al., 2015). 
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CS/HAp CS/HAp/BMP-2 CS/HAp/P28 

   

Collagen sponge Collagen sponge/BMP-2  

  

 

Figure 4.26 Overview of the implanted defects stained using TRAP staining (x1 magnification). 

Conversely, lesser osteoclasts were seen in the defects implanted with a collagen sponge 

(Figure 4.27 E-F) compared to the scaffold conditions. Rare osteoclasts were observed 

mainly at the bone surface of the defect entrance. This result might suggest that the bone 

resorption and remodelling process have slowed down in the defects with the collagen 

sponge and reached the final stage of the bone healing process (Lidgren et al., 2015). This 

hypothesis is also in line with a study that achieved increasing TRAP-positive osteoclast 

in the first four weeks, and the osteoclast number was then decreased in week eight, 

indicating the inhibition of the bone resorption process  (X. Chen et al., 2015). 
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Figure 4.27 Representative images of TRAP-positive osteoclasts at defect level in scaffold conditions (A to D) and 
sponge conditions (E & F) on TRAP stained slides (x10 magnification). Annotations: A= CS/HAp; B&C= CS/HAp/P28; 
D= CS/HAp/rhBMP-2; E= Collagen sponge/rhBMP-2; F= Collagen sponge; Yellow arrow = TRAP positive 
osteoclasts; White cross = mineralised fragments; Blue stars = homogenous material fragments; White star = woven 
bone; Black stars = lamellar bone. 

The mean osteoclast surface to the bone surface (OcS/BS) (Figure 4.28) explains the 

quantitative measurements of the TRAP-positive osteoclasts that play the role of bone 

resorption in the remodelling process. A lower mean of OcS/BS was detected in the 

defects implanted with collagen sponges compared to those implanted with chitosan-

based scaffolds (p<0.05). In addition, a similar OcS/BS response was observed in defects 

implanted with CS/HAp/BMP-2 and CS/HAp/P28, giving comparable osteoclast 

activation between these scaffolds (James et al., 2016), as well as the collagen 

sponge/BMP-2 that gave a slightly higher value of OcS/BS compared to the nude collagen 

sponge. 

A B 

C D 

E F 
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Figure 4.28 Graph of mean osteoclast surface to the bone surface per material. 

4.3.12 Dynamic Bone Formation Analysis through Fluorescent Labelling 

Fluorescent labelling was evaluated as the dynamic of bone formation that corresponds 

to mineralisation speed, time, location, as well as the direction of the mineralisation 

(Shanker, 2019; van Gaalen et al., 2010). The calcein green (CG) and xylenol orange 

(XO) fluorochromes injected in vivo ten and four days before sacrifice chelated the 

mineralised front during the bone mineralisation process by osteoblasts, which enables 

the evaluation of the dynamic of bone formation by measurements of fluorochromes 

labelling (Spicer et al., 2012). It was also documented that fluorochrome labelling was 

used to evaluate bone mineralisation rate, remodelling, and the signs of toxicity of the 

implants on bone in vivo (Alves et al., 2020).  

Double labelling with CG and XO at the bone surface suggests that two mineralisation 

processes occurred on the day of the two injections. One labelling present suggests that 

only one mineralisation process occurred within six days. Two labels' appearance would 

indicate bony deposition and thus suggest that one bone remodelling cycle is completed 

(Shanker, 2019). Moreover, single labelling with only XO (the second injected 

fluorochrome) suggests that a bone remodelling cycle is ongoing, while in contrast, single 
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labelling with only CG (first injected fluorochrome) suggests that a bone remodelling is 

initiated but is not ended, leading to a longer bone remodelling cycle.  

CS/HAp CS/HAp/BMP-2 CS/HAp/P28 

 
  

Collagen sponge Collagen sponge/BMP-2  

  

 

Figure 4.29 Representative images of the fluorochromes-labelled condyles viewed under a fluorescent microscope 
(x1.25 magnification). Annotations: Blue arrowheads = double labelling; Yellow arrowheads = single calcein green 
labelling, Red arrowheads = single xylenol orange labelling. 

The double labelling was mainly observed along the defect margin in chitosan scaffold-

implanted samples (Figure 4.29), suggesting that the physiological bone remodelling 

cycle occurred at the defect margin (Erben, 2003). Rare double or single labelling was 

seen at the surface of mineralised tissue inside the defect leading to the mineralisation 

process, which occurred at the new-bone tissue or the residual material surface at that 

specified time point (Goldschlager et al., 2010; Shim, 2016). Therefore, the 

mineralisation was more or less faster inside the defect when present. Since the labelling 

(double and single) matched with osteoblast lining and osteoid tissue, the high bone 

formation activity in the scaffold conditions is validated. In collagen sponge conditions, 

B A C 

D E 
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a few fluorochrome labelling were seen at the bone surface and corresponded only to 

double labelling suggesting physiological bone remodelling at the bone surface. Double 

labelling was mainly seen at the bone surface at the defect entrance and was co-localised 

with osteoid tissue leading to the residual bone formation process at the defect entrance 

(Xiao et al., 2011). 

Fluorochrome labelling was utilised to evaluate time-dependent bone formation in vivo 

due to its calcium chelating properties that bind to extravascular-deposited calcium in 

tissues (Shanker, 2019). Therefore, the labels were assessed in terms of the mineral 

appositional rate (MAR), mineralised surface to bone surface (MS/BS), as well as bone 

formation rate to bone surface (BFR/BS), which is the enhanced qualitative analysis of 

bone formation in vivo. 

 

 

Figure 4.30 Graph of mean mineral apposition rate (a), mean mineralised surface to bone surface (b) and mean bone 
formation rate to bone surface (c) per sample group. 
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The final measurement was the calculation of BFR, which is the amount of newly 

mineralised bone formed in unit time per unit of the bone surface, by multiplying MAR 

and MS/BS. An increase in BFR was seen in scaffold implants compared to collagen 

sponges (p<0.05) (Figure 4.30). This observation is in contrast with a report investigating 

BFR values in osteoporotic rats, where significantly decreased values of BFR were 

obtained (Bonucci & Ballanti, 2014). The same reduction of BFR values was also 

recorded in other diseased rats (colitis) (Porter et al., 2017), thus validating the high BFR 

values achieved in this work that utilised healthy rats. 

In addition, no significant increase in dynamic of bone formation was highlighted in the 

presence of osteogenic factors compared to scaffold alone, which suggested that the 

increase of bone formation seen previously by histopathological analyses was faint and 

not strong enough to be seen by histomorphometric analyses. Eventually, these results 

suggest an increase of bone mineralisation in chitosan scaffold conditions compared to 

collagen sponge conditions due to an increase of mineralised surface but not 

mineralisation speed. 

4.3.13 Overall Analysis 

The overview of the Hematoxylin-Eosin (HE), Von Kossa (VK), Tartrate-Resistant Acid 

Phosphatase (TRAP), as well as calcein and xylenol fluorochrome labelling, is presented 

(Figure 4.31). 

HE staining was carried out for a deep qualitative analysis of the tissues. In the defect 

implanted with nude CS/HAp, it can be observed that there was inflammation around the 

scaffold with some multinucleated giant cells, compared to the defects implanted with 

CS/HAp/BMP-2 and CS/HAp/P28, where there was more resorption observed, and the 

scaffold had broken down, despite the incomplete degradation. While this inflammation 

remained low, it was suggested that the CS/HAp scaffold was well tolerated and non-

toxic. This result matched the absence of clinical signs during the in vivo phase. In 

addition, non-anastomosed mature bone lamellae were observed in CS/HAp/P28 

scaffolds, suggesting that the P28 peptide can upregulate the osteoblast differentiation 

and lead to the bone regeneration towards the later stage of hard callus remodelled bone 

formation (J. Li & Stocum, 2014). This result was in line with previous work investigating 

P28 peptides in Si/HAp scaffold, where this peptide provided a significant new bone 

formation and increased osteoblastic activity compared with nude scaffolds and empty 
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defects (Cui et al., 2016). Therefore, it can be postulated that there was a sign of bone 

formation present that could lead to healing in the long run. 

