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ABSTRACT 

Bone tissue engineering scaffolds fabricated by additive manufacturing can offer an alternative 

treatment option to currently used bone graft methodologies. Chitosan, a biocompatible and 

biodegradable naturally derived polymer, offers great promise as a biomaterial for tissue 

engineering applications. Chitosan scaffolds have previously been fabricated using additive 

manufacturing techniques, however, the use of crosslinkers, weak mechanical stability and 

structural resolution of fabricated scaffolds remain problematic.  

Therefore, in this study the researchers aimed to develop a biopolymer blend that can 

be used to fabricate scaffolds using a thermal printing technique that is suitable for bone tissue 

engineering applications. Additionally, the potential of this biopolymer blend as an antibacterial 

coating for titanium implants was investigated. In the present study chitosan was prepared 

using ascorbic acid blended with poly(vinyl acetate), a biocompatible synthetic polymer, to aid 

the printing process. Formulation optimisation was performed to establish optimal component 

(chitosan, poly(vinyl acetate) and ascorbic acid) ratios. Based on stability, chitosan with 

concentrations of 2%, 3% and 4%, prepared using 1% ascorbic acid and 1% poly(vinyl acetate) 

was selected (PVAc composite 2% CS, PVAc composite 3% CS and PVAc composite 4% CS). 

Surface morphology showed that PVAc composite 2% CS was non-porous, while the 3% and 

4% chitosan counterparts were porous. All three PVAc composite films were biodegradable 

and showed sufficient swelling properties.  

Biocompatibility was evaluated by means of an indirect cytocompatibility assay, using 

two different cell lines: human gingival fibroblast and human foetal osteoblast cells. Cell viability 

for all PVAc composite films exceeded 90%, surpassing the ISO 10993 standard of 70% cell 

viability for a biomedical device to be considered safe. The biocompatibility of PVAc composite 

films was also confirmed through cell morphology and cell attachment studies.  

AM simulation demonstrated the printability of PVAc composite 3% CS and PVAc 

composite 4% CS hydrogels. These hydrogels were directly printed using a moderate 

temperature (± 95°C), well below the decomposition temperature of chitosan. Layered 

scaffolds were fabricated, and ultrastructural surface morphology showed porous scaffolds.  

PVAc composite hydrogels showed antibacterial activity against Staphylococcus aureus, 

Staphylococcus epidermidis, the two bacterial strains most commonly associated with implant-

related infections, as wells as gram-negative Escherichia coli. These antibacterial properties 

present in the hydrogels may prove to be beneficial when used as a coating agent for titanium 

implants or as a scaffold to prevent bacterial growth. As a proof of concept, PVAc composite 

hydrogels were used to coat porous titanium discs using dip-coating method. Results indicated 

that the hydrogels successfully coated the titanium discs with varying surface coverage and 

thickness.  
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Although coating was not optimal for these titanium discs, the obtained results showed 

the potential of these hydrogels as antibacterial coatings for medical implants. The present 

study set the foundation for future work in developing a patient-specific scaffold that can be 

used as a biomedical implant to overcome the limitations and disadvantages accompanying 

bone grafting treatments. 

 

Keywords: 3D printing, biomaterial, bone regeneration, chitosan, poly(vinyl acetate), 

scaffolds, tissue engineering,  
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1.1 Background and motivation 

With approximately 4,300 people on the South African waiting list for life-saving organ and 

cornea transplants, the limited supply of donor organs and tissues remain a major challenge 

in the medical field (www.odf.org.za). This demand created an opportunity in the field of tissue 

engineering to develop substitutes for organs and tissues (Giwa et al., 2017). The goal of tissue 

engineering is to replace, promote regeneration, maintain or improve the function of damaged 

or lost tissue as a result of disease or injury (Khademhosseini & Langer, 2016). The general 

approach in tissue engineering entails the culturing of cells, which are then seeded onto 

biocompatible and degradable scaffolds. The cells are then cultured further on the scaffolds 

and allowed to penetrate and migrate inside the scaffolds. For this to happen, the scaffolds 

have to meet certain requirements, for example, adequate porosity and interconnected pores 

(Gao & Cui, 2016).  

In the tissue engineering field, much research has been dedicated to bone, as a result 

of its regenerative potential and the fact that it is the most frequently transplanted tissue, 

second only to blood transfusions. Small bone defects are able regenerate itself with minimal 

intervention. However, trauma and disease can result in large bone defects that do not allow 

cell migration in order to fill the space, this is known as a critical size defect (Fernandez-Yague 

et al., 2015). The dysfunction or loss of bone can have significant morbidity and socio-

economic issues such as, cost of medical care, rehabilitation and loss of productivity (Geris et 

al., 2016). Bone grafting procedures currently used to treat large bone defects come with 

considerable limitations, including low availability, donor site morbidity, immune rejection, 

disease transmission, as well as surgical risks associated with surgery, like infections, 

bleeding, inflammation and chronic pain (Amini et al., 2012; Black et al., 2015; Liu et al., 2013). 

Additionally, the rising incidence of bone loss and dysfunction has resulted in an inability to 

meet the demand for bone grafts. This has led to an increase in research efforts to develop 

bone graft substitutes that are able to overcome the limitations associated with bone grafting 

procedures (Wang & Yeung, 2017). 

Bone tissue engineering (BTE) can potentially offer alternative treatment options by 

combining cells, bioactive molecules and scaffolds fabricated using biomaterials that promote 

bone regeneration. Bone scaffolds serve as a temporary three dimensional (3D) matrix that 

offers physical support and guides bone regeneration by stimulating cell attachment and 

proliferation (Black et al., 2015). In recent years extensive research went into developing 

scaffolds suitable for bone regeneration applications. The biomaterials commonly used to 

fabricate scaffolds are metals, ceramics, polymers (synthetic and natural) or combinations of 

these materials. Biomaterials are chosen for the favorable properties they own, these 
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properties include mechanical properties, processing methods, chemical properties and 

cellular interactions (Chia & Wu, 2015; Stevens, 2008). 

One of the most promising polymeric biomaterials is chitosan, a natural polymer that has 

attracted considerable attention in recent years as a result of its ability to be chemically and 

physically modified to tailor properties for specific applications (Cheung et al., 2015; 

Rodríguez-Vázquez et al., 2015; Sultankulov et al., 2019). Key characteristics of chitosan, 

such as biodegradability, biocompatibility, antimicrobial activity and the quality of highly porous 

scaffolds that can be fabricated, make it an ideal biomaterial for tissue engineering (Mohebbi 

et al., 2019; Saravanan et al., 2016). Additionally, chitosan has attained Generally Recognized 

as Safe (GRAS) status from the Food and Drug Administration (FDA) (Perinelli et al., 2018).  

Porous BTE scaffolds have been fabricated by a variety of methods, such as 

gas/chemical foaming, foam-gel, particle/salt leaching, solvent casting, freeze drying, and 

thermally induced phase separation. However, with these techniques, there is no control over 

essential requirements of scaffolds, like pore size, shape, and interconnectivity (Bose et al., 

2012). One fabrication method that has great potential in BTE applications is additive 

manufacturing (AM) (also referred to as 3D printing) that allows control of the micro- and 

macro-architecture of scaffolds and are therefore able to produce patient-specific implants 

(Black et al., 2015). These advantages have led to AM technologies becoming the method of 

choice to fabricate bone scaffolds. However, materials that can be used in AM techniques are 

very limited. Therefore, development of materials that meet that the requirments of medical 

applications and the technical requirements of AM is important for application of this technique 

in BTE (Yang et al., 2019).  

In light of the above, the purpose of this study was to develop a biomaterial, using AM, 

which displays the desired properties for BTE applications and the ability to be fabricated into 

3D scaffolds. This could potentially lead to an alternative treatment option in the form of an 

implant that is cost-effective and able to reduce discomfort in patients because of faster healing 

times. 

 

1.2 Research aims and objectives  

In this study, the researchers aimed to develop a natural biopolymer-based blend for BTE 

applications, which can be fabricated into 3D scaffolds using AM. 

The following objectives were set in order to achieve this aim: 

1) Formulation of commercially available biopolymer blend(s) for biomaterial scaffold design. 
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2) Physiochemical characterization of the novel biopolymer to determine the chemical and 

structural properties. 

3) Assess cellular response to scaffold material using standard cell biology and cytotoxicity 

assays. 

4) Determine the printability of the manufactured blends and potential of the blends as a 

complement to current implants. 

 

1.3 Structure of thesis and research outputs 

This thesis consists of six chapters, written in thesis format that complies with the requirements 

of the North-West University for the completion of the degree Philosophia Doctor 

(Environmental Sciences). 

Chapter 1 provides insight into the clinical need for bone grafting substitutes and BTE as the 

potential alternative. This serves as background and motivation for this study. 

Chapter 2 consists of a relevant literature overview on bone, BTE, chitosan and chitosan 

composites for bone tissue engineering applications. A review of chitosan scaffolds fabrication 

methods is also presented. 

Chapter 3 presents general materials and methods, including reagents and preparation of 

biopolymer films. 

Chapter 4 describes the methods and results related to the optimization of biopolymer 

formulation and physiochemical characterisation of the prepared films.  

Chapter 5 contains the methods and results of biological evaluations of the prepared films. 

Based on the findings, the biocompatibility and biodegradability of the biopolymer films are 

discussed in terms of suitability for possible use as biomaterial in BTE. 

Chapter 6 demonstrates the ability of the biopolymer solution to be AM printed, as well as, the 

potential of this biopolymer to be used as an antibacterial coating for titanium-based implants. 

Results of printing simulation and coating of titanium discs are discussed.  

Chapter 7 offers a summative discussion and conclusion to the study, as well as future 

prospects that originated from results of this study. 
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1.4 Outcomes of the study 

Manuscripts:  

Fourie, J., Taute, C.J.F., du Preez, L.H., de Beer, D.J. Chitosan composite biomaterials for 

bone tissue engineering – a review. 

Fourie, J., Taute, C.J.F., du Preez, L.H., de Beer, D.J. Novel chitosan (vinyl acetate) 

biomaterial suitable for additive manufacturing and bone tissue engineering. 

 

The following conference contributions resulted from this study:  

1) Fourie, J., Taute, C.J.F., du Preez, L.H., de Beer, D.J. Development of a biomaterial 

suitable for bone tissue engineering and additive manufacturing. Speed talk. UESM 

Prestige PhD Conference, 30 August 2018, Potchefstroom, South Africa.  

2) Fourie, J., Taute, C.J.F., du Preez, L.H., de Beer, D.J. Biopolymer development 

suitable for additive manufacturing and bone tissue engineering. Oral presentation. 

UESM Prestige PhD Conference, 28 – 29 August 2019, Potchefstroom, South Africa 

3) Fourie, J., Taute, C.J.F., du Preez, L.H., de Beer, D.J. Biopolymer development 

suitable for additive manufacturing and bone tissue engineering. Oral presentation. 

Rapid Product Development Association of South Africa conference, 06 – 08 

November 2019, Bloemfontein, South Africa.  

 



 

 

 

Chapter 2 Literature review 

 

 

 

 

 

 

  

CHAPTER 
Literature review 

 

2 



 Chapter 2 

7 

2.1 Bone 

Bone is a highly dynamic and complex connective tissue that is in a continuous cycle of 

resorption and renewal as a result of internal mediators and external demands (Amini et al., 

2012). As essential structural connective tissue, bone provides shape and mechanical support, 

assistance with locomotion and protection of the body’s internal organs. Apart from these 

structural functions, bone also contributes to regulation of mineral homeostasis, storage of 

calcium and phosphate, and production of blood cells (Lynnerup & Klaus, 2019; Porter et al., 

2009).  

Bone is a composite structure that include cells, extracellular matrix and lipids, and it 

consists of approximately 15% water, 25% organic components and 60% minerals (Lynnerup 

& Klaus, 2019; Oryan et al., 2015). The mineral phase consists primarily of hydroxyapatite 

(HAP) and small amounts of magnesium, carbonate, fluoride, acid phosphate and citrate 

(Safadi et al., 2009). Type I collagen fibres comprise 90% of the organic phase of bone, the 

other 10% consist of proteoglycans, noncollagenous proteins, bone cells, growth factors and 

cytokines (Post et al., 2010). Mechanical properties of bone are determined by both the mineral 

phase, which provides rigidity and load bearing strength, and the organic phase responsible 

for elasticity and flexibility (Clarke, 2008).  

Cellular components of bone are osteoblasts, osteoclasts, osteocytes, bone lining cells, 

and osteogenic cells (Oryan et al., 2015). Osteoblasts (bone-producing cells) are fully 

differentiated cells that are derived from mesenchymal stem cells (MSCs) and are responsible 

for production of type I collagen and proteoglycans (osteoid). Additionally, osteoblasts are 

involved in the mineralisation of the osteoid and the deposition of calcium and phosphate. 

Osteoclasts are multinucleated cells derived from hematopoietic stem cells and are 

responsible for the resorption of bone (Safadi et al., 2009). Osteocytes are derived from 

osteoblasts and are the most abundant bone cells and. These cells monitor and maintain the 

bone matrix. Additionally, these cells have a mechanosensory role by communicating 

mechanical stimuli information to bone remodelling cells, osteoblasts and osteoclasts. Bone 

lining cells cover surfaces where bone formation or remodelling is not taking place. Although 

the function of these cells is not yet completely understood, they have been shown to play a 

role in preventing bone resorption and osteoclast differentiation (Florencio-Silva et al., 2015). 

The human skeleton consists of more than 206 different bones that can be categorised 

into long bones, short bones, flat bones, and irregular bones. Despite the variations in size, 

shape and function of the different bone types, all bones have a similar internal structure 

(Safadi et al., 2009; Stevens, 2008). Histologically there are two main types of mature bone, 

cortical, bone also known as compact bone (80% of skeleton mass) and trabecular or 

cancellous bone (20% of skeletal mass) (Datta et al., 2008; Post et al., 2010). The ratios of 
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cortical bone to trabecular bone vary from bone to bone and skeletal sites. Cortical bone is a 

compact calcified tissue that forms the dense and smooth outer layer that surrounds the 

marrow cavity (Safadi et al., 2009). This type of bone is composed of osteons, also known as 

Haversian systems, consisting of concentric layers of bone (lamellae) organized around a 

central canal that contains blood vessels, nerves, connective tissue and lymphatic vessels 

(Post et al., 2010). Trabecular bone is porous and consists of a trabecular network separated 

by interconnecting spaces containing the bone marrow (Clarke, 2008). 