 H&E stain VK stain TRAP stain 
Fluorescent 

labelling 

 

 

CS/Hap 

 

 

 

CS/HAp/ 

BMP-2 

 

 

CS/HAp/ 

P28 

 

 

Collagen 

sponge/ 

rhBMP-2 

Figure 4.31 An overview of the HE, VK and TRAP staining as well as the calcein and xylenol fluorescent labelling on 
the femoral condyles after eight weeks of healing. Observing the defect closure, the CS/HAp/P28 scaffolds presented 
better bone healing compared to CS/HAp and CS/HAp/rhBMP-2. (Annotation: Yellow circle= Implantation site) 

Von Kossa staining was used to stain calcium black, thereby distinguishing between 

osteoid and mature mineralised bone matrix (de Azevedo e Sousa Munhoz et al., 2020; 

Gruber & In, 2003). Sections from the nude CS/HAp scaffold showed signs of 
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remodelling that occurred around the defect margin. Defects implanted with CS/HAp/P28 

and CS/HAp/BMP-2 treatments resulted in bone islets been formed around the scaffold, 

and some calcium could be observed. However, this calcium could also have originated 

from the scaffold composite itself since hydroxyapatite is composed of calcium 

(Sulaiman et al., 2013). Subsequently, the defects implanted with both collagen sponges 

with and without BMP-2 seemed to be healed since the cortex was completely intact and 

the trabecular bone had remodelled that it was not distinguishable from the other side. 

The presence of osteoclasts, seen as multinucleated cells under the microscope (X. Chen 

et al., 2015), was evaluated in TRAP-stained slides. Only a few osteoclasts were observed 

in all implanted materials. In scaffold conditions, osteoclasts were present at the edge of 

newly formed bone tissue inside the defect and the margin. Some osteoclasts were also 

observed at the edge of residual mineralised material. This result indicates that the 

implanted scaffolds can recruit TRAP-positive cells, which might be aided by the rough 

surface of the scaffolds that support cell attachment and proliferation (e Silva et al., 2021). 

Nevertheless, the observed osteoclastic activity could suggest that the bony callus stage 

of the bone healing process was just initiated (X. Chen et al., 2015). Conversely, fewer 

osteoclasts were seen in the defects implanted with a collagen sponge compared to the 

scaffold conditions, which was in line with observations from Von Kossa staining that 

indicated that healing and remodelling was near completion. 

Finally, the fluorochrome labelling that was seen under fluorescent microscopy 

theoretically indicated the uptake of the labelling agent, thus showing that the bone 

healing process was ongoing during the injection days. Therefore, bone formation is still 

in progress, or remodelling could also occur. Since the labelling (double and single) 

matched with osteoblast lining and osteoid tissue, the high bone formation activity in the 

scaffold conditions is validated (Shim, 2016). 

4.4 Summary 
A bone-tissue-mimicking scaffold with osteoinductive growth factors is crucial to treat 

bone defects. This study presented that the CS/HAp scaffolds successfully crosslinked 

with either BMP-2 or its P28 via a UV crosslinking process. The release rate validated 

the ability of the scaffolds to degrade while releasing the therapeutic agents gradually 

until the scaffolds had lost the integrity after 12 weeks. Then, the ALP activity and ARS-

CPC assay were evaluated to validate that our photo-crosslinking fabrication method did 
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not interfere with the functionality of the growth factors. It was recorded that the ALP 

activity of C2C12 had increased in both BMP-2 and P28 cultures, where 100 µg/ml P28 

was comparable to 0.5 µg/ml BMP-2 after two weeks. The C2C12 cultured with 

CS/HAp/BMP-2 and CS/HAp/P28 scaffolds had also shown an increased ALP activity 

compared to the negative controls. ARS-CPC assay presented the highest optical density 

in 0.3 µg/ml BMP-2 and 50 µg/ml P28, while the highest intensity of ARS was observed 

in C2C12 cultured with CS/HAp/BMP-2 and CS/HAp/P28 scaffolds compared to the 

negative controls. The in vivo osteogenesis was investigated via rat femoral condyle 

defect model, where the new bone mineral density and the bone volume were found to 

increase in all CS/HAp scaffolds after eight weeks compared to the collagen sponges. The 

histological procedures showed a favourable bone regeneration efficacy through the 

CS/HAp/P28, thus showing the use of CS/HAp scaffolds with P28 as a promising 

osteoinductive scaffold for bone healing applications.  

Hence, chitosan scaffold with P28 appears to be the alternative to its protein of origin, 

BMP-2, in bone tissue engineering for bone defect healing for its potent osteogenicity 

and biocompatibility, as well as its non-toxicity features following the implantation in the 

femoral condyles of the rats. However, due to the insufficient scaffold biodegradability 

in vivo, improved formulations should be considered to obtain a better degradation profile 

following implantation. 

Following on from the osteogenic scaffolds’ kinetic release, bioactivity assessment and 

the initial animal study in this chapter, the subsequent chapter will concentrate on the 

modifications of scaffolds’ formulation to increase the biodegradability in vivo and its 

effect on bone healing. 
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Chapter 5: Enhancement of Scaffold in Vivo Biodegradability for Bone 

Regeneration using P28 peptide Formulations 

5.1 Abstract 

The field of bone tissue engineering shows a great variety of bone graft substitute 

materials under development to date, with the aim to reconstruct new bone tissue while 

maintaining the characteristics close to the native bone. Currently, insufficient scaffold 

degradation remains the critical limitation for the success of tailoring the bone formation 

turnover rate. This study examines novel scaffold formulations to improve the 

degradation rate in vivo, utilising chitosan (CS), hydroxyapatite (HAp) and fluorapatite 

(FAp) at different ratios. Previously, the P28 peptide was reported to present similar, if 

not better performance in new bone production to its native protein, bone morphogenetic 

protein-2 (BMP-2), in promoting osteogenesis in vivo. Therefore, various P28 

concentrations were incorporated into the CS/HAp/FAp scaffolds for implantation in 

vivo. HE staining shows minimal scaffold traces in most of the defects induced after eight 

weeks, showing the enhanced biodegradability of the scaffolds in vivo. The HE stain 

highlighted the thickened periosteum indicating a new bone formation in the scaffolds, 

where CS/HAp/FAp/P28 75 µg and CS/HAp/FAp/P28 150 µg showed the cortical and 

trabecular thickening. CS/HAp/FAp 1:1 P28 150 µg scaffolds showed a higher intensity 

of calcein green label with the absence of xylenol orange label which indicates 

mineralisation and remodelling was not ongoing four days prior to sacrifice. Conversely, 

double labelling was observed in the CS/HAp/FAp 1:1 P28 25 µg and CS/HAp/FAp/P28 

75 µg, which indicates continued mineralisation at days ten and four prior to sacrifice. 

Based on the HE and fluorochrome label, CS/HAp/FAp 1:1 with P28 peptides presented 

a consistent positive osteoinduction following the implantation in the femoral condyle 

defects. These results show the ability of this tailored formulation to improve the scaffold 

degradation for bone regeneration and present a cost-effective alternative to BMP-2.. 

5.2 Introduction 

Biodegradable scaffolds for bone tissue engineering are of great interest to researchers, 

due to their promising characteristics and performance to mimic the extracellular matrices 

in promoting natural bone healing (Dorati et al., 2017; Kaliva et al., 2020; Sanchez-

Salvador et al., 2021). These engineered scaffolds are great alternatives to the natural-

sourced treatments available such as bone grafts, despite their gold standard properties 
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due to the multiple surgical interventions required (autografts) as well as the existing risk 

of immune rejection (allografts) (Choy et al., 2021; e Silva et al., 2021; Fournet et al., 

2019). 