 

2.1.1 Bone defect repair 

As mentioned previously, bone is continuously being remodelled. This turnover rate decreases 

over time, for example, formation exceeds resorption in childhood and a nett loss of bone 

occurs with ageing (Datta et al., 2008). Bone remodelling is critical to maintain bone strength, 

healing, and calcium and phosphate homeostasis (Clarke, 2008). Additionally, bone can heal 

completely without the formation of fibrous scar tissue, with the form and function restored to 

a state prior to injury. Fracture healing can be divided into primary (direct) healing and 

secondary (indirect, spontaneous) healing. The outcome and type of healing is influenced by 

the degree of displacement between ends of fractured bone and the mechanical stability at the 

fracture site (Loi et al., 2016). 

Primary bone healing takes place when there is anatomical restoration of fractured ends 

and the fracture site is rigidly stabilized. This type of facture healing can either occur by contact 

or gap healing (Loi et al., 2016). Contact healing involves the formation of cutting cones, with 

tips consisting of osteoclasts that generate cavities from one side of fracture to the other, which 

are later filled with bone by osteoblasts, re-establishing the Haversian systems and forming a 

bony union. In contrast, the latter does not occur simultaneously in gap healing. First, the gap 

is filled by lamellar bone, followed by a secondary remodelling that resembles contact healing 

(Claes et al., 2012; Marsell & Einhorn, 2011). 
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There are 5 overlapping phases of secondary fracture healing and Figure 2.1 provides a 

breakdown of each phase. 

 

Following bone fracture, local vascularization in surrounding soft tissues within bone tissue, 

endosteal and periosteal surfaces is disrupted, resulting in bleeding within the site, causing the 

formation of hematoma, which is the initial phase of secondary facture healing. The second, 

acute inflammation phase quickly follows with an influx of inflammatory cells that are attracted 

by platelet derived factors, complement fragments, and danger signal molecules. Neutrophils 

are recruited first and secrete several chemokines, which attract macrophages that remove 

fibrin matrix and necrotic cells. Additionally, macrophages secrete inflammatory and 

chemotactic mediators that initiate recruitment of fibroblasts, MSCs, and osteoprogenitor cells. 

Recruited MSCs and osteoprogenitor cell proliferation and differentiation are guided by platelet 

and macrophage derived inflammatory mediators and growth factor, as well as additional 

growth factors that are released from the extracellular matrix that is being remodelled. Key 

mediators in this process are the proinflammatory cytokines and chemokines, members of the 

transforming growth factor beta (TGF-β) family, bone morphogenetic proteins (BMPs), 

vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), and 

fibroblast growth factor-2 (FGF-2) (Loi et al., 2016; Marsell & Einhorn, 2011). This acute 

inflammatory response peaks in the first 24 hours and is completed after seven days. The third 

phase is soft callus formation, during which angiogenesis takes place, along with connective 

tissue and soft callus formation. The soft callus is eventually replaced by immature woven bone 

formed by intramembranous or endochondral bone formation. Proliferation and differentiation 

of chondrocytes derived from MSCs are stimulated by various growth factors and produce 

cartilage that provides initial mechanical stability to the fracture site. Distal to the fracture site, 

osteoblasts will start to synthesize intermembranous bone tissue and endochondral 

 

Figure 2.1: Phases of secondary fracture healing. Adapted from Li and Stocum 
(2014). 
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ossification will occur in regions that are mechanically less stable. The cartilage is gradually 

replaced with woven bone tissue via endochondral ossification, resulting in hard callus 

formation, which is the fourth phase in secondary bone healing (Oryan et al., 2015). As a result 

of hard callus formation, the fracture site becomes mechanically stable and able to carry 

physiological loads. This stage is reached within several weeks or months after the initial 

fracture occurred. The final stage is remodelling, that involves the osteoclasts removing 

immature woven bone and underlying cartilage matrix and initiating the remodelling process. 

During the remodelling process the typical osteon structure and Haversian system is re-

established. Initiation of this phase can occur as early as three to four weeks and can take 

several months or years before complete healing is achieved (Loi et al., 2016). 

 

2.2 Current clinical treatment approaches for bone regeneration 

The most frequent transplanted tissue, second only to blood transfusions, is bone. More than 

2.2 million procedures are performed globally on an annual basis (Li et al., 2018b). Approaches 

currently used to restore or replace bone, include autografts, allografts and synthetic grafts 

(Campana et al., 2014; Costa-Pinto et al., 2009; Wang & Yeung, 2017). The limitations 

associated with these approaches and the fact that the loss and dysfunction of bone have 

increased in recent years and are expected to double by the year 2020, have led to increased 

efforts to develop bone graft substitutes using biomaterials and tissue engineering (Lichte et 

al., 2011; Turnbull et al., 2017). The different approaches, advantages and limitations are 

summarised in Table 2.1. 

 

Table 2.1: Summary of approaches currently used to treat bone defects.   

Approach Description Advantage Limitations Reference 

Autografts Utilization of patient’s 

own tissue harvested 

from a donor site 

such as the iliac crest 

Provide the 

required 

osteoinductive 

signals to promote 

bone healing 

- Limited tissue quantity 

- Donor site morbidity 

- Surgical risks, like 

infections, bleeding, 

inflammation and 

chronic pain 

- Second surgery  

(Amini et al., 

2012; 

Zwingenberg

er et al., 

2012) 

Allograft Transplantation of 

donor tissue obtained 

from living donors or  

human cadavers. 

Osteoinductive and 

osteoconductive. 

Greater  

supply compared  

to autograft tissue. 

- Reduced osteogenic 

properties  

- Immune rejections  

- Disease transmission 

(Tang et al., 

2016) 
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Xenograft Transplantation of 

tissue obtained from a 

donor of a different 

species. 

Osteoinductive and 

osteoconductive. 

High availability.  

- Reduced osteogenic 

properties 

- Immune rejections 

- Disease transmission 

(Campana et 

al., 2014) 

Synthetic 

graft 

Bone graft substitutes 

manufactured using 

biomaterials, e.g. 

ceramics, polymers or 

bioactive glasses. 

Unlimited supply 

Can be fabricated 

to match precise 

geometries of 

defect site. 

- Limited osteogenecity 

- Varying biodegradation 

times of materials used 

- Fatigue and wear over 

time  

(Liu et al., 

2013) 

Metal-

based 

implants 

Metal alloys 

(e.g.cobalt-chromium, 

zirconium, titanium 

and stainless steel) 

commonly used in 

joint replacement and 

fracture fixation 

implants to offer 

support for bone 

healing. 

Biocompatible and 

mechanically 

strong. 

- Not biodegradable 

- Stress shielding 

(Turnbull et 

al., 2017) 

 

2.3 Bone tissue engineering 

Limitations associated with the treatment of critical-sized bone defects resulted in researchers 

focusing on developing alternative treatment options. The principal of bone tissue engineering 

(BTE) is combining living cells and a matrix or scaffold and/or bioactive molecules in order to 

establish an engineered construct that is inserted into a defect site to promote the regeneration 

or repair of tissue (Shrivats et al., 2014). Fabricated scaffolds act as a temporary substitute for 

the extracellular matrix onto which cells can attach, differentiate and proliferate and finally, 

following cells natural functions, secrete an extracellular matrix upon which the scaffold is 

reabsorbed (Lichte et al., 2011). 
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There are a number of requirements that scaffolds intended for BTE have to meet. These 

requirements are: 

(1) Biocompatibility - scaffolds should not evoke an immune response upon implantation 

into host tissue, but rather support normal cellular activity (Baino et al., 2015). 

(2) Biodegradability - BTE scaffolds should be biodegradable to allow space for bone 

regeneration and repair. The rate of biodegradation of scaffolds should be compatible with 

the rate of new bone formation to ensure mechanical support while regeneration is taking 

place (Levengood & Zhang, 2014). 

(3) Osteoconductive and bioactive - the scaffold is implanted into the defect site to restore 

the functionality of bone and elicit healing mechanisms, therefore it should have bioactive 

and osteoconductive (permitting bone cell adherence, proliferation, and formation of 

extracellular matrix) properties (Basha & Doble, 2015; Bose et al., 2012). 

(4) Porous - macro- and microporosity are essential for cell adhesion, migration, 

vascularization, and regeneration of bone with a network of interconnected pores that will 

promote nutrient, oxygen and waste exchange (Levengood & Zhang, 2014). Optimal pore 

size is in the range of 200–600 µm, with an ideal minimum pore size of 100-150 µm 

(Karageorgiou & Kaplan, 2005). 

(5) Geometrically precise and stable - Implanted scaffolds should fill the defect site and 

maintain structural integrity while guiding regeneration of new bone tissue. Therefore, the 

 

Figure 2.2: The principal of bone tissue engineering. The concept of BTE is based on 

the combination of a scaffold, usually a polymer, ceramic or a combination of both, and cells 

and/or bioactive molecules that can be inserted into a defect site and promote the 

regeneration or repair of tissue. 
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geometry and structural integrity of scaffolds are critical, since the scaffolds provide a 

temporary mechanical integrity within the defect site while bone is regenerated (Basha & 

Doble, 2015). 

(6) Mechanically strong - the scaffold should be able to resist stresses that can cause 

dimensional changes. The mechanical properties should match that of host bone for 

proper load transfer to adjacent tissues. In terms of natural bone, the mechanical 

properties differ depending on the type of bone. Young’s modulus proposes compressive 

strength of 15–20 GPa and 100–200 MPa for cortical bone and 0.1–2 GPa and 2–20 MPa 

for trabecular bone (Bose et al., 2012). 

 

Scaffold properties are dictated by the material properties and fabrication methods used to 

produce scaffolds. However, the ideal scaffold material that meets all the requirements is yet 

to be discovered (Turnbull et al., 2017). Research focusing on BTE has extensively 

investigated chitosan as a potential candidate for the development of a suitable biomaterial.  

Chitosan, methods used to fabricate scaffolds and the chitosan-based scaffolds that were 

combined with other materials, developed exclusively for BTE, will be discussed next.  

 

2.4 Biomaterials 

One crucial factor, and possibly the most difficult task, is the selection of the material to 

fabricate scaffolds for tissue engineering applications. Scaffold properties and functionality are 

determined by the material properties and fabrication methods used to produce scaffolds 

(Turnbull et al., 2017). These scaffolds play a vital role, as the purpose of the scaffold is to 

provide a structure that mimics the extracellular matrix of natural bone and promotes the 

regeneration thereof (Qu et al., 2019).  

The first generation of biomaterials emerged in the 1960s and was designed to mimic 

physical properties of replace tissue with minimal toxicity. These materials were mainly bioinert 

and exhibited minimal interaction with surrounding tissues. First generation biomaterials 

include metals such as stainless steel, titanium or titanium alloys, and synthetic polymers, for 

example poly methyl methacrylate and ceramics (alumina, zirconia and carbon). The main aim 

of second-generation biomaterials was biointeractivity. These materials included synthetic and 

natural polymers, for example collagen, polyesters, calcium phosphates, calcium carbonate, 

calcium phosphate, and bioactive classes. Third generation biomaterials are bioresponsive 

and designed to induce favourable biological responses. This is achieved by incorporating 

instructive cues such as growth factors or hormones into materials (Chocholata et al., 2019; 

Yu et al., 2015). 
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2.4.1 Biomaterials for bone tissue engineering 

To date, various materials have been used for the replacement and regeneration of bone 

tissue. These materials include ceramics, natural polymers, synthetic polymers and composite 

materials. 

 

2.4.1.1 Ceramics 

Bone is a highly complex tissue that consists of cells, organic and inorganic components. 

Researchers that aim to mimic the inorganic component of natural bone make use of bioactive 

ceramics and glass to achieve this. These ceramics include calcium phosphates, HAP, 

tricalcium phosphate (TCP) and calcium phosphate cements, as well as bioactive silicate 

glasses. Oxide ceramics such as alumina, titania and zirconia have also been investigated for 

possible use in BTE (Yunos et al., 2008). Due to the brittle nature of these inorganic materials, 

their application for BTE scaffolds are limited (Stevens, 2008). Calcium phosphates are among 

the most widely studied ceramics for BTE, due to their composition and similarity to the mineral 

portion of natural bone, and their ability to bond strongly to bone when implanted. All calcium 

phosphates have similar bioactivity, however, they do not degrade at the same rate, depending 

on factors such as the ratio between calcium and phosphate, crystallinity, and the phase purity 

(Bose et al., 2012). 

 

2.4.1.2 Polymers 

Numerous research efforts have focused on using natural polymers for tissue engineering 

applications. These natural polymers are available from various sources and consist of a wide 

selection, including, proteins such as collagen, gelatine and silk fibroin, and polysaccharides 

such as chitosan/chitin, alginate and hyaluronic acid. However, these polymers have 

insufficient mechanical properties, limited supply, and furthermore potential immunogenicity 

hinder their application in tissue engineering (Basha & Doble, 2015). Although natural 

polymers have several favourable properties, the disadvantages, such as poor mechanical 

properties, processing and manufacturing difficulties, batch variation, and risk of pathogen 

transmission, have resulted in a considerable amount of research focused on synthetic 

polymers (Agarwal & García, 2015). For BTE applications a variety of synthetic polymers have 

been investigated, including poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) PLGA, 

polyglycolic acid (PGA), and PCL (Levengood & Zhang, 2014). 
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2.4.1.3 Composites 

The inherent disadvantages of single material scaffolds have spurred extensive research into 

composite scaffolds consisting of multiple components (Kumar et al., 2016). To overcome 

these limitations, polymers and ceramics are often combined to yield materials that retain 

valuable characteristics and eliminate properties that make them unfavourable for tissue 

engineering applications (Basha & Doble, 2015). For example, chitosan is frequently blended 

with hydrophobic synthetic polymers that have the ability to reduce the hydrophilic nature of 

chitosan and improve its mechanical properties (Malheiro et al., 2010).  

Over the past decade, multicomponent composites have attracted much attention due 

to the improved properties they exhibit compared to their pure or bicomponent composite 

counterparts. For example, bicomponent composites consisting of a synthetic polymer and 

ceramic material may not favour cell attachment, proliferation and differentiation. The addition 

of a third component, in this case, a natural polymer such as collagen or chitosan, may improve 

these and other desired properties of the biomaterial. 

 

2.5 Chitosan 

Chitosan is a chitin derivative, the second most abundant natural polymer after cellulose. Chitin 

is found in the exoskeletons of insects, molluscs, shells of crustaceans, as well as in bacterial 

and fungi cell walls, with the most important source of commercial chitin being the shell wastes 

of shrimp and crabs (Hamed et al., 2016). Two types of methods, chemical and biological, are 

used to extract chitin from exoskeletons of crustaceans. Commercially, the chemical method 

is the method of choice and usually involves demineralisation, deproteinisation and 

decolouration steps (Cheung et al., 2015). Chitin is then further processed to obtain chitosan 

by using alkaline or enzymatic methods with the purpose of removing N-acetyl groups (Younes 

& Rinaudo, 2015). 

Chitosan is a linear copolymer that consists of N-acetyl-D-glucosamine and D-

glucosamine units that are linked by β-(1,4) glycosidic bonds, which provide firm and linear 

structures (Anitha et al., 2014). Chitosan consists of three reactive functional groups, a primary 

and secondary hydroxyl group on C-3 and C-6, and an amino group on C-2, as shown in Figure 

2.3. These functional groups permit chemical modification of the molecule and its physical 

properties, therefore, allowing chitosan scaffold properties to be tailored for specific 

applications (Levengood & Zhang, 2014; Sahoo et al., 2009). 
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The degree of deacetylation is the ratio of D-glucosamine to N-acetyl-D-glucosamine 

units and is determined by source and processing parameters (time, alkali solution and 

reaction temperature) used during the deacetylation of chitin. Chitosan degree of deacetylation 

varies between 30% and 95% and molecular weight may range between 300 to over 1000 kD 

(Hamed et al., 2016).These are important parameters that influence the physical, chemical and 

biological properties of chitosan (Zhang et al., 2010). 

Solubility of chitosan is dependent on pH, the degree of deacetylation, and molecular 

weight. Chitosan is soluble below a pH 6 in acidic solvents, such as acetic acid, formic acid 

and lactic acid, with 1% acetic acid the most frequently used (Pillai et al., 2009; Sahoo et al., 

2009). Below pH 6 the amino group is protonated and gains a positive charge, resulting in 

chitosan becoming a water-soluble cationic polyelectrolyte (Bee & Hamid, 2019; Florczyk et 

al., 2013; Kim et al., 2015; Lewandowska, 2015). Chitosan solutions are typically prepared by 

dissolving chitosan-powder in an aqueous acetic acid (1 - 10% v/v), followed by heated stirring 

(35 - 60°C) until the chitosan is fully dissolved, which can take from 3 to 24 hours (Levengood 

& Zhang, 2014; Pillai et al., 2009). Chitosan can be prepared using the above solvent system 

under ambient conditions, but dissolution time is directly proportional to: temperature 

(Szymańska & Winnicka, 2015), the ratio of chitosan to acetic acid (Rinaudo et al., 1999), and 

the total amount of chitosan to be dissolved (Pillai et al., 2009). Another acid that has been 

used to dissolve chitosan is ascorbic acid, an antioxidant commonly known as Vitamin C 

(Özdemir & Gökmen, 2019). Unlike acetic acid, ascorbic acid is able to provide protons to 

dissolve chitosan and act as a crosslinker (Chen et al., 2007). Another advantage of ascorbic 

acid is the higher pH values compared to acetic acid, making the extensive neutralisation 

(required for acetic acid chitosan scaffolds) unnecessary (Qasim et al., 2015). 

 

Figure 2.3: Chemical structure of chitosan. 
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Alternatively, other studies have used chitosan powder without dissolving it in an acid 

Sandeep et al. (2014) evaluated the healing potential of medical grade chitosan powder by 

inducing a skin wound on the dorsal regions of the thorax in adult rats. Wounds were covered 

with medical grade chitosan powder. Results showed that wounds treated with chitosan had 

better healing potential in comparison to standard dressing material. Another study conducted 

by Torres-Hernández et al. (2018) fabricated composites by combining chitosan powder and 

polylactic acid pellets without using solvents. Extrusion was used to eliminate the potential of 

organic solvents compromising composite biocompatibility. Results showed increasing 

chitosan content favoured cell adhesion, proliferation and metabolic activity. Both studies 

illustrate that chitosan retains its favourable properties when it is prepared without using 

solvents.  

Biocompatibility is one of the key requirements of scaffolds and refers to the capability 

of scaffolds to support normal cellular functions without causing an adverse effect on host 

tissue (Tang et al., 2016). The biocompatibility of chitosan and chitosan-based scaffolds have 

been extensively investigated with results showing cytocompatibility and no adverse 

inflammatory or allergic reactions (Florczyk et al., 2013; Jana et al., 2012; Shanmugapriya et 

al., 2018). The reason for this is the structural similarities of chitosan with the 

glycosaminoglycans in the extracellular matrix of tissue (Ahmed et al., 2018; Gomes et al., 

2015). Biocompatibility of chitosan is related to the degree of deacetylation: with a higher 

degree of deacetylation, the positive charge of the polymer increases, promoting interaction 

between chitosan and cells as a result of free amino groups (Aranaz et al., 2009). 

Another important biological property that chitosan possesses, is biodegradation, which 

involves a chemical process that results in the breakdown of biomaterials in a biological 

system. Controlled degradation is key in tissue engineering to create space for new bone 

formation, while maintaining structural integrity and eventually replacement of the implanted 

scaffolds (Tang et al., 2016). Chitosan is essentially a polysaccharide that contains glycosidic 

bonds that are broken down. Degradation can either be achieved by chemical or enzymatic 

processes, with the rate determined by, amongst other things, the molecular weight, the 

distribution of N-acetyl-D-glucosamine units and degree of deacetylation (Croisier & Jérôme, 

2013; Hsu et al., 2004). For example, chitosan with a high degree of deacetylation has a slow 

degradation rate, whereas chitosan with a low degree of deacetylation degrade rapidly (Ren 

et al., 2005; Tomihata & Ikada, 1997). Degradation is predominantly by lysozyme, through the 

hydrolysis of N-acetyl-D-glucosamine units into non-toxic oligosaccharides that are either 

incorporated into metabolic pathways or excreted (Croisier & Jérôme, 2013; Rodríguez-

Vázquez et al., 2015). 

Implant-related infections are a major problem in the orthopaedic surgery field (Mauffrey 

et al., 2016). Antimicrobial properties of chitosan make this polymer even more appealing for 
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BTE scaffolds. Chitosan antimicrobial properties are mainly a result of the overall positive 

charge of chitosan. There are several mechanisms described for chitosan mode of action in 

antibacterial activity. These mechanisms are: 1) positive charge of chitosan interfere or 

interacts with the negatively charged groups on the membrane of bacteria and alters the 

permeability of the cell (Perinelli et al., 2018); 2) chitosan binds microbial deoxyribonucleic acid 

(DNA), resulting in inhibition of messenger ribonucleic acid (mRNA) and protein synthesis (Ma 

et al., 2017); 3) inhibition of microbial growth by chelation of nutrients and metals; 4) chitosan 

forms a poly membrane on the surface of the cell that prevents nutrients from entering the cell 

or inhibit aerobic bacteria growth by preventing oxygen from entering the cell (Hosseinnejad & 

Jafari, 2016). However, antimicrobial activity of chitosan is influenced by factors such as pH, 

the type of microorganism, molecular weight concentration and degree of deacetylation of 

chitosan (Andres et al., 2007; Goy et al., 2016; Kong et al., 2010; Verlee et al., 2017). 

Additionally, research that included chitosan-based scaffolds for the development of BTE 

scaffolds indicated that chitosan is osteoconductive (Florencio-Silva et al., 2015; Lima et al., 

2013; Park et al., 2000; Seol et al., 2004). This osteoconductive property makes chitosan 

especially attractive as a bone scaffold material.  

Chitosan also plays a significant role in wound healing due to the haemostatic and 

antimicrobial properties (Aguilar et al., 2019). Chitosan is involved in all stages of wound 

healing and has shown that in the initial stages it triggers coagulation without activating the 

intrinsic pathway. Additionally, chitosan promotes infiltration and migration of macrophages 

and neutrophils, removing foreign agents. In later stages chitosan can decrease scar tissue 

formation and facilitate tissue regeneration through growth factor expression (Patrulea et al., 

2015). 

  

2.6 Fabrication methods 

One of the main advantages of chitosan is its ability to be processed into different forms. These 

inlcude microparticles, nanoparticles, nanofibres, membranes, sponges, gels and scaffolds 

that can be utilised in a variety of biomedical applications (Ahmed et al., 2018). As mentioned 

previously, characteristics of scaffolds for BTE have to meet certain requirements. Some of 

these characteristics are dictated by the processing method used to fabricate scaffolds 

(Rogers et al., 2013). Therefore, selection of the fabrication method is an important factor to 

consider when designing a scaffold. 
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2.6.1 Conventional fabrication methods 

A variety of methods have been used to fabricate porous chitosan-based scaffolds. These 

conventional fabrication methods include:  

 

• Freeze-drying, also known as lyophilisation, is the technique most frequently used to 

fabricate chitosan-based scaffolds for BTE. This technique involves casting the polymer in 

the desired mould and then freezing the solution at temperatures ranging from -20°C to -

196°C, resulting in ice crystal formation in the solution. During the freeze-drying step, that 

takes place in a chamber where the pressure is lowered, the ice crystals are removed by 

direct sublimation resulting in space-occupying crystals to form pores (Lu et al., 2013). 

Scaffold porosity and structure depends on the processing parameters, which include 

freezing temperature, thermal gradients and polymer concentration. Studies have shown 

that when higher pre-freezing temperatures are used, the pore size, surface roughness and 

porosity increase (Forero et al., 2017; Shirosaki et al., 2008). 

• Particle leaching is a simple yet versatile technique, most commonly used for fabrication 

of scaffolds with controlled porosity. Leaching methods are often combined with freeze-

drying to fabricate chitosan scaffolds for tissue engineering applications (Alizadeh et al., 

2013). This method involves the incorporation of porogen into a chitosan matrix, followed 

by removing the porogen with a solvent after the freeze-drying process (Lim & Park, 2012; 

Ma et al., 2001). 

• Electrospinning is a relatively simple technique involving the production of continuous 

fibres from polymers, with diameters ranging from nanometers to several microns 

(Holzwarth & Ma, 2011). The principle of electrospinning entails creating an electric field 

between the tip of a needle containing a polymer solution and a collector plate. When the 

force of the electric field overcomes the surface tension in the liquid droplet, the polymer 

solution is extruded toward the conducting collector, forming fibres (Lu et al., 2013). Factors 

that influence the electrospinning process include, but are not limited to, polymer properties 

and concentration, solvent properties, flow rate, voltage and the distance between the 

needle and collector (Hasan et al., 2014). 

• Phase separation can either involve a thermally induced system or a non-solvent. The 

latter is not used in tissue engineering, due to the lack of uniform pore structure resulting 

from the use of this technique (Lu et al., 2013). Thermally induced phase separation 

involves a homogeneous polymer solution that undergoes a temperature change, resulting 

in the separation of two phases: a polymer lean phase and polymer rich phase. The 

polymer-rich phase solidifies to form a matrix and the polymer lean phase forms pores after 

the solvent is removed (Liu & Ma, 2004). 
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• Solvent casting is a simple and inexpensive technique to fabricate scaffolds. The 

polymeric solution is poured into a mould and the solvent present in the polymeric solution 

is allowed to evaporate, producing scaffolds (Soundarya et al., 2018).  

• Gas foaming involves using a gas, usually CO2, that induces the formation of polymer 

foam. By using a gas, porous polymer foams can be produced without using any solvents 

(Soundarya et al., 2018).  

 

Each of the above mentioned fabrication methods have certain limitations that influence 

an important property of the scaffolds porosity. These methods usually allow little control over 

size, distribution and geometry of pores. Additionally, toxic organic solvents, and prolonged 

fabrication times accompany them. Another factor to consider is the control over the precise 

geometry of the scaffolds, which some of these techniques are unable to do (Soundarya et al., 

2018). However, AM allows precise control over scaffold architecture and is therefore 

considered a viable alternative to fabricate scaffolds for BTE (Yang et al., 2019). 

 

2.6.2 Additive manufacturing 

Fabrication of scaffolds with defined architecture using AM is becoming more popular for tissue 

engineering applications. AM allows control of the micro- and macro-architecture by using 

computer-aided design data to construct a 3D porous scaffold by adding layer-by-layer of 

material (Ahmed et al., 2018). According to the International Organisation for Standardisation 

(ISO) and American Society of Testing and Materials (ASTM) 5200:2015 standard, AM can be 

divided into seven categories, which include binder jetting, directed energy deposition, material 

extrusion, material jetting, powder bed fusion, sheet lamination and vat photopolymerisation. 

AM technologies have been extensively used in BTE to fabricate scaffolds. (Tarik Arafat et al., 

2014). The choice of technique used is dictated by the type of material, limitations of the 

technique and specific scaffold requirements (Chia & Wu, 2015). The literature describing 

chitosan scaffolds fabricated using the relevant AM techniques will be discussed in the 

following section, and Table 2.2 provides a summary thereof. 

 

2.6.2.1 Vat photopolymerisation 

Stereolithography is a vat polymerisation process and involves building a 3D object by 

depositing a layer of photo-sensitive liquid resin onto the building platform. A laser is used to 

continuously solidify (layer-upon-layer), a cross section of the object to be constructed, by 

tracing the cross section on the surface of the photosensitive liquid, to partly cure the selected 

pattern. Upon complete solidification of the layer, the platform is vertically lowered, followed by 
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depositing another layer onto the first. This process is then repeated until the 3D object is 

completed. The final step is washing the object to remove uncured resin, where after the object 

is finally post-cured using ultraviolet light.  

Akopova et al. (2015) produced chitosan with various degrees of deacetylation and 

molecular weights, as well as their allyl substituted derivatives, by using a method that involved 

a solvent free reaction under sheer deformation in an extruder. Scaffolds were fabricated using 

single-photon and two-photon laser absorption. In another study, Bardakova et al. (2018) 

prepared a chitosan-g-oligo (L,L-lactide) copolymer using a solvent-free reaction in an 

extruder. Scaffolds were fabricated by two-photon-induced microstereolithography. Cell 

culture studies confirmed biocompatibility of these scaffolds, however, the biodegradation, 

swelling and mechanical properties still need to be evaluated.  

Another study conducted by Cheng and Chen. (2017) used digital light processing 

(DLPTM) to fabricate chitosan scaffolds. Stereolithography and DLP both involve exposing a 

liquid resin to a light source, where stereolithography uses laser beams and DLP a projector. 

Chitosan was incorporated into polycaprolactone (PCL) - diacrylate/ polyethylene glycol (PEG) 

diacrylate to prepare a visible-light curable resin that is compatible with a reflective dynamic 

mask AM system. The hydrophilic nature of chitosan was used to improve cell adhesion and 

proliferation of pure PCL- diacrylate/PEG diacrylate scaffolds. The addition of chitosan had no 

effect on the processability of PCL- diacrylate/PEG diacrylate biomaterial, improving the cell 

adhesion and proliferation of photocurable resin and showing great potential for tissue 

engineering applications. 