A common approach to the development of biodegradable scaffolds is to initially culture 

osteogenic cells containing growth factors on 3D scaffolds prior to implantation as 

suggested by the diamond concept, to simulate the physiological conditions 

(Andrzejowski & Giannoudis, 2019; Baruffaldi et al., 2021; Yamada et al., 2020). 

However, the additional cellular harvesting and culturing on the scaffolds prior to use are 

time consuming, thus leading the studies toward acellular osteoconductive and 

osteoinductive scaffolds with osteogenic growth factors (S. Jiang et al., 2021; L. Li, Lu, 

et al., 2019; S. J. Wang et al., 2019). The current study combines biology and engineering 

principles to develop viable substitutes to restore and maintain the function of human 

bone tissue. It was aimed to enhance the mechanical and biodegradable properties of bone 

scaffolds by modifying the crosslinking reaction to avoid the burst release of the growth 

factors. The fabricated biodegradable scaffold will release growth factors while degrading 

and then be secreted from the body naturally after it completes its function. Therefore, an 

ideal scaffold should be able to degrade in a gradational way for an expected period to be 

replaced by a newly formed bone tissue from the bonded cells, known as the 

osteotransduction process (Alves et al., 2020). This degradation will result in the 

breakdown of the scaffold and the resorption of the protein such as bone morphogenetic 

protein-2 (BMP-2) incorporated in the scaffold to the targeted location. 

The current market leader for Food and Drug Administration (FDA)-approved growth 

factor delivery system is the recombinant human BMP-2 (rhBMP-2) known under the 

trade name INFUSE
®

, with an absorbable collagen sponge carrier to be used as a bone 

graft substitute in treating open tibial fractures. This product is in line with another FDA-

approved AUGMENT
®

 by Wright Medical and i-Factor by Cerapedics (Arnold et al., 

2021; Biswas et al., 2019; Govoni et al., 2021; James et al., 2016). However, this 

INFUSE
®

 treatment has limited success in the treatment of non-union healing and this 

product is associated with several documented complications, such as ectopic 

calcification and bone formation as well as transient bioactivity, which is the off-target 

reaction (Briquez et al., 2021; Durham et al., 2018; Paxton et al., 2020). INFUSE
® 

has 
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also faced an FDA warning following reports of severe dysphagia due to inflammation, 

as well as the increased loss of life.  

An alternative to the use of BMP-2 is the use of the derived osteogenic peptides from 

BMP group proteins due to their small relative molecular weight, known physiological 

effect, flexibility to use, as well as lower cost demands (Meng et al., 2021). There are two 

sites of interest in the complex structure of BMP-2 dimer, known as wrist and knuckle 

epitope regions. Extensive reports were proposing the ability of peptides derived from 

this knuckle region to induce osteogenesis, thus enabling it to substitute the full-length of 

rhBMP-2 (Bain et al., 2015). Initially, a synthetic peptide, P4, synthesised from the 

knuckle epitope of BMP-2 (73-92), was reported to increase the alkaline phosphatase 

(ALP) and osteocalcin activity to the highest levels in the murine multipotent 

mesenchymal cell line (C3H10T1/2), compared to the other BMP-2 derived peptides 

(Ahn & Je, 2019; Saito et al., 2003). This BMP-2 knuckle epitope derived peptide (P4) 

has also shown to increase the osteopontin and mineral deposition in clonally derived 

murine mesenchymal stem cells (7F2) (Madl et al., 2014). Subsequently, another short 

BMP-2 related peptide called P24 with a molecular weight of 2630.88 g/mol was then 

synthesised (Niu et al., 2009). This peptide consists of chemically stable small molecules 

and a linear structure as a biological active site, and is believed to promote bone marrow 

stromal cell adhesion, enhance ectopic osteogenesis, and repair critical-sized rabbit bone 

defects (Y. Chen et al., 2017).  

Following the P24 systhesis, Cui et al. (Cui et al., 2016) had improved the work 

mentioned above by synthesising a longer BMP-2 dimer-knuckle epitope derived peptide 

chain called P28 (S
[PO4]

DDDDDDDKIPKASSVPTELSAISTLYL) (Chao et al., 2021). 

This P28 indeed possess several significant properties compared to BMP-2 in terms of its 

smaller relative molecular weight and better chemical stability that can improve its 

biological effects. The most impressive feature of P28 in this bone tissue engineering field 

is its repetitive amino acid sequences with high bonding ability towards calcium 

phosphate materials. This feature can lead to an extended release with higher delivery 

specificity to the intended site, thus giving a promising outcome to be discovered in future 

bone substitutes research (Meng et al., 2021). Moreover, the biomimetic feature of 

peptides in retaining the osteogenic features of the larger proteins offers greater control 

over cellular interactions. The shorter chains of peptides are advantageous in overcoming 
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the steric effects, folding, immunogenicity and susceptibility to degradation problems of 

the larger proteins, thus leading to better signalling and binding domains availability for 

the required cellular interactions (Bullock et al., 2021). 

To date, the scaffold degradation profile that outlines the scaffold's capability to release 

the growth factors in the time frame was still not successfully altered (Govoni et al., 

2021). Hence, despite the great potential of the osteogenic peptide P28, there is a need to 

design a fully-functional carrier, to ensure it is retained in the defect until it has fulfilled 

its function. The performance of bone substitutes can be improved by tuning the scaffold 

composition and its fabrication method, as well as incorporating the growth factors. Also, 

the ability of the scaffolds to mitigate bacterial infections through the use of anti-infective 

biomaterial should also be examined. 

This chapter employed the revised P28 delivery systems with a faster degradation than 

previous formulations presented in Chapter 4 by incorporating the combinations of 

hydroxyapatite and fluorapatite ceramics into the chitosan composite. In addition, the 

osteogenicity of different P28 concentrations was tested since our initial animal trial 

utilising 25 µg P28 showed a promising osteoinductivity. Therefore, an increased P28 

content (75 and 150 µg) was tested in CS/HAp/FAp scaffolds in order to investigate the 

best osteogenicity effect on the rat femoral condyle defect model utilised in this work. 

This proposed model has also undergone a commercial feasibility review for an 

orthopaedic scaffold alternative to the existing options. 

The animal handling and surgical procedure training was undergone in Animal Research 

and Service Centre, Universiti Sains Malaysia. The experiment protocol for this animal 

study was carried out with the ethical approval from the Institutional Animal Care and 

Use Committee (IACUC USM) with reference number: USM/IACUC/2020/(122)(1048). 

The overview of this second animal trial is presented in the chart (Figure 5.1).  
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Creation of femoral condyle defects on both sides of the legs, (3 mm x 3 mm) 

Implantation of the revised chitosan-based scaffolds into femoral condyle 

defects: 

A: 12% LW CS/HAp/FAp 1:1 

B: 12% HW CS/HAp/FAp 1:1 

C: 12% HW CS/HAp/FAp 1:0.75 

D: 12% HW CS/HAp/FAp 1:1/P28 25µg 

E: 12% HW CS/HAp/FAp 1:1/P28 75µg 

F: 12% HW CS/HAp 0.75/FAp 0.75/P28 150µg 

General clinical monitoring 
Body weight and behavioural changes 

Euthanasia 
Collect femur. Store in 4% neutral buffered formalin. 

Macroscopic evaluations Microscopic evaluations 

• Local tissue reaction 

(Hematoma/necrosis) 

• Defect visibility, colour, 

surface (Rudert’s 

Macroscopic scoring) 

Double fluorochromes labelling 
Calcein (10 mg/kg) & Xylenol (90 mg/kg) 

Histological assessments 

- Hematoxylin/Eosin (H&E) 

- Fluorescence-labelling imaging 

Statistical Analysis 

Acclimatisation of 9 male Sprague Dawley rats. 

Figure 5.1 Summary of the second animal trial experiments. 
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5.3 Results and Discussion 

5.3.1 Antimicrobial Functionality of UV-Crosslinked Chitosan Scaffolds with 

Fluorapatite Bioceramics 

Resazurin antimicrobial test was performed prior to the in vitro bioactivity assessment to 

investigate the ability of the scaffolds to prevent any microbial growth in the cell culture. 