 

2.6.2.2 Binder jetting 

The binder jetting process involves a liquid bonding agent (binder) that is selectively deposited 

to fuse powder materials (Ligon et al., 2017). Chavanne et al. (2013) fabricated 3D Chitosan-

HAP cylindrical scaffolds using an adapted Z-corp 3D printing system. A binder solution of 

lactic acid was used in the fabrication of chitosan-HAP composites with varying chitosan 

concentrations, as well as a post-hardening process. These scaffolds meet the mechanical 

strength requirements of BTE and exceeded the average compressive strength reported for 

other biopolymer scaffolds that were fabricated using AM. The high mechanical strength is 

probably due to the low porosity of scaffolds. Although mechanical properties are key for BTE 

scaffolds, porosity is equally important for cell infiltration and function. 
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2.6.2.3 Material extrusion 

Fused deposition modelling (FDM), a readily available material extrusion technology has been 

used in several studies to produce chitosan scaffolds (Almeida et al., 2014; Ang et al., 2002; 

Geng et al., 2005; Kurian et al., 2019; Liu et al., 2015; Ye et al., 2014). In these particular 

studies, an FDM process involves a chitosan composite material extruded into a dispensing or 

coagulation medium of isopropyl alcohol, sodium hydroxide and ethanol to form a hydrated 

gel-like precipitate. This technique can fabricate scaffolds without using high temperatures and 

harsh chemicals, which is ideal when using natural polymers. 

Dispensing parameters determine the quality of the scaffold due to the precipitate that 

forms upon exposure and the nozzle tip is in direct contact with the dispensing medium. 

Therefore, optimal dispensing parameters (dispensing pressure, speed and initial height) and 

concentration of dispensing medium are required to form adequate material strands and avoid 

lumping of material. For example, higher concentrations of dispensing medium result in a 

precipitate forming too rapidly, causing little to no attachment between layers, which is 

detrimental when a scaffold with specific dimensions is desired. Then again, with lower 

concentrations the rate of precipitation is too slow to produce a strand of material, making the 

concentration an important factor to consider when using this technique (Ang et al., 2002). To 

eliminate the difficulties of dispensing parameters, Geng et al. (2005) used a computer-guided 

desktop robotic dispensing system with multiple dispenser heads to fabricate pure chitosan 

scaffolds. The fabrication process involved the extrusion of the chitosan gel, followed rapidly 

with the addition of sodium hydroxide to form a precipitate strand. Not only did this direct writing 

of chitosan eliminate the difficulties of dispensing parameters and strand dragging, but it also 

produced uniform scaffolds with sufficient mechanical strength. Scaffolds fabricated with an 

FDM system shows superior properties compared to scaffolds fabricated by the conventional 

freeze-drying method. FDM fabricated scaffolds are mechanically stronger, have lower 

degradation rates and swelling ratios, and have enhanced osteoblast cell proliferation, 

compared to freeze-dried scaffolds (Liu et al., 2015).  

Low-temperature-deposition modelling (LDM) is a technique that uses a controlled 

cooling chamber that maintains a low temperature while the deposition of polymer solution is 

in progress. This technique has been used successfully in chitosan scaffold fabrication for 

tissue engineering applications (Lee & Kim, 2011; Lim et al., 2010; Liu et al., 2009). Low-

temperature-deposition modelling is often used in combination with a freeze-drying step, after 

the 3D structure is completed (Lee & Kim, 2011; Lim et al., 2010; Liu et al., 2009). For example, 

Liu et al. (2009) used syringe-based multi-nozzle low-temperature deposition and 

manufacturing system. A volume-driven injecting nozzle was used to dispense a variety of 

polymers such as PLGA, collagen, gelatine and chitosan. Following the layer-by-layer 
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deposition, the scaffolds were freeze-dried. The SEM results showed the presence of porous 

macro-and microstructures for the chitosan scaffolds. The low-temperature fabrication process 

is one of the main advantages and is ideal for chitosan-based biomaterials. Alternatively, the 

freeze-drying step can be replaced by fixing the frozen scaffold in a basic environment. The 

gelation media used include potassium hydroxide, sodium carbonate and ammonia vapours 

(Intini et al., 2018). Bergonzi et al. (2019) evaluated the effect different types of gelation media 

had on the scaffolds. Results showed that all the structures could accurately retain the 3D 

printed structure, with the exception of scaffolds treated with ammonia vapours, which showed 

higher elastic modulus compared to the others.  

Development of bioinks that can be used in bioprinting methods has gained a great deal 

of attention in recent years. Printability of natural polymer inks remains a challenge due to 

shrinkage during printing and crosslinking resulting in lower biocompatibility. Wu et al. (2018) 

3D printed chitosan inks by extruding hydrogel at room temperature through a micronozzle, 

forming 3D structures via solvent evaporation. Fabricated scaffolds were stable after 

neutralisation and displayed good mechanical properties. 

Bioprinting is another form of AM that offers unique advantages that other techniques do 

not cover. The main advantage being that 3D scaffolds are fabricated using hydrogels that 

contain living cells. In this process, cells are evenly distributed within the scaffolds that is 

otherwise impossible when cells are seeded post-fabrication (Zehnder et al., 2015). The three 

major bioprinting techniques are inkjet printing, extrusion and laser-assisted bioprinting.  

Extrusion-based bioprinting is a modification of inkjet printing with the difference being 

the addition of either an air-force pump or mechanical screw plunger to deposit viscous 

materials (Mandrycky et al., 2016). As a result of this, chitosan scaffolds are mainly fabricated 

using extrusion-based bioprinting. Chitosan scaffolds have been fabricated using bioprinting 

for tissue engineering in general (Roehm & Madihally, 2017), vascular tissue engineering 

(Zhang et al., 2013), neural tissue engineering (Gu et al., 2016), hepatic tissue engineering (Li 

et al., 2009; Yan et al., 2005), skin tissue engineering (Murphy et al., 2013; Ng et al., 2016a) 

and BTE (Demirtaş et al., 2017; Huang et al., 2016; Müller et al., 2015). Demirtaş et al. (2017) 

used an extruder-based bioprinter Fab@Home Model 3 to print pure chitosan and chitosan-

HAP scaffolds for BTE. Chitosan solutions were mixed with glycerol phosphate disodium salt 

and the pH was adjusted to more neutral ranges to allow cell survival. After bioprinting, the 

temperature was raised to 37°C to allow chitosan to form a gel. This bioprinting technique 

utilises thermosensitive gel formation, and it produces accurate and stable scaffolds that 

contain cells. Additionally, these scaffolds show good mechanical properties and allow viability 

and proliferation of MC3T2-E1 cells in vitro for 21 days. Other studies used modified carboxy 

methyl chitosan and N,O-carboxyethyl chitosan, combining them with additional polymers such 

as gelatine, alginate and polyphosphate. The respective studies demonstrated that printed 
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scaffolds containing bone marrow MSCs showed high cell viability (Huang et al., 2016) and 

induced bio-mineralization (Müller et al., 2015). Additionally, in vivo results of N,O-carboxyethyl 

chitosan-polyphosphate-alginate scaffolds induced bone regeneration in calvarial defects in 

rats (Müller et al., 2015). 
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Biomaterial AM process/technique Description Application References 

Chitosan-HAP Material extrusion/FDM 
Chitosan hydrogel extruded into sodium hydroxide/ethanol 

dispensing medium. 

Tissue 

engineering 
(Ang et al., 2002)  

Chitosan Material extrusion/FDM 
Dual dispensing method using sodium hydroxide as 

coagulation medium. 

Tissue 

engineering 

(Geng et al., 

2005) 

Chitosan Material extrusion/FDM 
Dual dispensing method using sodium hydroxide: ethanol as 

coagulation medium. 
BTE 

(Almeida et al., 

2014)  

Chitosan Material extrusion/FDM 
Chitosan solution was extruded in precipitating bath 

containing isopropyl alcohol. 

Cartilage tissue 

engineering 
(Ye et al., 2014) 

Chitosan, Chitosan-

pectic, Chitosan-

genipin 

Material extrusion/FDM 
Chitosan hydrogel extruded into sodium hydroxide 

dispensing medium. 
BTE (Liu et al., 2015)  

Chitosan Material extrusion/FDM 
Layer lamination using sodium hydroxide/ethanol using 

nozzle extrusion-based 3D printing technology. 
BTE 

(Kurian et al., 

2019)  

Chitosan-gelatine 
Material 

extrusion/Bioprinting 

Extrusion-based print-head depositing a hydrogel containing 

neonatal human foreskin fibroblasts to form hydrogel 

constructs. 

Skin tissue 

engineering 

(Ng et al., 2016a; 

Ng et al., 2016b) 

Chitosan-gelatine 
Material 

extrusion/Bioprinting 

Refit nozzle deposited a hydrogel containing hepatocytes 

deposited onto a plastic plate at room temperature. 

Hepatic tissue 

engineering 
(Yan et al., 2005) 

Table 2.2: Summary of chitosan-based scaffolds fabricated for tissue engineering using AM. 
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Chitosan, Chitosan-

HAP 

Material 

extrusion/Bioprinting 

Extrusion-based print-head depositing a hydrogel containing 

mouse pre-osteoblast cells. 
BTE 

(Demirtaş et al., 

2017)  

Chitosan-gelatine 
Material 

extrusion/Bioprinting 

Extrusion-based print-head depositing a thermosensitive 

hydrogel containing neuroblastoma cells. 

Tissue 

engineering 

(Roehm & 

Madihally, 2017) 

Carboxymethyl 

chitosan-

gelatine/alginate 

Material 

extrusion/Bioprinting 

Micro extrusion-based 3D printer depositing a hydrogel 

containing bone MSCs 
BTE 

(Huang et al., 

2016) 

N,O-carboxyethyl 

chitosan-

polyphosphate-

sodium alginate 

Material 

extrusion/Bioprinting 
Hydrogel printed using 3D-Bioplotter™ into Petri dishes. BTE 

(Müller et al., 

2015) 

Chitosan, chitosan-

alginate 

Material 

extrusion/Bioprinting 

Hydrogel directly printed using pressure-assisted robotic 

system. 

Vascular tissue 

engineering 

(Zhang et al., 

2013) 

Chitosan-collagen 
Material 

extrusion/Bioprinting 

Custom-built cartridge-based delivery system that drives 

hydrogel precursor solutions through tubing to nozzles, 

using compressed oxygen. 

Skin tissue 

engineering 

(Murphy et al., 

2013) 

Chitosan-gelatine-

alginate 

Material 

extrusion/Bioprinting 

Hydrogel containing hepatocytes and adipose-derived 

stromal cells were extruded into low-temperature chamber. 

Hepatic tissue 

engineering 
(Li et al., 2009) 

Carboxymethyl-

chitosan-alginate-

agarose 

Material 

extrusion/Bioprinting 

3D-Bioplotter® System extruded hydrogel containing human 

neural stem cells. 

Neural tissue 

engineering 
(Gu et al., 2016) 
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Chitosan-HAP Binder jetting 
Scaffolds were printed using chitosan composite powder and 

lactic acid binder solution. 
BTE 

(Chavanne et al., 

2013)  

Chitosan Binder jetting 
Hydrogel extruded at room temperature through micronozzle 

forming 3D structures via solvent evaporation. 

Tissue 

engineering 
(Wu et al., 2018)  

Chitosan Material extrusion/LDM 
Cryogenic rapid prototyping by using a cold printing platform 

to freeze the printed structures during printing. 

Tissue 

engineering 
(Lim et al., 2010)  

Chitosan-gelatine Material extrusion/LDM 
Volume-driven injecting nozzle deposition of chitosan within 

low-temperature refrigerator, followed by freeze-drying.  

Tissue 

engineering 
(Liu et al., 2009)  

Chitosan Material extrusion/LDM 
Chitosan extruded onto a cryogenic plate held at −20°C, 

followed by freeze-drying. 
BTE 

(Lee & Kim, 

2011)  

Chitosan  Material extrusion/LDM 

Custom low-temperature manufacturing system was used to 

extrude chitosan solution on a mobile plate and cooled at 

−14 °C, followed by gelling scaffold in potassium hydroxide. 

Skin tissue 

engineering 

(Intini et al., 

2018)  

Chitosan Material extrusion/LDM 

Chitosan solution was extruded onto a printing plate and 

instantaneously frozen, followed by exposure to gelation 

media. 

Tissue 

engineering 

(Bergonzi et al., 

2019)  

Chitosan/poly (ε-

caprolactone) 

diacrylate/poly(ethyle

ne glycol) diacrylate 

Vat 

polymerisation/Digital 

light processing (DLP™) 

Chitosan-based visible-light curable resin was photocured, 

using a reflective dynamic mask AM system. 

Tissue 

engineering 

(Cheng & Chen, 

2017)  
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Chitosan 
Vat polymerisation/ 

Stereolithography 

Scaffolds were fabricated using two-photon-induced 

microsterolithography from the photosensitive composition 

based on chitosan- g-oligo(L,L-lactide) copolymer. 

Tissue 

engineering 

(Bardakova et 

al., 2018)  

Chitosan and allyl 

substituted 

derivatives 

Vat polymerisation/ 

Stereolithography 

Scaffolds were fabricated with single-photon and two- 

photon laser absorption. 

Tissue 

engineering 

(Akopova et al., 

2015) 
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2.7 Chitosan composite biomaterials 

As mentioned previously, chitosan has many favourable properties, making it an attractive 

biomaterial for a variety of applications. Nonetheless, limitations such as mechanical properties 

and stability in aqueous solutions have restricted its use in BTE. According to available 

literature, pure chitosan scaffolds have been successfully fabricated (Jana et al., 2012). 

However, ample research has been done to improve the limitations associated with pure 

chitosan scaffolds by blending chitosan with other polymers, ceramics or additives. 

Additionally, crosslinkers are frequently used in fabrication processes to enhance the 

mechanical and chemical stability of polymer-based scaffolds.  

 

2.7.1 Chitosan and ceramic composites 

One of the most frequently used ceramics in BTE is HAP. The reason for this is the similarities 

in chemical composition between HAP and natural bone. The main advantage of HAP is that 

it is biocompatible, biodegradable, osteoconductive and osteoinductive (Venugopal et al., 

2010). Synthetic HAP has been used for bone repair, bone augmentation, fillers in bone and 

teeth, as well as coating agents for implants (Nazeer et al., 2017). Chitosan and HAP 

composites have been extensively studied as biomaterials for BTE for a number of years (Bee 

& Hamid, 2019; Kashiwazaki et al., 2009; Peng et al., 2012; Tang et al., 2008; Thein-Han & 

Misra, 2009). Both HAP and chitosan have their own advantages that make them an ideal 

biomaterial. The goal of incorporating HAP into chitosan scaffolds is to improve limitations that 

are associated with each component, for example chitosan is added to eliminate the brittleness 

of HAP, while the function of HAP is to improve the bioactivity and mechanical properties of 

chitosan (Anitha et al., 2014; Nazeer et al., 2017). Nano-sized HAP is frequently used and 

offers additional advantages when added to biopolymer matrixes such as chitosan. By using 

nanoHAP, nanotopografic features that resemble the nanostructure of bone are introduced 

and the mechanical strength of the scaffold is improved (Deepthi et al., 2016). This strategy of 

improving mechanical strength and bioactivity of chitosan-based scaffolds using nanoHAP has 

been used in numerous studies (Frohbergh et al., 2012; Nikpour et al., 2012; Tsiourvas et al., 

2016; Zhang et al., 2008). One of the drawbacks of incorporation of nanoparticles into chitosan 

is that it decreases the porosity of scaffolds, which directly affects mechanical properties. This 

is due to the distribution of nanoparticles in the polymer matrix and the intermolecular hydrogen 

bonds that form between the amine groups of chitosan and the hydroxyl group of the 

nanoparticles (Atak et al., 2017).  