This test is essential to validate the optimum performance of the growth factors in 

promoting osteogenic differentiation of the C2C12 myoblast cell line. 

The dye reduction of the treatments in the bacterial strains was observed (Figure 5.2a) 

and evaluated spectrometrically at 600 nm (n=3) (Figure 5.2b). The scaffold formulated 

with CS/FAp recorded the most potent antimicrobial activity compared to the other test 

groups in both S.aureus and E.coli (p<0.05). This result would validate the antimicrobial 

properties of the fluorapatite bioceramic reported (Alhilou et al., 2016; Anastasiou et al., 

2019). However, a study mentioned the need for doping silver ions with documented 

antibacterial properties to enhance the lower antibacterial properties of FAp compared to 

its original CaP form, HAp (Pajor et al., 2019). Another doping system of FAp with and 

without cerium ions (Ce
3+

) gave a similar antibacterial behaviour compared to the lower 

activity following doping with strontium ions (Sr
2+

)  (Anastasiou et al., 2019). 

On the other hand, the lower antimicrobial activity achieved in the rest of the formulations 

other than CS/FAp might also be caused by several factors, such as the possible 

insufficiency of scaffold sterilisation procedures and the condensation observed on the 

scaffolds. This hypothesis mentioned is due to the well-known antimicrobial properties 

of the chitosan itself and its ability to effectively exhibit the antibacterial activities of the 

pathogens (Y. Liao et al., 2020). In addition, CS/HAp combination was reported to inhibit 

the bacterial growth even better than CS alone in three antimicrobial tests conducted; the 

bacterial counting method, zone of inhibition test as well as the optical technique (B. Li, 

Xia, et al., 2019). Therefore, freshly prepared scaffolds are suggested to be used in any  

tests, especially involving bacteria and cells, to avoid the possible risks mentioned. In 

addition, it is suggestive to include the raw materials in the test to investigate the baseline 

of the antimicrobial capacity in comparison to the developed composites.  
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Figure 5.2 a) The resazurin blue dye reduction to pink colour was observed in the tests after 24 hours of incubation. 
Left panel= Treatments in Staphylococcus aureus (S.aureus). Right panel= Treatments in Escherichia coli (E.coli). b) 
The antimicrobial activity of the scaffold treatments in both S.aureus and E.coli strains, showing the highest bacterial 
inhibition in the CS/FAp treatments. 

5.3.2 Post-operative Monitoring 

The weights of the animals were monitored from the acclimatisation period until sacrifice 

(Figure 5.3). It was observed that the weight was increased during the acclimatisation 

period until the implantation day. Following implantation, the weight decreased for about 

a week, which is a sign of pain and discomfort in post-operative procedures and the effects 

of anaesthesia and analgesia that led to decreasing appetite or lameness (Talbot et al., 

2020). In addition, several incidents of broken sutures had exposed the wound, increasing 

the risk of pain and infection to the wound, while the re-suturing procedures required 

anaesthesia and analgesia that will further cause the reduction of catching food. However, 

the weight loss threshold of a maximum of 20% was not reached (Helgers et al., 2020), 
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and the weight of all animals began to increase again after 7-10 days, indicating good 

tolerance of the selected model. 

 

Figure 5.3 Post-operative weight monitoring of nine implanted Sprague Dawley rats. 

5.3.3 Macroscopic Evaluation 

All femoral condyles with the implanted scaffolds from the six formulations (n=3) were 

harvested, and local macroscopic condition was evaluated using a modified scoring table 

from Rudert et al. (2005) (Figure 5.4). Scaffold-only controls (negative) and Infuse® 

(positive) were previously reported in Chapter 4. To avoid the unnecessary duplication of 

data and animals, these controls were not repeated in this work. While empty controls 

were not used, the 3mm defect in the rat femoral defect is not considered a critical size 

and as such is expected to heal. 

 

Figure 5.4 The macroscopic monitoring for the harvested condyles. Note: R1-R9 means Rat 1-9. R means right condyle 
and L means left condyle. The Kruskal-Wallis test showed p>0.05 for the investigated criteria, possibly due to the small 
sample size used in this preliminary study. 

Several remarks were observed macroscopically (Figure 5.5), where most defects were 

closed with a layer of transparent tissue. While new bone growth was seen around the 

defects in the presence of P28 (12% HW CS/HAp/FAp 1:1/P28 25µg), some of them 
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showed scaffold residues and more scaffold residues were seen in scaffolds formulated 

with higher HAp content (12% HW CS/HAp/FAp 1:0.75). In addition, there was a 

possibility of ectopic growth seen in scaffolds with the highest content of P28 (12% HW 

CS/HAp/FAp 1:1/P28 150µg). On the other hand, an incidence of drilling burr slippage 

off the site of interest had occurred on the right condyle of R6, producing a defect on the 

bone shaft instead of the condyle. Therefore, the result from this condyle was completely 

discounted. Altogether, the Kruskal-Wallis test showed p>0.05 for the investigated 

criteria; however, the chi-square approximation from this test may not be accurate since 

the sample size was less than five. 

(A) 12% LW 
CS/HAp/FAp 1:1 

 

R1 left 

 

R2 left 

 

R3 left 

 

(B) 12% HW 
CS/HAp/FAp 1:1 

 

R1 right 

 

R4 left 

 

R8 right 
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(C) 12% HW 
CS/HAp/FAp 1:0.75 

 

R2 right 

 

R5 left 

 

R7 right 
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(E) 12% HW 
CS/HAp/FAp 1:1/P28 

75µg 

 

R5 right 

 

R6 right 

 

R9 right 

 

(F) 12% HW 
CS/HAp/FAp 1:1/P28 

150µg 

 

R7 left 

 

R8 left 

 

R9 left 

Figure 5.5 Macroscopic observations of the harvested condyles implanted with the developed bone regeneration 
scaffolds. 

5.3.4 Histological Analysis using Hematoxylin-Eosin Staining 

Histological analysis through HE staining was conducted in collaboration with a 

histopathologist to evaluate the performance of the implanted scaffolds and presented 

according to each formulation (Figure 5.6). Interestingly, the scaffold traces were 

observed to be minimal in most of the defects induced. This observation might validate 
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that the combination of HAp and FAp in the chitosan-based delivery system has escalated 

the biodegradability of the scaffolds in vivo, although it was reported that FAp alone 

possesses a lower solubility in biological fluids compared to HAp (Malysheva et al., 2021; 

Vidal et al., 2022). This behaviour observed is also in line with the  biodegradability 

results reported previously in Chapter 3, where CS/FAp scaffold lost the integrity during 

handling as early as week two following submersion in simulated body fluid. 

 

A) 12% LW CS/HAp/FAp 

1:1 

 

B) 12% HW CS/HAp/FAp 

1:1 

 

C) 12% HW CS/HAp/FAp 

1:0.75 

 

D) 12% HW CS/HAp/FAp 

1:1 P28 25µg 

 

E) 12% HW CS/HAp/FAp 

1:1 P28 75µg 

 

F) 12% HW CS/HAp/FAp 

1:1 P28 150µg 

Figure 5.6 HE stained slides of the implanted condyle defects. Yellow circles highlight the site of implanted defects. 
Blue arrows represent the newly formed bone structure where the composite was implanted. Red coloured A,B shows 
the two different densities of the compact bone tissue. 