β- Tricalcium phosphate (β-TCP) is also a calcium phosphate ceramic that is 

incorporated into chitosan, but not as often as HAP. The ratio of calcium to phosphate in β-
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TCP is close to that of natural bone, however, although degradation is faster than that of HAP 

it is difficult to control (Ogose et al., 2005; Wang et al., 2008). Chitosan and β-TCP composite 

materials have been used to fabricate scaffolds (Kucharska et al., 2012; Siddiqui & Pramanik, 

2014) and injectable hydrogels (Abueva et al., 2015; Dessi et al., 2013). One of the drawbacks 

of combining β-TCP and chitosan, is the slower rate of degradation for β-TCP compared to 

chitosan, which makes it difficult to control the rate of degradation of the composite scaffolds 

(Zhang & Zhang, 2004). However, the incorporation of β-TCP into chitosan scaffolds 

decreases the degradation rate of chitosan by shielding the polymer against the enzymatic 

degradation of lysozyme, therefore slowing biodegradation rate down to maintain structural 

integrity of the scaffold for longer and allowing better ingrowth of the bone. Additionally, β-TCP 

has shown improvements to the mechanical properties of chitosan and it lowers the 

antibacterial activity against Escherichia coli. The lower antibacterial activity is as a result of 

chitosan containing more free amino groups; the composite amino groups probably bond with 

phosphate groups of calcium phosphate. In orthopaedics, one of the major problems is 

infections that can lead to implant failure (Mauffrey et al., 2016). By combining calcium 

phosphates with chitosan, the antimicrobial activity of chitosan may be affected, eliminating 

this advantage of chitosan that could be useful in BTE (Pighinelli et al., 2012). 

Bioactive ceramic materials such as bioactive glasses are incorporated into polymer-

based scaffolds to improve properties, such as the brittleness of bioactive glass and poor 

mechanical properties of chitosan (Fu et al., 2011). Bioactive glasses bond to surrounding 

bone tissue in vivo by forming a calcium phosphate layer that is eventually modified by bone 

cells, making it a better choice than HAP. Apart from promoting osteointegration, the 

dissolution products that are released from the bioactive glasses may be involved in the 

stimulation of gene expression that control osteogenesis (Correia et al., 2015). The nano-size 

bioactive glass particles are used more frequently than the micro-sized form, due to more 

favourable mechanical properties and higher bioactivity in chitosan membranes (Caridade et 

al., 2013). There are a number of studies that combined chitosan and bioactive glass materials 

to improve chitosan mechanical properties and bioactivity of chitosan (Peter et al., 2010b; 

Pourhaghgouy et al., 2016; Ravarian et al., 2015; Wers et al., 2015). 

Nano-titania (TiO2) has been used in biomedical research due to its unique 

physiochemical properties and the Ti-OH site that is responsible for the accelerated formation 

of bone-like apatite (Kavitha et al., 2013a). These materials are not used as often as calcium 

phosphate-based composites, because of their toxic potential and non-biodegradable nature. 

However, composites of TiO2 and a natural polymer like chitosan can limit the toxic effect that 

can cause adverse reactions and also improve biodegradability. The mechanical properties of 

chitosan matrixes improve with the addition of TiO2 and this may be as a result of their even 

distribution in the chitosan matrix and interaction between the amine group located on the 
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chitosan and the Lewis acidic sites of TiO2 (Al-Sagheer & Merchant, 2011). Cell-based studies 

showed that chitosan/nano TiO2 scaffolds are non-toxic, biocompatible and bioactive 

(Jayakumar et al., 2011a; Kavitha et al., 2013a). However, antibacterial activity studies indicate 

that the TiO2 has an inhibitory effect on the antibacterial activity of chitosan (Kavitha et al., 

2013a; Kavitha et al., 2013b).  

After titanium, zirconia is one of the most used materials, especially in the field of 

dentistry, orthopaedic coatings and bone implant materials (Jayakumar et al., 2011b). Zirconia 

is the crystalline dioxide of zirconium, which is widely used for medical devices, due to its 

mechanical properties and biocompatibility (Deepthi et al., 2016; Gautam et al., 2016). 

However, very little research has been done on the fabrication of nano zirconia/chitosan 

scaffolds. Research has focused on combining zirconia and chitosan-based biomaterials with 

a third component, which will be discussed in a following section.  

To the researchers’ knowledge, no research has been done that included chitosan and 

alumina composites for BTE. 

 

Ceramic 
Fabrication 

methods 

Crosslinking 

agents 

In vitro/ 

In vivo models 
References 

HAP 

 Freeze drying Glutaraldehyde 

MC3T3-E1 pre-

osteoblast cells 

Human bone MSCs 

(Atak et al., 2017; 

Nikpour et al., 

2012; Thein-Han & 

Misra, 2009; 

Tsiourvas et al., 

2016) 

 Electrospinning Genipin 

Mouse MSCs  

Human foetal 

osteoblast cells 

Mouse 7F2 osteoblast 

cells 

(Frohbergh et al., 

2012; Peng et al., 

2012; Zhang et al., 

2008) 

 

Solvent casting 

and 

evaporation 

method 

Glutaraldehyde 
Rat cranium defect 

model 

(Bee & Hamid, 

2019; Nazeer et 

al., 2017; Tang et 

al., 2008)   

Table 2.3: Summary of chitosan and ceramic composite biomaterials for bone 

tissue engineering. 
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Co-precipitation 

and particle 

leaching 

method 

- 
Rat subcutaneous 

defect  

(Kashiwazaki et al., 

2009) 

B-TCP 

 Cryogelation - 

MC3T3-E1 pre-

osteoblast cells 

Rat subcutaneous 

implantation model 

(Abueva et al., 

2015) 

 
In situ 

thermogelling 
- MG-63 cells (Dessi et al., 2013) 

 Freeze drying - MG-63 cells 

(Kucharska et al., 

2012; Pighinelli et 

al., 2012) 

 
Freeze gelation 

method 
- MSCs 

(Siddiqui & 

Pramanik, 2014) 

Bioactive Glass 

 Freeze drying Glutaraldehyde MG-63 cells 

(Correia et al., 

2015; Peter et al., 

2010b; 

Pourhaghgouy et 

al., 2016; Wers et 

al., 2015) 

 Solvent casting - 
Primary human 

osteoblast cells 

(Caridade et al., 

2013; Ravarian et 

al., 2015) 

TiO2     

 Solvent casting - AGS cell line  

(Al-Sagheer & 

Merchant, 2011; 

Kavitha et al., 

2013a; Kavitha et 

al., 2013b) 
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2.7.2 Chitosan and other polymer composites 

Natural and synthetic polymers are widely used in the biomedical field for various implants and 

devices. Synthetic polymers are used more frequently as they are readily available and cost-

effective, while natural polymers are attractive due to their biodegradability and biocompatibility 

properties (Sionkowska & Płanecka, 2013). When different polymers are combined, unique 

chemical, structural and biological properties can be obtained that are suitable for various 

applications, especially when using chitosan for BTE purposes. This is summarised in Table 

2.4, and will also be discussed next. 

 

2.7.2.1 Chitosan-natural polymer composites 

Collagen is the most abundant protein found in mammals and a major component of the 

extracellular matrix. Gelatine, the hydrolysed form of collagen, is a water-soluble protein. 

These two polymers are promising biomaterials for tissue engineering due to their 

biocompatibility, biodegradability and low antigenicity (Ferreira et al., 2012; Kuttappan et al., 

2016). Chitosan and collagen/gelatine hybrid scaffolds have been mainly utilized in soft TE 

(Agarwal et al., 2016; Baniasadi et al., 2015; Dhandayuthapani et al., 2010; Han et al., 2014; 

Jiankang et al., 2009; Sun et al., 2009; Wang et al., 2015). However, their application in BTE 

has also been explored. Studies performed on chitosan-collagen scaffolds reported that the 

incorporation of chitosan increases biomechanical compressive strength, swelling ratio and it 

altered degradation rate, compared to scaffolds based on collagen alone (Arpornmaeklong et 

al., 2008; Chicatun et al., 2011). Additionally, Raftery et al. (2016) showed that the 

incorporation of chitosan into collagen scaffolds also has an effect on cell attachment, 

proliferation, and increased MSCs osteogenesis and chondrogenesis. This study examined 

and highlighted the importance of optimization of component ratios in biomaterial development. 

The results indicated that a 3:1 ratio of collagen to chitosan had a significantly higher cell 

viability compared to pure collagen scaffolds, while the ratio of 1:1 had reduced cell viability. 

Therefore, it is essential that the ratios are refined when aiming for application in tissue 

regeneration. Bone tissue engineering application studies have shown that the addition of 

gelatine into chitosan promoted adhesion and viability of cells in vitro. In vivo studies showed 

biocompatibility, biocompatibility and enhanced functional and structural characteristics of 

healing bones, compared to pure chitosan scaffolds (Miranda et al., 2011; Oryan et al., 2016). 

However, applications of chitosan-gelatine scaffolds in long-term implantations in vivo are 

limited by their instability in aqueous solutions. Crosslinkers are used to overcome this 

limitation. Glutaraldehyde, N-acetyl-D-(+)-glucosamine and genipin have been used in 

chitosan-gelatine scaffolds (Chaochai et al., 2016; Georgopoulou et al., 2018; Nieto-Suárez et 
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al., 2016). Scaffolds crosslinked with glutaraldehyde have shown a fivefold increase in Young’s 

modulus compared to uncrosslinked scaffolds (Nieto-Suárez et al., 2016). 

Silk is a natural protein-based polymer that has attracted a considerable amount of 

attention in tissue engineering, owing to properties such as biocompatibility, biodegradability, 

low immunogenicity and good mechanical properties that are essential to maintain structural 

integrity during regeneration (Mottaghitalab et al., 2015). A great deal of research has focussed 

on developing scaffolds for cartilage tissue engineering by combining chitosan and silk 

(Bhardwaj & Kundu, 2012; Deng et al., 2013; Mirahmadi et al., 2013). This combination has 

also been used in development of BTE scaffolds (Lai et al., 2014; Ng et al., 2009). Studies 

show that the incorporation of silk fibroin enhances the porosity of chitosan, while chitosan 

enhanced the mechanical properties of silk fibroin (Li et al., 2017a). Cell-based studies showed 

the enhanced effect on the osteogenic differentiation of chitosan and silk fibroin promoted cell 

proliferation (Chen et al., 2012; Lai et al., 2014). In vivo studies showed no obvious 

inflammatory response, and observations of host cell infiltration, adhering and proliferation 

were made. Additionally, results from histology analysis showed formation of new blood 

vessels in the pores of chitosan-silk scaffolds (Li et al., 2017b). 

Chitosan and alginate are considered important biopolymers in tissue engineering and 

the combination of these two materials to improve key properties have been extensively 

investigated (Hyland et al., 2011; Jeong et al., 2010; Ma et al., 2007; Reed et al., 2016; Wang 

et al., 2017b). Alginate is a natural polysaccharide that is biodegradable, biocompatible, non-

toxic and non-immunogenic (Furuya et al., 2017). Chitosan-alginate hybrid scaffolds show 

improved mechanical and biological properties compared to the pure chitosan and alginate 

counterparts. The improvement of mechanical properties is probably as a result of ionic 

interaction between the positively charged amino group of chitosan and the negatively charged 

carbonyl group of alginate (Florczyk et al., 2011; Furuya et al., 2017; Li et al., 2005). 

Additionally, chitosan-alginate hybrid scaffolds showed greater cell proliferation when 

compared to pure chitosan scaffolds over an 8-day period (Li et al., 2005). In vivo studies 

indicate that chitosan-alginate scaffolds showed osteoconductivity, improved defect closure 

and biodegradation rate of 16 weeks (Florczyk et al., 2013). In order to enhance the stability 

of these polymers in physiological solutions, the crosslinking agent calcium chloride is used.  

 

2.7.2.2 Chitosan-synthetic polymer composites 

Although natural polymers have several favourable properties, the disadvantages, like 

mechanical properties, processing and manufacturing difficulties, batch variation and risk of 

pathogen transmission, have resulted in a good deal of research focused on synthetic polymer 

(Agarwal & García, 2015). Consequently, there has been considerable research on blending 
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natural and synthetic polymers that allows the tailoring of material characteristic by changing 

the composition of blends. For example, chitosan is frequently blended with hydrophobic 

synthetic polymers that have the ability to reduce the hydrophilic nature of chitosan and 

improve the mechanical properties (Malheiro et al., 2010). For bone applications, a variety of 

synthetic polymers have been investigated, including poly(lactic acid) (PLA), and poly(lactic-

co-glycolic acid) PLGA, polyglycolic acid (PGA) and PCL (Levengood & Zhang, 2014).  

Poly(lactic acid) is one of the most popular synthetic polymers for application in tissue 

engineering and has been approved for food and surgical applications by the FDA and 

European regulatory authorities (Lasprilla et al., 2012; Santoro et al., 2016). PLA’s 

cytocompatiblity, biodegradability and the chiral nature of lactic acid that can be used to 

synthesize PLA with different stereoregularities, all enable the manipulation of the 

biodegradation rate, mechanical strength and thermal properties of materials (Santoro et al., 

2016). Based on their molecular isomeric structure, there are three different isomers in PLA, 

namely poly(L-lactic acid) (PLLA), poly(D-lactic acid) (PDLA) and poly(DL-lactic acid) (PDLLA) 

(Narayanan et al., 2016). The main drawback of PLA is the by-products of the hydrolytic 

degradation that decrease local pH resulting in inflammatory and allergenic reactions. 

Additionally, PLA has a hydrophobic nature resulting in low-cell adhesion (Duarte et al., 2010; 

Tajbakhsh & Hajiali, 2017). Limited research, specifically for BTE, has been done on only two 

forms of PLA, (PLLA and PDLLA) used in chitosan-based composite materials. The presence 

of chitosan in chitosan-PLA biomaterials serves as a buffer to avoid inflammatory reactions by 

using its cationic nature to minimize the decrease in pH (Chen et al., 2005). Chitosan-PLLA 

and chitosan-PDLLA hybrid scaffolds have been fabricated using mainly two methods. The 

first involves macro-porous sponges of PLLA prepared using particle leaching, followed by a 

freeze-drying step that incorporates chitosan microsponges within the macropores of PLLA 

scaffolds (Jiao et al., 2007; Mano et al., 2008; Prabaharan et al., 2007). The second involves 

preparing a homogeneous polymer solution of chitosan and PLLA/PDLLA, followed by a 

freeze-drying step to obtain a porous structure (Wan et al., 2007a; Wan et al., 2006; Wan et 

al., 2007b). Mechanical properties of chitosan is improved by the incorporation of PLA, while 

chitosan improved cell adhesion, cell proliferation, and cell viability (Jiao et al., 2007; Torres-

Hernández et al., 2018; Wan et al., 2007a). 

Another FDA approved biodegradable polymer that is routinely used in tissue 

engineering, is the copolymer PLGA. The main advantage of this biocompatible polymer is the 

controllable degradation rate that is determined by the composition of the polymer chain, 

hydrophobic and hydrophilic balance, and crystallinity (Gentile et al., 2014). However, its 

application is limited in BTE as a result of poor osteoconductivity and lack of mechanical 

strength compared to other synthetic polymers (Lanao et al., 2013). In BTE research, the 

combination of chitosan and PLGA has already been investigated (Nazemi et al., 2015; 
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Nazemi et al., 2014; Song et al., 2013). The combination of these materials mainly involves 

PLGA microspheres/nanoparticles loaded with growth factors/drugs incorporated into 

chitosan-based scaffolds (that improve mechanical properties) to serve as a delivery system 

for local drug or bioactive molecule delivery. Chitosan and PLGA microspheres have also been 

used to fabricate porous scaffolds (Boukari et al., 2017; Jiang et al., 2006). These Chitosan-

PLGA scaffolds have shown an increase in compressive strength compared to the PLGA-

based counterparts and cytocompatibility and osteogenesis of scaffolds were demonstrated 

(Boukari et al., 2017). 

Poly(caprolactone) (PCL) is a semicrystalline polymer that has been utilized in soft and 

hard tissue engineering. It is mechanically strong and biodegradable with non-toxic 

degradation products that are metabolised through the tricarboxylic acid cycle or excreted 

(Hong & Kim, 2011). Drawbacks that limit the use of PCL in tissue engineering are: the 

hydrophobic nature, which influences cell attachment and proliferation; a neural charge that 

hinders interaction with the extracellular matrix; acidic degradation products; and slow 

degradation rate (Wan et al., 2008). The weaknesses of PCL are the strengths of chitosan, 

therefore a number of studies have shown that by blending these two materials the limitations 

of both materials can be overcome (Chong et al., 2015; Malheiro et al., 2010; She et al., 2007; 

Thuaksuban et al., 2011; Van der Schueren et al., 2012). Compared to the pure PCL scaffolds, 

the incorporation of chitosan decreases the contact angle, indicating a more hydrophilic 

structure that improves swelling properties and increase cell attachment and proliferation, 

biomineralization, protein absorption and biodegradation (Shalumon et al., 2011; Sharifi et al., 

2018). 

Another synthetic polymer limited by its hydrophobic nature is poly(propylene carbonate) 

(PPC), an aliphatic polycarbonate consisting of propylene epoxide and carbon dioxide. 

Poly(propylene carbonate) is biocompatible, mechanically strong and has non-toxic 

degradation products of water and carbon dioxide. Research on PPC in combination with 

chitosan as scaffolds material for BTE is limited. However, studies that incorporated chitosan 

into PPC scaffolds show promising results. All scaffolds were mechanically strong, however 

findings demonstrated better in vitro cell adhesion and proliferation, and faster in vivo 

osteogenesis rate for PPC-chitosan scaffolds, compared to pure PPC scaffolds (Jing et al., 

2015; Zhao et al., 2012). 

There are a number of other polymers that have been used together with chitosan for 

biomedical applications other than BTE. For example, poly(vinyl alcohol) (PVA), a water-

soluble synthetic polymer, has been combined with chitosan for tissue engineering applications 

(Abraham et al., 2016; Costa-Júnior et al., 2009; Islam et al., 2016; Mansur et al., 2009). 

Limited research is available on scaffolds using this combination for BTE. One study prepared 

hydroxyethyacryl-chitosan-PVA films that were biocompatible and demonstrated antibacterial 
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properties (Ma et al., 2010). The combination of chitosan and PVA together with a third 

component has also been investigated for BTE applications. Chitosan-based combinations 

with more than two components will be discussed later. 

Poly(vinyl acetate) (PVAc) is a biocompatible, synthetic polymer that is insoluble in 

water. It is a component in adhesives, plasticizers, paints, plastics and cement additives (Acik 

et al., 2019). Additionally, PVAc has also been used as a component in studies on biomaterials 

for biomedical applications (Abdal-Hay et al., 2014; Abdal-hay et al., 2015; Ha et al., 2013; 

Jannesari et al., 2011; Park & Nho, 2004; Wang et al., 2017a). Poly(vinyl acetate) is a 

hydrophobic polymer with no functional groups, which hinder cell attachment. To overcome 

this limitation PVAc can be blended with chitosan, however, studies using this combination is 

limited. One study conducted by Jeong et al. (2013) fabricated PVAc-chitosan nanofibrous 

membranes using electrospinning. Comparing PVAc membranes and PVAc-chitosan 

membranes, the addition of chitosan improved cell attachment. To the researchers’ knowledge 

PVAc has not been used in bone tissue engineering applications. However, PVAc has been 

used as a binder in 3D printing of wood to successfully print wood blocks. This, together with 

the film forming capabilities of PVAc, indicate that this polymer has potential in scaffold 

fabrication using AM techniques.  

 

Table 2.4: Summary of chitosan and polymer composite biomaterials for bone 

tissue engineering. 

Polymer 
Fabrication 

methods 

Crosslinking 

agents 

In vitro/ 

In vivo models 
References 

Natural polymers 

Collagen 

 Freeze drying 
Glutaraldehyde 

EDC and NHS 

Rat bone marrow 

stromal cells 

Rat MSCs 

(Arpornmaeklong et 

al., 2008; Raftery et 

al., 2016) 

 

Plastically 

compressed 

self-assembly 

- 
MC3T3-E1 mouse 

calvaria pre-osteoblasts 

(Chicatun et al., 

2011) 

Gelatine 

 Freeze drying 

Glutaraldehyde 

GlcNAc 

Genipin 

Rat bone marrow MSCs 

Human bone marrow 

MSCs 

MC3T3-E1 pre-

osteoblast cells 

(Chaochai et al., 

2016; Georgopoulou 

et al., 2018; Miranda 

et al., 2011; Nieto-
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Lewis rats tooth 

extraction model 

Radial bone defects in 

Wistar rats model 

Rat subcutaneous 

model  

Suárez et al., 2016; 

Oryan et al., 2016) 

Silk 

 Freeze drying - 

Rat bone marrow MSCs 

MC3T3-E1 pre-

osteoblast cells 

(Li et al., 2017a; Li et 

al., 2017b; Ng et al., 

2009)  

 Electrospinning - 

Human bone marrow 

MSCs 

Human foetal osteoblast 

cells 

(Chen et al., 2012; 

Lai et al., 2014) 

Alginate 

 Freeze drying 
Calcium 

Chloride 

NIH/3T3 fibroblast cells 

MG-63 cells 

Rat bone marrow MSCs 

Rat gluteus maximus 

muscle incision model 

Rat calvarial defect 

model 

(Florczyk et al., 

2011; Florczyk et al., 

2013; Furuya et al., 

2017; Li et al., 2005) 

Synthetic polymers 

PLA 

 Solvent casting - - (Chen et al., 2005) 

 

Particulate-

leaching and 

freeze-drying 

Glutaraldehyde 
Primary rat calvarial 

cells 

(Jiao et al., 2007; 

Mano et al., 2008; 

Prabaharan et al., 

2007) 

 

Solvent-

extracting, 

liquid-solid 

separation, and 

freeze-drying 

- - (Wan et al., 2007a) 

 Extrusion  MG-63 cells 
(Torres-Hernández 

et al., 2018) 
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2.7.2.3 Crosslinkers 

Crosslinkers are frequently used in fabrication processes to enhance the mechanical and 

chemical stability of polymer-based scaffolds. There are mainly two crosslinking mechanisms, 

chemical and physical crosslinking (Aguilar et al., 2019). Chemical crosslinking use 

crosslinking agents that form irreversible covalent bonds between different chains. Physical 

crosslinks are prepared in the absence of crosslinking agents and include, but are not limited 

to, entangled chains, hydrogen bonding, hydrophobic interactions (Reyna-Urrutia et al., 2019).  

One of the key features of chitosan is the cationic nature that is responsible for 

polyelectrolyte complexes that can be formed between chitosan and macromolecules that 

     

PLGA 

 Heat sintering - 
MC3T3-E1 pre-

osteoblast cells 
(Jiang et al., 2006) 

 Freeze-drying TPP Human MSCs  (Boukari et al., 2017) 

PCL 

 Electrospinning - 

NIH3T3 fibroblast cells 

MG 63 osteoblast cells 

L929 fibroblast 

(Shalumon et al., 

2011; Sharifi et al., 

2018; Van der 

Schueren et al., 

2012) 

 Freeze-drying - - (Chong et al., 2015) 

 
Phase 

separation 
- - (She et al., 2007) 

 

Melt stretching 

and multilayer 

deposition 

- 
MC3T3-E1 pre-

osteoblast cells 

(Thuaksuban et al., 

2011) 

PPC 

 Electrospinning - NIH3T3 fibroblast (Jing et al., 2015) 

 

Dual solid–liquid 

phase 

separation 

- 

Rabbit bone marrow 

MSCs 

Rabbit femoral condyle 

defect 

(Zhao et al., 2012) 

PVA 

 Solvent casting Glutaraldehyde 
Human bone sarcoma 

cells 
(Ma et al., 2010) 
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have a negative charge, forming polyelectrolyte complex via ionic interaction(Anitha et al., 

2014). One method commonly used to physically crosslink chitosan is by incorporating 

alginate. Mechanical stability of these two polymers is improved as a result of ionic interaction 

between the positively charged amino group of chitosan and the negatively charged carbonyl 

group of alginate (Florczyk et al., 2011; Li et al., 2005). 

Glutaraldehyde is one of the most frequently used chemical cross-linking agents for 

chitosan, however, cytotoxicity remains a problem (Reyna-Urrutia et al., 2019). Other chemical 

crosslinkers, such as 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) in 

the presence of N-hydroxysuccinimide (NHS), sodium tripolyphosphate (TPP) (Martínez et al., 

2015), N-acetyl-D-(+)-glucosamine (Chaochai et al., 2016) and genipin (Frohbergh et al., 2012) 

are used alternatively due to low toxicity and biocompatibility. Calcium chloride is the most 

frequently used ionic crosslinking agent for the preparation of alginate-based scaffolds. Other 

cross-linkers, for example, N, N'-dicyclohexylcarbodiimide have also been used (Baysal et al., 

2013). Alternatively, β-glycerophosphate (β-GP), an osteogenic supplement, has also been 

used as a catalyst to initiate a sol-gel transition in collagen-chitosan solutions at physiological 

pH and temperature (Wang & Stegemann, 2010). This group did a follow-up study where 

dialdehyde glyoxal was used as the crosslinking agent to stabilize collagen-chitosan scaffolds. 

Although glyoxal has low toxicity, cytocompatibility remains an issue. However, results in this 

study indicated no damage to cells when the glyoxal concentration was below 1mM. The 

stiffness of non-crosslinked and glyoxal crosslinking gels was also evaluated, indicating a 6-

fold increase in stiffness of gels in terms of storage modulus, with limited effect on loss 

modulus. However, lower DNA content indicated that cell proliferation was lower in crosslinked 

gels compared to non-crosslinked scaffolds. This may be due to fewer binding sites available 

in crosslinked scaffolds as a result of chitosan and collagen bonding together (Wang & 

Stegemann, 2011).  

Crosslinker selection is a key factor in scaffold development as it influences scaffold 

properties that dictate suitability and the application potential of the scaffold. One study 

compared glutaraldehyde and genipin, and observations showed that glutaraldehyde scaffolds 

yielded better results than genipin. This highlights the importance of cross-linker selection, as 

it influences scaffold properties that dictate the application potential of the scaffold 

(Georgopoulou et al., 2018). 

 

2.8 Multicomponent chitosan composites 

Over the past decade, tricomponent composites have attracted much attention due to the 

improved properties they exhibit compared to their pure or bicomponent composite 
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counterparts. For example, bicomponent composites, consisting of a synthetic polymer and 

ceramic material, may not favour cell attachment, proliferation and differentiation. The addition 

of a third component, in this case, a natural polymer such as collagen or chitosan may improve 

this and other properties of the biomaterial. Chitosan as part of tricomponent biomaterials for 

BTE applications has gained considerable attention in recent years. A great deal of research 

has been dedicated to blending a wide range of materials in various combinations to develop 

the ideal biomaterial that meets all the requirements for BTE. A literature study revealed a 

large amount of studies focusing on biomaterials consisting of chitosan and two or three other 

components. These are summarised in Table 2.5 and will be discussed in the following section. 
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Biomaterial composition Fabrication methods Crosslinking agents In vitro/In vivo models References 

Chitosan with additional polymers 

Chitosan-collagen-

hyaluronic acid 
Freeze drying MES and EDAC Human bone marrow MSCs (Mathews et al., 2014)  

Chitosan-alginate-

polypyrrole 
Freeze drying Glutaraldehyde MG-63 cells (Sajesh et al., 2013) 

Chitosan-alginate-fucoidan 

 
Freeze drying Calcium chloride MG-63 cells (Venkatesan et al., 2014) 

Chitosan with additional ceramics 

Chitosan-silica-zirconia Freeze drying - Rat osteoprogenitor cells. 
(Algul et al., 2015; Pattnaik et 

al., 2011) 

Chitosan-Polymer-Ceramic 

Chitosan-alginate-β-TCP Freeze drying Calcium chloride L929 fibroblast cells (Algul et al., 2015) 

Chitosan-alginate-

HAP/nHAP 
Freeze drying 

Calcium chloride 

Glutaraldehyde 

MG-63 cells 

MC3T3-E1 pre-osteoblastic cells 

Bone marrow MSCs 

Rat cranial bone defect model 

(Jin et al., 2008) 

(Jin et al., 2012) 

(He et al., 2014) 

(Kim et al., 2015) 

Chitosan-alginate-nSiO2 Freeze drying Calcium chloride Rat osteoprogenitor cells. (Sowjanya et al., 2013) 

Chitosan-carboxy cellulose-

nHAP 
Freeze drying - 

MG-63 cells 

MSCs  

Rat gluteus maximus muscle model 

(Liuyun et al., 2009) 

Table 2.5: Summary of multicomponent biomaterials for bone tissue engineering.  
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Chitosan-collagen-

nanobioglass 
Injectable gel - 

MG-63 cells 

Human embryonic kidney cells 
(Moreira et al., 2016)  