From the review of the HE-stained sections, the projection of fibrous tissue containing 

central ossification separates the spongy bone tissue areas in the implanted defect region 

(Figure 5.6A). Cortical bone thickening was observed in the bone implanted with 12% 

HW CS/HAp/FAp 1:1 scaffold (Figure 5.6B), which could result from the 

osteointegration of the composite. Moreover, thickening of the periosteum near the defect 

B A 



192 
 

area with an external surface irregularity of the compact bone as well as osteointegration 

with the implant below the periosteum was observed for 12% HW CS/HAp/FAp 1:0.75  

(Figure 5.6C). Similar periosteum thickening could also be seen in the defect implanted 

with 12% HW CS/HAp/FAp 1:1 P28 25µg (Figure 5.6D). On the other hand, the cortical 

and trabecular bone thickening (arrow) in the defect region of 12% HW CS/HAp/FAp 

1:1/P28 75µg, might be due to osteointegration and induction from the implantation of 

the composite (Figure 5.6E). Compact bone tissue with two different densities (A,B) as 

well as the thickened periosteum (arrow) is present in the defects with 12% HW 

CS/HAp/FAp 1:1 P28 150µg, which might be derived from the osteoinductive activity of 

the composite with the highest peptide content (Figure 5.6F). 

Enhanced bone formation resulting from the use of tissue engineering scaffolds 

incorporating P28 peptide has also been reported in the literature. In the initial studies 

reporting the use of P28, silicone/hydroxyapatite (Si/HAp) scaffold was loaded with P28 

peptide and implanted in rat calvarial defects (Cui et al., 2016). The defects showed that 

the Si/HAp/P28 scaffold promoted bone recovery to a similar degree as the 

Si/HAp/rhBMP-2 scaffold. No new bone formation occurred in the empty defects 

(control) 6 weeks after surgery, although fibrous tissues were observed in the defect area, 

and the recovery did not improve even until 12 weeks post-implantation. Similarly in the 

later study by Chao et al. (Chao et al., 2021), the control in canine (dogs) defect model 

that was implanted with hydroxyapatite/ß-tricalcium phosphate/collagen (HAp/TCP/Col) 

scaffold alone revealed limited bone regeneration with noticeable HAp/TCP particles at 

four and eight weeks compared to the defects implanted with HAp/TCP/Col/P28, thus 

showing the positive bone regenerating capacity of this BMP-2 derived peptide.  

Earlier studies utilised a high concentration of P28 peptide in order to bind the peptide 

onto the scaffolds through the physiosorb method to evaluate the osteogenic induction of 

bone defects in the presence of this P28 peptide (Meng et al., 2021; Sun et al., 2017; J. 

Zhou et al., 2020). However, no previous reports were found to investigate the efficacy 

of the P28 scaffolds in different mass content towards the osteogenic induction of bone 

defects using UV crosslinking in CS/HAp/FAp scaffolds. Therefore, the strongest new 

bone formation achieved with 150 µg P28 in this work can be a potential reference for 

future work involving P28 peptides. This early histological evaluation of the P28 peptide's 

osteogenicity in an in vivo setting offers convincing proof of the compound's potential in 
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bone tissue engineering and regenerative medicine. The findings of this study indicate 

that P28 peptide may increase the quality of newly produced bone tissue and stimulate 

bone growth, but more studies are required to validate its efficacy and safety in people. 

5.3.5 Fluorochrome Labelling Analyses 

Fluorescent labelling was evaluated as the dynamic of bone formation that corresponds 

to mineralisation speed, time, location as well as the direction of the mineralisation 

(Shanker, 2019; van Gaalen et al., 2010). Calcein green (CG) and xylenol orange (XO) 

fluorochromes were injected in vivo ten and four days before sacrifice, respectively. The 

fluorochrome labels work by chelating the mineralised front during the bone 

mineralisation process  at the time of injection, which enables the evaluation of the 

dynamic bone formation by measuring the distance between fluorochromes labels (Spicer 

et al., 2012). It has also been documented that fluorochrome labelling can be used to 

evaluate bone mineralisation rate, remodelling, and the signs of toxicity of the implants 

on bone in vivo (Alves et al., 2020).  

From the analysis of fluorochrome labels (Figure 5.7), it was found that the presence of 

the XO label was observed in the condyle implanted with the 12% LW CS/HAp/FAp 1:1, 

indicating that mineralisation is still ongoing four days before sacrifice. However, the 

absence of CG may indicate that this mineralisation was in the form of remodelling bone 

formed earlier in the healing process. In contrast, the condyle implanted with 12% HW 

CS/HAp/FAp 1:1 showed the presence of double labelling, where a positive label was 

seen in both CG and XO. This double labelling indicated ongoing bony deposition on the 

injection days. In addition, a single CG label appeared in the condyle implanted with 12% 

HW CS/HAp/FAp 1:0.75 and 12% HW CS/HAp/FAp 1:1 P28 150µg indicating bone 

formation had occurred ten days prior to sacrifice. Since XO label is absence, it indicates 

that no bone formation occurred 4 days prior to sacrifice in this single condyle. This 

observation could indicate that bone remodelling had finished at that time prior to XO 

administration (Shanker, 2019). The samples with 12% HW CS/HAp/FAp 1:1 P28 25µg 

and 12% HW CS/HAp/FAp 1:1 P28 75µg shared a similar observation, where double 

labelling appeared in the condyles indicating the ongoing mineralisation at ten days and 

four days before sacrifice.  
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A) 12% LW CS/HAp/FAp 

1:1 

 

B) 12% HW CS/HAp/FAp 1:1 

 

C) 12% HW CS/HAp/FAp 

1:0.75 

 

D) 12% HW CS/HAp/FAp 

1:1 P28 25µg 

 

E) 12% HW CS/HAp/FAp 1:1 

P28 75µg 

 

F) 12% HW CS/HAp/FAp 1:1 

P28 150µg 

Figure 5.7 Fluorescent labelling imaging, observing the calcein green and xylenol orange labelling formed on the 
newly formed bone. 

Fluorochrome labels, such as CG and XO, bind to mineralised tissues, including both 

newly formed bone and bone-like ceramics. These labels can provide information about 

the dynamic process of mineralisation, regardless whether it occurs in natural bone or 

synthetic ceramics, thus allowing for evaluation of the mineralisation process in both 

materials (Shih et al., 2017). However, the evaluations in this work were carried out 

considering the defect margin and not including the implanted composite scaffolds in 

order to distinguish between the two (Pautke et al., 2005, 2007, 2010; van Gaalen et al., 

2010). Since the accuracy and interpretation of the results obtained using fluorochrome 

labels can be influenced by various factors, including the specific labelling technique and 

the interaction between the labels and the materials being studied (Zuncheddu et al., 

2021), a quantitative assessment of fluorochrome labels is recommended in order to 

achieve a definite comparison between samples, evaluating the mineral apposition rate 

(MAR) and also bone formation rate (BFR). These measurements are proposed since the 

length of fluorescent labels and the distance between the labels are measurable parameters 
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which can be used to evaluate the new bone turnover (Dempster et al., 2014; Maglio et 

al., 2020). However, due to the small sample size and a lack of clear bone growth fronts 

in this work, these measurements were not possible. 

5.4 Impact of Coronavirus Disease 2019 (COVID 19) Pandemic on the Studies 

COVID 19 pandemic has caused a detrimental effect throughout the globe where 

hundreds of thousands of deaths were reported, economies were shut down, country 

boarders were closed and thus causing chaos on an phenomenal scale that has 

tremendously affected the quality of life of everyone. Research field was not an exception, 

specifically to this project presented.  

This project was about to begin during the emergence of COVID 19 in Wuhan, China. 

The experimental proposal was agreed with the field supervisors from Universiti Sains 

Malaysia (USM) in Kelantan, Malaysia and an ethical proposal was submitted to the 

Institutional Animal Care and Use Committee (IACUC USM). The ethics defence was a 

success, acquiring the ethical approval to conduct the planned animal studies. However, 

movement control order (MCO) was issued, causing a six months delay to the animal 

reception. The surgical procedures, post-operative monitoring and animal sacrifice 

procedures were managed to be completed despite the bottleneck situation. However, the 

real challenge was during the hard tissue processing and cutting procedures, where the 

instruments involved are due for maintenance and spare-parts replacement. 

Unfortunately, this issue took a very long time and complicated to resolve, that it was 

decided to send the samples to another university. Similarly, the MCO in Malaysia still 

left us in impediment, where a desperate measure was taken by sending the samples to a 

pathologist in The Federal Rural University of Pernambuco, Brazil. Due to the 

instruments’ faulty and a long time gap to complete the processing procedures, the 

samples aged and thus causing a lower quality of histological results.  