Chitosan-collagen-HAP Freeze drying - MG-63 cells (Pallela et al., 2012) 

Chitosan-collagen-calcium 

phosphate 

Microparticles fused with 

glycolic acid 
- MG-63 cells (Zugravu et al., 2013) 

Chitosan-fucoidan-β-TCP Freeze drying Glutaraldehyde Bone marrow MSCs (Puvaneswary et al., 2015) 

Chitosan-gelatine-

HAP/nHAP 

Freeze drying 

Particle leaching and 

freeze drying 

Gluteraldehyde 

EDC: NHS 

EDC 

MC3T3-E1 pre-osteoblastic cells, 

-MG-63 cells 

Pluripotent stem cells 

Human MSCs 

Subcutaneous implantation model 

(Dan et al., 2016; Isikli et al., 

2012; Jamalpoor et al., 2015; 

Ji et al., 2015; Peter et al., 

2010c; Sellgren & Ma, 2015) 

Carboxy methyl chitosan-

gelatine-nHAP 

Foaming and freeze 

drying 

Injectable gel 

Glutaraldehyde, 

tyrosinase/p-cresol 

Human Wharton’s jelly MSCs 

Murine primary osteoblasts 

(Maji et al., 2018; Mishra et 

al., 2011)  

Chitosan-gelatin-nSiO2 Freeze drying Glutaraldehyde MG-63 cells (Kavya et al., 2013) 

Chitosan-gelatine-nbioactive 

glass 
Freeze drying Glutaraldehyde 

MG-63 cells 

Human MSCs 

Rabbit tibia model 

(Dasgupta et al., 2019; Maji et 

al., 2016; Peter et al., 2010a) 

Chitosan-gelatine-calcium 

phosphate 

Ion diffusion and freeze 

drying 

Calcium phosphate 

cement liquid phase 

foaming 

Glutaraldehyde MG-63 cells 
(Raz et al., 2018; Renó et al., 

2013) 

Chitosan-gelatine-β-TCP Freeze drying TPP Human osteoblasts cells (Serra et al., 2015) 

Chitosan-PCL-HAP Melt-blending - - (Xiao et al., 2009) 
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Chitosan-PEO-bioactive 

glass 
Electrospinning - Human MSCs (Talebian et al., 2014) 

Chitosan-PLA-HAP Freeze drying Glutaraldehyde - (Cai et al., 2009) 

Chitosan-PLGA-nHAP 
Particle leaching and 

freeze drying 
- 

Human MSCs 

Mouse subcutaneous implantation 

model 

(Wang et al., 2014) 

Chitosan-PLLA-β-TCP Vacuum drying - - (Wang et al., 2008) 

Chitosan-PHBV-HAP Electrospinning - Human foetal osteoblast cells (Zhang et al., 2015) 

Chitosan-PVA-Bioglass 
Sol–gel method and 

foaming 
- Kidney epithelial cells  (Mansur & Costa, 2008) 

Chitosan-Slik fibroin-

nHAP/HAP 

Freeze drying 

Particle leaching 

Glutaraldehyde  

TPP 

MG-63 

MC3T3-E1 pre-osteoblastic cells 

Mouse subcutaneously implantation 

model  

(Lima et al., 2013; Qi et al., 

2014; Ran et al., 2016; 

Shalumon et al., 2015) 

Chitosan-Starch- nHAP  - 
Murine fibroblast 

MG-63 cells 
(Shakir et al., 2015) 

Chitosan-tamarind seed 

polysaccharide-nHAP 
 - MG-63 cells (Shakir et al., 2018) 

Chitosan-chitin-TiO2 Freeze drying Glutaraldehyde MG-63 cells 

L929 fibroblast cells 

Human MSCs 

(Jayakumar et al., 2011a) 

Chitosan-chitin-ZrO2 Freeze drying 

 

Glutaraldehyde MG-63 cells 

L929 fibroblast cells 

Human MSCs 

 

(Jayakumar et al., 2011a) 
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Chitosan -Ceramic -Other 

Chitosan-HAP-Iron oxide 
Solvent casting - - (Heidari et al., 2015) 

Chitosan-HAP-

Montmorillonite 
Solvent casting - Osteoblast cells (Katti et al., 2008) 

Chitosan-HAP-Graphene 

oxide 
Self-assembly Genipin Rabbit bone marrow MSCs (Yu et al., 2017) 

Chitosan-HAP-Carbon 

nanotube 
Freeze drying - MG-63 (Venkatesan et al., 2011) 

Chitosan-HAP-Amylopectin 

/Chondroitin 
Freeze drying - MG-63 cells (Venkatesan et al., 2012) 

Chitosan-HAP or HAP/β-

TCP + β-1,3-glucan 
Solvent casting - 

MG-63 cells 

MC3T3-E1 pre-osteoblastic cells 

Human foetal osteoblast 

(Przekora & Ginalska, 2015; 

Przekora et al., 2014) 

Chitosan-nHAP-nano-

copper-zinc 
Freeze drying - Rat osteoprogenitor cells (Tripathi et al., 2012) 

Chitosan-bioactive glass-

carbon nanotube 

Hot press and particle 

leaching 

Hexamethylene 

diisocyanate 
MG-63 cells (Shokri et al., 2015) 

Chitosan-Polymer-Other 

Chitosan-silk fibroin-iron 

oxide 

Freeze drying Glutaraldehyde MG-63 cells (Aliramaji et al., 2017) 

Chitosan-PVAc-

montmorillonite 
Solvent casting - - (Lewandowska, 2015) 
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Chitosan-gelatine-graphene 

oxide 
Freeze drying - 

Rat osteoprogenitor cells 

Rat tibial bone defect model 
(Saravanan et al., 2017) 

Carboxymethyl chitosan-

gelatine-Laponite® 
Freeze drying EDC and NHS 

Rat bone marrow MSCs 

Rat cranial bone defect model 
(Tao et al., 2017) 

Chitosan-hylauronic acid-

graphene oxide 
Freeze drying EDC Mouse osteoblast cells  (Unnithan et al., 2017) 

Chitosan-carboxymethyl 

cellulose-wollastonite 
Freeze drying - MG-63 cells (Sainitya et al., 2015) 

Four components 

Chitosan-chitin whisker-

PVA-HAP 
Electrospinning Glutaraldehyde MC3T3-E1 pre-osteoblastic cells (Pangon et al., 2016) 

Chitosan-gelatine-alginate-

nHAP 
Gas foaming Glutaraldehyde Osteoblast cells (Sharma et al., 2016) 

Chitosan-alginate-collagen-

HAP 
Electrospinning - - (Yu et al., 2013) 

Chitosan-alginate-gelatine-

bacterial cellulose 

nanocrystals 

Freeze drying 
HAP-D-glucono-d-

lactone 
MC3T3-E1 pre-osteoblastic cells (Yan et al., 2017) 

Chitosan-collagen-β-TCP-

ginseng K 
Freeze drying Glutaraldehyde 

Mouse embryonic fibroblast  

MG-63 cells 
(Muthukumar et al., 2016) 

Chitosan-collagen-bioglass-

PVA 
Freeze drying - Rat osteosarcoma  (Pon-On et al., 2014) 

Chitosan-gelatine-nHAP-

montmorillonite 
Freeze drying Glutaraldehyde - (Olad & Azhar, 2014) 

Chitosan-PEG-HAP-nZnO Solvent casting - MG-63 cells (Bhowmick et al., 2015) 
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Tricomponent biomaterials that consist of chitosan and two additional polymers or two 

ceramic components have been considered for bone regeneration applications in the past. The 

polymer-based scaffolds included chitosan-alginate-fucoidan (Venkatesan et al., 2014), 

chitosan-polypyrrole-alginate (Sajesh et al., 2013) and chitosan-collagen-hyaluronic acid 

(Mathews et al., 2014). These scaffolds showed promising results in terms of physical 

characteristics, biocompatibility and bioactivity. However, mechanical properties of obtained 

scaffolds have to be evaluated before they can be considered for BTE applications. 

Alternatively, Pattnaik et al. (2011) combined chitosan with two ceramic components to 

produce a biocompatible chitosan-silica-zirconia composite scaffold with sufficient swelling and 

biodegradation. However, the addition of zirconia particles reduced pore size to 25 – 40 µm, 

smaller than the minimum pore size as defined for the requirements of BTE. 

A large number of research studies have focussed on tricomponent scaffolds consisting 

of a chitosan-polymer-ceramic combination. For example, a number of studies incorporated 

HAP to improve the bioactivity of chitosan-alginate, producing chitosan-alginate-HAP 

scaffolds. These scaffolds also showed improved mechanical properties, cell attachment in 

vitro and bone tissue growth in vivo (He et al., 2014; Jin et al., 2012; Jin et al., 2008). The nano 

form of HAP is a component that is often used because it morphologically resembles biological 

apatite and improves mechanical properties of scaffolds. A challenge that is faced when 

nanoparticles are introduced into composite scaffolds is the uniform dispersion of particles. 

The reason for this is that the distribution has an effect on the pore structure and ultimately the 

strength of scaffolds. The use of alginate is used to overcome this complication because it acts 

as a dispersant for nano-HAP powders after mixing the solution with chitosan (Kim et al., 2015). 

Some researchers have opted to add a fourth component, which includes collagen and 

gelatine, to chitosan-alginate-HAP scaffolds (Sharma et al., 2016; Yu et al., 2013). 

Alternatively, nano-silica (Sowjanya et al., 2013) and β-TCP (Algul et al., 2015) have been 

used as the ceramic component in chitosan-alginate-ceramic scaffolds in order to improve 

bioactivity. 

Another popular tricomponent combination is chitosan-gelatine-ceramic. The ceramic 

components that are incorporated include nano-bioactive glass (Dasgupta et al., 2019; Maji et 

al., 2016; Peter et al., 2010c), β-TCP (Renó et al., 2013; Serra et al., 2015), HAP (Dan et al., 

2016; Isikli et al., 2012; Jamalpoor et al., 2015; Ji et al., 2015; Maji et al., 2018; Mishra et al., 

2011; Peter et al., 2010c; Raz et al., 2018; Sellgren & Ma, 2015) and nano-silica (Kavya et al., 

2013). The addition of ceramic nano particles improves swelling, degradation, mechanical 

strength, cell attachment and proliferation of chitosan-gelatine scaffolds. The combination of 

carboxymethyl chitosan-alginate-HAP can also be utilized for the development of an injectable 

gel, using enzymatic crosslinking that forms in situ gel at physiological temperatures. The 
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promising in vitro and in vivo results obtained for the injectable hydrogel highlights its potential 

use for cell-based BTE (Mishra et al., 2011). 

Other natural polymers, consisting of chitosan-polymer-ceramic, have also been utilized 

in tricomponent scaffolds. These natural polymers include chitin (Jayakumar et al., 2011a), 

collagen (Moreira et al., 2016; Pallela et al., 2012; Zugravu et al., 2013), cellulose (Liuyun et 

al., 2009), fucoidan (Puvaneswary et al., 2015), starch (Shakir et al., 2015), 

amylopectin/chondroitin sulfate (Venkatesan et al., 2012), and silk (Lima et al., 2013; Qi et al., 

2014; Ran et al., 2016; Shalumon et al., 2015). For instance, Shakir et al. (2018) incorporated 

tamarind seed polysaccharide, a scarcely used polymer, as the additional polymer component 

in chitosan-polymer-ceramic scaffolds. The addition of tamarind seed polysaccharide particle 

acted as dispersant of nano-HAP particles and enhanced properties such as compressive 

strength, thermal stability and cell viability. 

Likewise, synthetic polymers have been explored in chitosan-polymer-ceramics 

scaffolds. Bioactive glass combinations include chitosan-PEO-bioactive glass (Talebian et al., 

2014) and chitosan-PVA-bioactive glass (Mansur & Costa, 2008). Calcium phosphate 

combinations used are chitosan-PCL-HAP (Xiao et al., 2009), chitosan-PLA-HAP/ β-TCP (Cai 

et al., 2009; Wang et al., 2008), chitosan-PLGA-nHAP (Wang et al., 2014) and chitosan-PHBV-

HAP (Zhang et al., 2015).  

The attempt to discover novel composite materials that possess new favourable 

properties have led to the use of additives that are not often associated with BTE. Chitosan-

ceramic composites such as chitosan-HAP have been blended with additional additives such 

as iron oxide (Heidari et al., 2015), montmorillonite (Katti et al., 2008), graphene oxide (Yu et 

al., 2017), carbon nano-tube (Venkatesan et al., 2011) and nano-copper-zinc (Tripathi et al., 

2012). Przekora et al. (2014) and Przekora and Ginalska (2015) used chitosan and calcium 

phosphate ceramics combined with 1-3-glucan. Shokri et al. (2015) fabricated chitosan-

bioactive glass-carbon nano-tube scaffolds. The fabricated scaffolds showed biocompatibility 

and in some cases, enhanced cell proliferation and differentiation. However, further scaffold 

evaluations and in vivo studies, are required to evaluate their suitability for application in BTE. 

Additionally, researchers have investigated scaffolds consisting of chitosan-polymer-

additive. The variety of blends include chitosan-PVA-montmorillonite (Lewandowska, 2015), 

chitosan-silk fibroin-iron oxide (Aliramaji et al., 2017), chitosan-hyaluronic acid-graphene oxide 

(Unnithan et al., 2017) and chitosan-carboxymethyl cellulose-wollastonite (Sainitya et al., 

2015). Characterizations of scaffolds showed that the addition of additives improved 

mechanical properties, decreased swelling and biodegradability, and no cytotoxic effects were 

observed. However, further evaluations of crucial scaffold properties for BTE and in vivo 

studies have to be performed to determine suitability. Chitosan-gelatine blended with graphene 

oxide (Saravanan et al., 2017) and Laponite® (Tao et al., 2017) resulted in scaffolds with 
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promising results. In both of these studies, the optimal concentration of the additive enhanced 

protein absorption, biomineralization, and controlled swelling and degradation. However, 

obtained results indicated a threshold where certain favourable properties of the additive are 

lost, resulting in inhibition of cell attachment and proliferation. Additionally, both of these 

studies included in vivo osteogenesis-inducing capacity evaluations by inducing rat calvarial 

and tibial bone defects. Post-implantation observations indicated new bone formation after two 

and eight weeks respectively, indicating the suitability of these scaffolds for BTE applications. 

The reason for this new era of scaffold development is due to the complex composition 

of bone, which includes water, inorganic and organic components. From the variety of 

materials and combinations that have been explored thus far, it seems that the use of 

tricomponent biomaterials is the potential solution in the quest for developing an ideal 

biomaterial for BTE. However, as mentioned previously, some researchers have opted to add 

a fourth component to find the ideal biomaterial (Bhowmick et al., 2015; Muthukumar et al., 

2016; Olad & Azhar, 2014; Pangon et al., 2016; Pon-On et al., 2014; Yan et al., 2017). 