It is highly recommended that another animal study should be carried out to improve the 

current outcome and addressing the limitations encountered from this study. A more 

detailed suggestions will be discussed in the following chapter.  

5.5 Summary 

A preliminary in vivo trial was conducted bilaterally on nine male Sprague Dawley (SD) 

rats to evaluate the osteogenic potency of a CS/Hap/FAP scaffolds loaded with P28 
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peptide. In this study, our aim was to provide evidence for rationale of the effect of 

changing the ceramic content and changing the P28 concentration. As such this study was 

designed to narrow down the variables for future experiments (identifying the best ratio 

and the best concentration of P28). Post-mortem observations indicate that most defects 

were observed to be closed with a layer of transparent tissue, while new bone growth was 

seen around the defects in the presence of P28 (12% HW CS/HAp/FAp 1:1/P28 25µg). 

Also, there was a possibility of ectopic growth seen in scaffolds with the highest content 

of P28 (12% HW CS/HAp/FAp 1:1/P28 150µg). 

For histological assessment, unstained sections were assessed for the presence of 

fluorochrome labels with HE staining used to assess the biological response to the 

scaffolds. The HE stain highlighted the thickened periosteum indicating a new bone 

formation in the scaffolds, where CS/HAp/FAp/P28 75 µg and CS/HAp/FAp/P28 150 µg 

showed the cortical and trabecular thickening as a result of implantation of composite in 

the region below the metaphysis. Subsequently, the CG and XO fluorochrome assessment 

indicated that CS/HAp/FAp 1:1 P28 150 µg scaffolds showed a high-intensity response 

to calcein green label, indicating mineralisation was ongoing 10 days prior to sacrifice. 

Similarly, the presence of double labelling which is indicative of ongoing mineralisation 

was observed at days 10 and four prior to sacrifice in the CS/HAp/FAp 1:1/P28 25 µg 

and CS/HAp/FAp/P28 75 µg. Based on the HE and fluorochrome label, CS/HAp/FAp 1:1 

with P28 (especially in the 12% HW CS/HAp/FAp 1:1/P28 25 µg scaffold) showed some 

indications of new bone growth around the defects, but further investigation is needed to 

confirm the consistent positive osteoinductive effects following the implantation in the 

femoral condyle defects. Also, further investigation is required to rule out ectopic bone 

formation especially in the highest P28 content. While partial progress has been made on 

the technical milestones, significant further work is required to fully understand the 

therapeutic potential of this P28-loaded CS/HAp/FAp scaffold. Also, more study is 

required to find the ideal dose and delivery technique in order to guarantee the P28 

peptide's safety and effectiveness in people.   
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Chapter 6: Conclusions & Recommendations 

 

6.1 Conclusions 

The development of bone healing scaffolds possessing the key elements: biodegradable, 

osteoconductive, osteoinductive, and mechanically stable are currently the focal attention 

in bone tissue engineering research. However, there is a need to address the limitations 

of the current approach including the high burst release from uncontrolled scaffold 

degradation, the higher cost of therapeutic agents as well as the complex procedures of 

cell cultures prior to the scaffold implantation. The mitigation of bacterial infections are 

also crucial to produce a safe bone healing scaffolds following implantation. In order to 

address the aforementioned shortcomings, this study was aimed to develop a 

biodegradable, cell-free and osteoinductive scaffold with mechanical stability and 

antimicrobial features, producing a lower cost, off-the-shelf scaffolds with controllable 

release of the active agents.  

Initially, the fabrication method of an osteoconductive bone regeneration scaffold was 

effectively modified using a tuneable UV crosslinking reaction incorporating several 

bioceramics and various photoinitiator contents into chitosan composite, providing a 

promising improved bone healing scaffold. The swelling test in acidic conditions 

presented a gel fraction of more than 50%, demonstrating efficient crosslinking was 

achieved. The FTIR showed the scaffold characteristics for both chitosan and ceramics 

following crosslinking, where a reduction in C=C peaks were recorded with decreasing 

BP content. Moreover, the surface morphology was confirmed through SEM-EDX 

analysis. The compression testing validated the mechanical performance of the scaffolds 

achieving 12-15 MPa, which was sustained to at least 10 MPa during degradation 

recorded over eight weeks in SBF. The scaffold mineralisation in SBF was monitored 

semi-quantitatively using SEM-EDX, where an increase of Ca/P ratio was recorded from 

week 1 to week 2 before gradually reduced from week 2 to week 8. Therefore, CS/HAp 

with 5 μl of 0.1% w/v benzophenone scaffold formulation is proposed for future 

investigation as a biomimetic bone scaffold candidate since it was found to provide 

promising mechanical properties while degrading, in addition to favourable swelling and 

gel fraction characteristics.  
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Although the scaffold fabrication method presented is hypothesised to provide better 

control of the covalent grafting of active ingredient within the scaffold structure and its 

release in vitro and later in vivo, this chapter anticipates for several improvements. For 

instance, an extended analysis can be considered regarding the potential effect of altering 

the photoinitiator content in the other scaffold formulations including CS/TCP-a and 

CS/FAp mentioned in this body of work, since the change in the BP content was only 

investigated in CS/HAp. Additionally, a detailed study in terms of the effect of UV 

crosslinking and pulsed-UV sterilisation on the scaffold structure and the molecular 

activity of the osteogenic factors are suggested in order to avoid the consequences of 

reactive oxygen species upon implantation. Investigations using alternatives for 

sterilising the scaffolds could also be considered, such as the gamma ray, e-beam and 

supercritical fluid sterilisation, to ensure the sterilisation method does not adversely affect 

the scaffold structure and the osteogenicity of the incorporated protein and peptide. 

Subsequently, the developed CS/HAp scaffolds were successfully crosslinked with either 

BMP-2 or P28 peptide under UV light. The release rate validated the ability of the 

scaffolds to degrade while releasing the osteogenic agents gradually in the desired 6-8 

weeks’ timeframe. Nevertheless, the main challenge involving the high affinity of protein 

and peptide towards the stainless-steel HPLC system has demanded a great deal of 

troubleshooting steps. Two different method was used in analysing the protein and 

peptide release rate; the MALDI-TOF and UV-Vis spectrometry but ultimately, it is 

crucial to extend this experiment using an inert or bioHPLC system to validate the release 

profile of the low concentration of osteogenic factors while avoiding the protein-surface 

interactions. 

The ALP activity of C2C12 cultures had increased in both BMP-2 and P28 treatments, 

where 100 μg/ml P28 was comparable to 0.5 μg/ml BMP-2 after two weeks. The C2C12 

cultured with CS/HAp/BMP-2 and CS/HAp/P28 scaffolds had also shown an increased 

ALP activity compared to the negative controls. ARS-CPC assay presented the highest 

optical density in 0.3 μg/ml BMP-2 and 50 μg/ml P28, while the highest intensity of ARS 

was observed in C2C12 cultured with CS/HAp/BMP-2 and CS/HAp/P28 scaffolds 

compared to the negative controls. However, a number of modifications can be 

considered for the cell culture experiments, including the osteogenic induction parameters 

to be applied and the method of harvesting the cell lysate in order to obtain a more 
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promising results. Two lysis methods were attempted in this work: the sonicating bath 

and vortex, substituting the unavailable pulse sonicating device suggested by the test kit 

supplier. From the experiments carried out, the sonicating bath method yielded even 

lower lysate and possessed the risk of protein degradation due to the change in water 

temperature, despite the temperature control using ice flakes. Therefore, it is best to 

follow the supplier recommendation which is the pulse sonicating device. Other options 

in testing the osteogenicity of the developed scaffolds can be considered, such as shifting 

to molecular biology investigations, specifically the nucleic acids-based techniques.  

Subsequently, the in vivo osteogenesis was then investigated via a rat femoral condyle 

defect model, where the new bone mineral density and the bone volume were found to 

increase in all CS/HAp scaffolds after eight weeks compared to the collagen sponges. The 

histological procedures showed a favourable bone regeneration efficacy through the 

CS/HAp/P28, thus showing the use of CS/HAp scaffolds with P28 as a promising 

osteoinductive scaffold for bone healing applications. Hence, chitosan scaffold with P28 

appears to be the alternative to its protein of origin, BMP-2, in bone tissue engineering 

for bone defect healing for its potent osteogenicity and biocompatibility, as well as its 

non-toxicity features following the implantation in the femoral condyles of the rats. 

However, due to the insufficient scaffold biodegradability in vivo, improved formulations 

should be considered to obtain a better degradation profile following implantation. 

Moreover, the rotational distortion causing the twisted condyles should also be further 

investigated in terms of the factors causing this phenomenon as well as the potential effect 

of this distortion on the bone healing.  

Consequently, modifications in scaffold formulations were investigated in the current 

work, incorporating fluorapatite for its higher biodegradability achieved during the early 

development process of the scaffolds, although this high biodegradability result is in need 

of further explorations in terms of the interaction between chitosan and fluorapatite. 

However, the antimicrobial feature of these two materials are attractive. Antimicrobial 

Resazurin blue assay was carried out and the results show that the incorporation of 

fluorapatite into the chitosan composite formulation had provided the highest bacterial 

inhibition in both gram positive and negative bacteria. Therefore, in order to extend the 

investigations, additional test samples using the raw materials such as chitosan, 
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hydroxyapatite and fluorapatite alone as controls could provide a baseline antimicrobial 

properties of each materials in comparison to the developed scaffold composites.  

Another preliminary in vivo trial was conducted for the implantation of CS/HAp/FAP 

scaffolds loaded with P28 peptide in the rat femoral condyle defect’s model. This study 

aimed to provide evidence for rationale of the effect of changing the ceramic content and 

changing the P28 concentration to improve the in vivo biodegradability of the new 

scaffold formulations. A larger animal study was considered, however, due to the 

experimental nature of the work to respect the 3R principles of animal use (Replacement, 

Reduction and Refinement), a smaller preliminary study was carried out. As such this 

study was designed to narrow down the variables for future experiments (identifying the 

best CS, HAp and FAp ratio as well as the best concentration of P28).  

Post-mortem observations indicate that most defects were observed to be closed with a 

layer of transparent tissue, while new bone growth was seen around the defects in the 

presence of P28 (12% HW CS/HAp/FAp 1:1/P28 25μg). Also, there was a possibility of 

ectopic growth seen in scaffolds with the highest content of P28 (12% HW CS/HAp/FAp 

1:1/P28 150μg). The HE stain highlighted the thickened periosteum indicating a new bone 

formation in the scaffolds, where CS/HAp/FAp/P28 75 μg and CS/HAp/FAp/P28 150 μg 

showed the cortical and trabecular thickening as a result of implantation of composite in 

the region below the metaphysis. Subsequently, the CG and XO fluorochrome assessment 

indicated that CS/HAp/FAp 1:1 P28 150 μg scaffolds showed a high-intensity response 

to calcein green label, indicating mineralisation was ongoing 10 days prior to sacrifice. 

Similarly, the presence of double labelling which is indicative of ongoing mineralisation 

was observed at days 10 and four prior to sacrifice in the CS/HAp/FAp 1:1/P28 25 μg 

and CS/HAp/FAp/P28 75 μg. Based on the HE and fluorochrome label, CS/HAp/FAp 1:1 

with P28 (especially in the 12% HW CS/HAp/FAp 1:1/P28 25 μg scaffold) showed some 

indications of new bone growth around the defects, but further investigations are needed 

to confirm the consistent positive osteoinductive effects following the implantation in the 

femoral condyle defects, and to rule out ectopic bone formation especially in the highest 

P28 content.  

In conclusion, the research gaps mentioned in developing an off-the-shelf bone healing 

scaffold with controllable release of the active agents at a lower cost were successfully 

addressed in this study through the developed cell-free biodegradable scaffolds with 
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mechanical stability and antimicrobial feature. The key highlight of this study is the 

introduction of P28 peptide as the alternative to BMP-2, and its therapeutic effects in the 

improved bone scaffold formulations. While progresses have been made on the technical 

milestones, more studies are required to fully understand the therapeutic potential of this 

P28-loaded CS/HAp/FAp scaffold. Also, it is crucial to find the ideal dose and delivery 

technique in order to guarantee the P28 peptide's safety and effectiveness in people.  

6.2 Future Work Recommendations 

Several key points are recommended for future studies to address the limitations in the 

current research. Firstly in the scaffold development stage, the present scaffold 

formulations showed a relatively slow degradation profile, both in vitro and in vivo. 

However, the CS/FAp formulation showed an abrupt degradation from week 2 to week 

4. Therefore, a more detailed investigations is needed to understand the reason behind 

this substantial degradation of CS/FAp. The chemistry in the material preparation (FAp) 

might also influence the reported behaviour in the SBF. It is also crucial to further tune 

the ratio between the polymer and bioceramics or introducing another material to speed 

up the degradation following the implantation. In addition, the effect of UV-crosslinking 

and pulsed-UV sterilisation method in the polymer structural changes and the 

osteogenicity of the protein and peptide should be further investigated. A reactive oxygen 

species (ROS) test which is crucial to avoid any adverse effects such as oxidative damage 

in the body following the implantation should be considered. 

Subsequently, the current study has addressed its challenges in terms of utilising HPLC 

method for the protein and peptide release analyses due to the biomolecules’ high affinity 

towards stainless steel hardware. Since the HPLC technique is pleasing for its low-cost 

and high sensitive feature in quantitating the protein and peptide at a low concentration, 

it is essential for the future study to develop a suitable method for osteogenic factor 

release analysis using an inert HPLC system in order to mitigate the aforementioned 

issues. A deeper understanding in terms of the chemistry of the biomolecules used in the 

study is also needed for an accurate and precise analyses. It was also realised that protein 

and peptides are biological components that can undergo non-specific reactions, 

including to the instruments’ materials. Consequently, a collaboration with proteomics 

and biochemistry researchers is highly recommended since it was found very useful to 

understand the behaviour of the biomolecules.  
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Furthermore, the current work suggested the future experiments to use the freshly 

prepared and newly sterilised scaffolds in the in vitro cell culture as well as for the 

implantation stage to avoid any possibilities of the scaffolds being contaminated during 

storage. Therefore, it is also vital to find the best scaffold sterilisation method that can 

fully sterilise the scaffolds but does not compromising the bioactivity of the loaded 

osteogenic factors. A suitable storage method should also be further investigated to fulfil 

the intention of creating an off-the-shelf product. Additionally, this work outlines a 

preliminary investigation on the antimicrobial functionality of the composites, where 

chitosan was initially chosen for this reason. However, the antimicrobial capacity of this 

developed composite is not the main focus of this current work, hence it was not 

extensively investigated. Therefore, it is interesting to explore on this feature in the future 

work. 

Although the experimental data achieved is useful to narrow down options regarding the 

use of P28, a larger animal studies is recommended to validate the research outcome from 

this pilot study. It is aware that P28 might not retain the original functionality of BMP-2, 

but P28 was found to remain osteogenic in vitro and in vivo. Therefore, it is still crucial 

to further optimising the concentration of P28 in the scaffolds to conclude the actual 

therapeutic dose of the osteogenic agents to ensure the safety and effectiveness of this 

product for the bone healing treatments in humans. In order to further benefit the animal 

trial conducted in the future, additional ex vivo tests are also suggested, namely the 

concentrations of the C-terminal peptide of type I collagen (CTX-1) as well as the nuclear 

factor of activated T-cells 1 (NFATc1) which are the bone resorption marker. 

6.3 Invention Declaration 

An invention declaration form was submitted, highlighting the osteogenicity of this 

developed device (RETAIN). Following the discussions with Synthes-DePuy, it was 

important that the final construct needed to have clean supply chains i.e. not based on 

BMP-2, since the researchers would have to purchase this product or they would have to 

set up and validate a costly system. Hence, P28 was selected as this peptide can be 

synthesised in a lab.  
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6.4 Commercial Feasibility Review for an Orthopaedic Scaffold 

The scaffold developed in this thesis was sent to a commercial feasibility review for an 

orthopaedic scaffold conducted by KPMG Ireland. The review comprised of the technical 

and commercial assessment, as well as the future work suggested for this device to be 

able to be commercialised. 
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RESEARCH PARTICIPATIONS 
 

1) Institute of Technology (IT) Sligo Lean Six Sigma Massive Online Open Course 

(MOOC) 2019 

Starting October 14, 2019, a MOOC organized by IT Sligo was enrolled. This course was 

established for six weeks and officially ended on December 19, 2019. Lean Six Sigma is 

a process of improvement approach for organisations that wish to attain world-class 

performance in quality and customer satisfaction by increasing productivity, efficiency 

and eliminating ‘waste’ in the process, which does not add any value to the product or 

services. The students who enrolled on this course and achieved more than 50% of the 

overall weekly quizzes are awarded a Certificate of Accomplishment (Appendix 3). 

2) Animal Ethics Defence, Universiti Sains Malaysia (USM) 

Before the animal research in USM, a proposal was defended to the Institutional Animal 

Care and Use Committee (IACUC USM) for animal ethics approval. The defence was 

carried out on February 4, 2020, and the ethics of the proposal was approved on March 

2, 2020, with approval number: USM/IACUC/2020/(122)/(1048). The animal ethics 

approval letter is attached as Appendix 4. 

8) Laboratory Animal Training Programme (Rat - Exclusive Package)  

This animal training was completed on October 2, 2020, at Animal Research and Service 

Centre (ARASC) Universiti Sains Malaysia. ARASC Veterinary Officers trained me on 

the animal handling and restraining method, blood collection, subcutaneous, 

intramuscular and intraperitoneal injection and also cardiac puncture. The most important 

part was the surgical training on performing the femoral condyle defect creation and 

suturing techniques. A Certificate of Participation was awarded following the completion 

of the animal training (Appendix 5). 

10) USM Online Certificate Course in Laboratory Techniques for Molecular 

Biology & Biomaterial Development, Series 1: Fundamental Techniques in Cell 

Culture 

I had participated in Series 1 of an online course organized by the School of Dental 

Sciences, Universiti Sains Malaysia on the Laboratory Techniques for Molecular Biology 



257 
 

& Biomaterial Development (Appendix 6), which is the Fundamental Techniques in Cell 

Culture that was held on April 7, 14, 21 and 28, 2021. This series covered the fundamental 

techniques in cell culture, which consists of the principles and applications of cell culture 

technologies, isolation and selection of cell culture dimension, fundamental 

understanding of cell growth, and the 3D cell culture techniques. The certificate of 

completion was received after passing the test regarding the Fundamental Techniques in 

Cell Culture and is attached in Appendix 7. 

11) USM Online Certificate Course in Laboratory Techniques for Molecular 

Biology & Biomaterial Development, Series 2:  Cell Viability and Cell Toxicity Assay 

After completing the Series 1 of the Online Course, the second series continued with  Cell 

Viability and Cell Cytotoxicity, organized on May 5, 9 25
th

 and June 2
nd

 2021. This series 

covered the methods for cell viability, the principle of cytotoxicity assay, choosing the 

best cytotoxicity test, and cytotoxicity analysis. The certificate of completion was 

received after passing the test regarding the  Cell Viability and Cell Cytotoxicity 

(Appendix 8). 

12) USM Online Certificate Course in Laboratory Techniques for Molecular 

Biology & Biomaterial Development, Series 3: Techniques in Molecular Biology 

The third series of this course, organized on June 10, 17, 24 and 28
th

 2021, covered the 

extraction of nucleic acids, conventional PCR, electrophoresis, and western blotting, 

which are crucial and common in molecular biology. The certificate of completion was 

received after passing the test regarding the Techniques in Molecular Biology (Appendix 

9). 

13) USM Online Certificate Course in Laboratory Techniques for Molecular 

Biology & Biomaterial Development, Series 4: Electron Microscopy 

The fourth series was organised on July 7, 14, 22 and 28
th

 2021, where it covered electron 

microscopy in terms of Structural biology and biophysical analysis in EM, Resolution & 

revolution in cryo-EM: principals and applications, Immunogold in TEM: principals and 

applications and also 3D nano-structural visualization via TEM. The certificate of 

completion was received after passing the test regarding electron microscopy (Appendix 

10). 
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14) USM Online Certificate Course in Laboratory Techniques for Molecular 

Biology & Biomaterial Development, Series 5: Advanced Technique & Development 

in Biomaterials Characterizations and Applications 

This final series of the course was organised on August 4, 11, 18 and 25, 2021, covering 

the topics on the principles and techniques in biomaterials characterisations, application 

of mass spectrometry, biomechanics and biosensors development for medical 

applications and also the advances and future of biomaterial innovations. The certificate 

of completion was received after passing the test regarding these topics (Appendix 11). 

15) USM Webinar on Animal Care & Management for Pre-Clinical Study 

A webinar regarding animal care & management for the pre-clinical study was organised 

by USM Animal Research and Service Centre (ARASC) on July 14
th

 2021, via Cisco 

Webex. This webinar covered the facilities available in ARASC USM Kubang Kerian 

and ARASC USM Penang and the Advanced Medical and Dental Institute (AMDI). Then 

the webinar moved to the care management of rodents such as mice and rats and large 

animals such as rabbits and sheep. The certificate of attendance is attached as Appendix 

12. 
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TRAININGS 
 

1) Research Hub Induction 

• Health and safety induction 

2) Research and Professional Development Plan Module 

3) Research Communication Module 

4) Intellectual Property Training Module 

5) EPIGEUM Concise Research Integrity Online Course System 

6) Data Handling and Statistical Analysis Module 

7) Academic Writing Skills Training 

8) Technical and Instrumentation Training 

• Fourier-Transform Infrared Spectroscopy (FTIR) 

• Compression test 

• Freeze-drying method 

• Differential Scanning Calorimetry (DSC) 

• UV-Visible Spectroscopy 

• High-Performance Liquid Chromatography (HPLC) 

• Cell work  

• Microbiology work 

• Hard tissue processing and cutting  

• Histological staining 

• Matrix-Assisted Laser Desroption Ionisation-Time of Flight (MALDI-

TOF) 

9) Introduction to Lean Sigma Quality (MOOC IT Sligo) 

10) Animal Ethics Defence and Approval (IACUC USM) 

11)  Animal Handling and Restraining Training 
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APPENDICES 
 

Appendix 1: Certificate of Participation in AIT Postgraduate Research Seminar & 

Poster Event 2020 
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Appendix 2: Materials Info 2021 Conference Certificate 

 

 

Appendix 3: Institute of Technology Sligo MOOC Lean Six Sigma 2019 
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Appendix 4: Animal Ethics Approval 
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Appendix 5: Animal Handling and Training Certificate 
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Appendix 6: Online Certificate Course in Laboratory Techniques for Molecular 

Biology & Biomaterial Development 

 

Appendix 7: Certificate of Completion of Series 1: Fundamental Techniques in 

Cell Culture 
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Appendix 8: Certificate of Completion of Series 2:  Cell Viability and Cell Toxicity 

Assay 

 

 

Appendix 9: Certificate of Completion of Series 3: Techniques in Molecular Biology 
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Appendix 10: Certificate of Completion of Series 4: Electron Microscopy 

 

 

Appendix 11: Certificate of Completion of Series 5: Advanced Technique & 
Development in Biomaterials Characterizations and Applications 
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Appendix 12: Certificate of Attendance: Webinar on Animal Care & Management 

for Pre-Clinical Study 

 

 

 