 

2.9 Conclusion 

The amount of research that includes chitosan-based scaffolds highlights the potential 

application of this natural polymer as a biomaterial for BTE. Bone regeneration and healing is 

a complex process that is dependent on a variety of structural and biological factors. 

Biomaterial composition and fabrication methods play an integral role in determining scaffold 

properties. This literature study highlighted the various favourable properties of chitosan and 

the potential of AM to fabricate patient specific implants. Therefore, it was deduced that a 

chitosan-based biopolymer prepared without using acetic acid and reduced preparations will 

benefit the development of scaffolds for BTE. Additionally, blending chitosan with a synthetic 

polymer that can act as an adhesive during AM can potentially yield a 3D printable biomaterial.  
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3.1 Introduction 

This chapter details the materials used (Table 3.1) and procedures followed for the duration of 

this study. The following will be described in detail: sample preparation for scanning electron 

microscopy (SEM) used for ultrastructural assessments, the film preparation of the biopolymer 

blend as well as the preparation of control films.  

 

3.2 Materials 

Material Supplier 

24-well Flat bottom clear plates Bio-Smart Scientific CC 

48-well Flat bottom clear plates Bio-Smart Scientific CC 

Acetic acid Rochelle Chemicals & Lab Equipment C.C 

Acetone Sigma-Aldrich 

Aqueous ammonia solution (NH3) Merck 

Ascorbic acid  Warren Chem 

Bacteriological agar Merck 

Coverslips, 13 x 0,12 mm Thermo Fisher Scientific™ 

Dulbecco’s Modified Eagle Medium Thermo Fisher Scientific™ 

Ethanol Rochelle Chemicals & Lab Equipment C.C 

Fetal Bovine Serum Thermo Fisher Scientific™ 

Food grade chitosan (DD > 85%) Warren Chem 

Glutaraldehyde solution Sigma-Aldrich 

HEPES Sigma-Aldrich 

HyCLone DMEM-F12 1:1 with L-Glutamine Separations 

Lysozyme Sigma-Aldrich 

Methanol Sigma-Aldrich 

Nitric acid Merck 

Penicillin:streptomycin (PenStrep) Thermo Fisher Scientific™ 

Peptone Merck 

Petri dishes Bio-Smart Scientific CC 

Table 3.1: Materials and suppliers. 
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Polyvinyl(acetate)-based wood glue Local hardware store 

Resazurin sodium salt Sigma-Aldrich 

Sodium chloride Merck 

Sodium hydroxide pellets (NaOH) Merck 

Trypsin Thermo Fisher Scientific™ 

Yeast extract Merck 

 

3.3 Film preparation  

Three different types of films were produced, using the solvent casting and evaporation 

method. In this study acetic chitosan (Acetic CS) (control), ascorbic chitosan (Ascorbic CS) 

(control) and PVA composite chitosan (PVAc composite) films were used.  

 

3.3.1 Preparation of chitosan-PVAc films 

Solutions for film preparation involved dissolving an appropriate amount of ascorbic acid in 

distilled water. Once the ascorbic acid dissolved, chitosan was added, followed by stirring the 

solution for one hour and then adding the PVAc solution. The solutions were cast into Petri 

dishes and dried in an oven for 48 hours at 40°C (Figure 3.1). 

 

3.3.2 Preparation of control films 

Films used as the first control were fabricated according to the common method of dissolving 

chitosan in acetic acid (99.8%) by heating and stirring the solutions for several hours. For 

Acetic CS films, solutions containing 2%, 3% and 4% chitosan concentrations were dissolved 

in 1% acetic acid. These solutions were stirred at a temperature of ± 50°C between one to four 

hours until the chitosan was completely dissolved. Stirring time was determined by the 

concentration of chitosan in the solution. 

Films used as the second control were Ascorbic CS films. These films were prepared by 

dissolving 0,5g ascorbic acid in 50mL distilled water, followed by adding the appropriate 

amount of chitosan and stirring the solution for one hour.  

Table 3.2 provides the chemical composition of control films. All solutions were cast into 

Petri dishes and dried in an oven for 48 hours at 40°C, as illustrated in Figure 3.1. 
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Film composition % Chitosan % Acetic acid % Ascorbic acid % PVAc 

Acetic 2% CS 
2 1 - - 

Acetic 3% CS 3 1 - - 

Acetic 4% CS 4 1 - - 

Ascorbic 2% CS 2 - 1 - 

Ascorbic 3% CS 3 - 1 - 

Ascorbic 4% CS 4 - 1 - 

 

Figure 3.1: Schematic representation of film preparation. 
 

Table 3.2: Chemical composition of control films. 
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3.3.3 Neutralisation of prepared films 

Dried films were neutralised by a wash-step that involved adding 1.5 M NH3 to the films for 30 

minutes. The films were then washed three times with distilled water and once with methanol, 

followed by drying the prepared films in an oven for 24 hours at 40°C. 

 

3.4 Scanning electron microscopy 

Surface morphology of the films were evaluated using scanning electron microscopy (SEM) 

(Phenom Pro Desktop SEM, Phenom-World B., Eindhoven, Netherlands). Sample preparation 

involved mounting dried films on 12 mm aluminium stubs with double-sided carbon tape, that 

were then sputter-coated for 120 seconds with gold palladium alloy in argon (SPI-ModuleTM 

Sputter Coater, SPI Supplies, West Chester, PA, USA). The samples mounted on stubs were 

stored in a desiccator for at least 15 minutes before being examined by SEM at an accelerated 

voltage of 5 kV. 

 

3.5 Statistical Analysis 

Statistical analysis was completed with Microsoft® Excel® for Office 365, using the Excel® Data 

Analysis Tool plugin. All data are reported as mean ± standard deviation (SD). A student’s two-

tailed T-test was used (indicated where applied) to evaluate differences between groups. Any 

values where P < 0,05 were considered as significant. 
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4.1 Introduction 

Biomaterials used in scaffolds for bone tissue engineering (BTE) include ceramics, synthetic 

polymers, natural polymers and composites - each with their own advantages and 

disadvantages. The inherent disadvantages of single material scaffolds have spurred 

extensive research into composite scaffolds comprising multiple components (Kumar et al., 

2016). Combining a natural and synthetic polymer could result in a biomaterial that retains 

valuable properties while reducing or eliminating unfavourable properties (Basha & Doble, 

2015). Biomaterials are used to fabricate BTE scaffolds using various techniques.  

Chitosan is a natural polymer with various biomedical applications due to its 

biocompatibility and biodegradability. Chitosan-based scaffolds are often used for the 

development of new materials that can be fabricated into BTE scaffolds. Chitosan scaffolds 

fabricated with additive manufacturing (AM) techniques, lack structural stability, resolution and 

uses crosslinkers that may compromise biocompatibility (Wu et al., 2018). Therefore, 

combining chitosan with a synthetic polymer to aid the AM process can potentially enhance 

chitosan printability. 

Poly(vinyl acetate) (PVAc) is a synthetic polymer with film-forming properties and is 

commonly used in adhesives. One study used PVAc as a binder in 3D printing of wood powder 

to fabricate wood blocks (Kariz et al., 2016). Although PVAc is biocompatible, its low 

hydrophilicity resulting in low affinity for cell attachment has hindered its application in tissue 

engineering scaffolds. However, the combination of chitosan and PVAc can potentially 

eliminate the hydrophobic nature of PVAc, allowing greater cell attachment as compared to 

pure PVAc films (Jeong et al., 2013). 

Another influential factor to consider, is the preparation method of chitosan. Chitosan 

solutions are typically prepared by dissolving chitosan-powder in acetic acid, which is then 

heat stirred until the chitosan is fully dissolved, taking between 3 hours and 24 hours. 

(Levengood & Zhang, 2014; Pillai et al., 2009). Aqueous acetic acid can also be used to 

dissolve chitosan at ambient conditions, but dissolution can take up to 24 hours, as mentioned 

above. An alternative solvent that can be used to dissolve chitosan under ambient conditions 

is ascorbic acid, which is more advantageous to use since ascorbic acid provides protons to 

dissolve chitosan and has higher pH values compared to acetic acid, therefore extensive 

neutralisation (required for acetic acid chitosan scaffolds) is not necessary. Additionally, it can 

possibly act as a crosslinker, resulting in more stable chitosan films (Chen et al., 2007; Qasim 

et al., 2015). 

Thus, the present study aimed to blend chitosan with PVAc to develop a biomaterial that 

can easily be fabricated using AM. One of the main limitations of chitosan is stability in aqueous 

solutions. Therefore, composite films consisting of different component ratios were prepared, 
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hydrated and then analysed in terms of stability in aqueous solutions. Films were chosen based 

on stability results and further physiochemical analysis of the films were investigated and 

compared to control films.  

 

4.2 Methods 

Acetic CS, Ascorbic CS and PVAc composite films were fabricated and neutralised as 

described in Section 3.3.  

 

4.2.1 Formulation optimisation of biopolymer blend 

The main aim of this study was to develop a PVAc composite biopolymer blend in an aqueous 

solvent-system that is facile to prepare, can be fabricated using AM and is suitable for BTE. 

Therefore, the first step was to determine the optimal component ratios to formulate a 

biopolymer blend by preparing a series of chitosan-ascorbic acid-PVAc films containing 

various component concentrations (Table 4.1). Films were prepared as discussed in Section 

3.2.1.  

 

Film composition % CS % ascorbic acid % PVAc 

2%CS-1%PVAc  2 1-4% 1 

3%CS-1%PVAc 3 1-4% 1 

4%CS-1%PVAc 4 1-4% 1 

2%CS-3%PVAc 2 1-4% 3 

3%CS-3%PVAc 3 1-4% 3 

4%CS-3%PVAc 4 1-4% 3 

2%CS-5%PVAc 2 1-4% 5 

3%CS-5%PVAc 3 1-4% 5 

4%CS-5%PVAc 4 1-4% 5 

 

Table 4.1: Composition of chitosan-based films used for formulation 

optimisation. 
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4.2.1.1 Optical characterisation of thin films 

Stability of chitosan films in aqueous solutions is crucial in tissue engineering. Excessive 

swelling and dimensional changes when hydrated may hinder the application of a material. 

Ratio selection was based on stability of films in aqueous solution. Absorbance and 

transmittance measurements can provide an indication of the change in state of films. For 

instance, the change in absorption spectra can indicate stability of hydrated films (Furuike et 

al., 2017; Zeng et al., 2007). In this study stability of chitosan films were determined by means 

of swelling percentage, which is calculated using optical density and visual inspection of 

hydrated films. Swelling percentage was calculated using the following equation: 

 

% Swelling = (OD of hydrated film -OD of dry film)/OD of dry film x 100 Equation 4.1 

 

Dried films (preparation described in Section 3.3.1) were hydrated using Phosphate 

Buffered Saline (PBS) and the absorption measurements were recorded at a wavelength range 

of 300-700 nm, using a Synergy HT microplate reader (BioTek Instruments). Absorbance 

values were obtained using version 1.11.5 of the Gen5 Data Analysis software (BioTek 

Instruments). A wavelength in the maximum absorbance region were selected for this study. 

Visual and absorbance data was used to determine the most stable films.  

 

4.2.2 Physiochemical characterisation of selected films 

Following optical characterisation, thin films that were more stable in aqueous solutions were 

selected for further characterisation. Chitosan prepared using acetic acid (Section 3.3.2) and 

chitosan prepared with ascorbic acid (Section 3.3.2) were used as control films. Dried films 

were neutralised as described in Section 3.3.3. 

 

4.2.2.1 Surface morphology 

Surface morphology of the films were evaluated using scanning electron microscopy (SEM). 

The chitosan solutions were prepared and cast into Petri dishes, followed by drying in an oven 

for 48 hours at 40°C. Resulting scaffolds were then washed with ammonia, water and ethanol, 

followed by drying the films again in the oven for 24 hours. Sample preparation and 

examinations using SEM were performed as described in Section 3.4. 
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4.2.2.2 Fourier-transform infrared spectrometry 

Fourier-transform infrared spectra were recorded using Bruker Alpha‐P FTIR instrument in 

conjunction with the attenuated total reflectance (ATR). Spectra were obtained in transmission 

mode across the 4000–500 cm-1 wavenumber range and analysed using OPUS Spectroscopy 

Software. 

 

4.2.2.3 Thermogravimetric analysis 

Washed and dried films were weighed (3 – 5 mg) and placed in open aluminium sample pans. 

Thermal stability was investigated during thermogravimetric analysis (TGA). A Perkin Elmer 

TGA 4000 (Waltham, USA) instrument was used and the prepared films were heated from 

ambient temperature to 500°C at a heating rate of 10°C per minute. 

 

4.2.2.4 Swelling studies 

Films were washed and cut into 30 mm diameter circular discs and dried. The dry weight of 

each scaffold was recorded as Wi. The scaffolds were then immersed in a 50mL Falcon tube 

containing 10mL 1× PBS (pH 7.4) and incubated at 37°C for 24 hours. After 24 hours the 

scaffolds were retrieved from the PBS, blotted with filter paper to remove excess PBS, and the 

wet weight was recorded as Wf. The experimental setup is illustrated in Figure 4.1. The 

experiment was performed in triplicate and the degree of swelling of all samples was calculated 

using the equation: 

 

Degree of swelling = (Wf - Wi)/Wi   x 100  Equation 4.2 

 

 

Figure 4.1: Experimental procedure for swelling studies. 
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4.2.2.5 Degradation properties 

Films were washed and cut into 30 mm diameter circular discs and dried. The biodegradability 

of the prepared films was assessed using a lysozyme degradation test. Films were weighed 

(Wi) after 24 hours incubation in PBS. Subsequently the PBS solution was replaced by PBS 

containing 10 000 U/mL lysozyme and films were then incubated at 37°C. Following specific 

incubation periods (seven, 14 and 21 days), the films were collected from the lysozyme 

solution, washed with water and blotted with filter paper. The steps followed during degradation 

studies are illustrated in Figure 4.2. The remaining weight percentage was determined by using 

the equation: 

 

Weight loss % = 100 - [(Wi- - Wf)/Wi] x 100 Equation 4.3 

 

 

Figure 4.2: Experimental procedure for degradation studies. 

 

4.3 Results 

4.3.1 Stability of PVAc composite films in aqueous solutions 

The stability of PVAc composite films was determined as a function of swelling. Table 4.2 

provides a summary of swelling results obtained from the different films. PVAc composite 

materials that were unable to form a solid film at the bottom of the plate were excluded from 

data analysis. Additionally, optical density values at wavelength of 450 nm for some of the 3% 

PVAc composite films were outside of the dynamic range and therefore data of these films 
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were excluded from further evaluations due to quantitative data not comparable to other films. 

The excluded films are indicated with N/A (not applicable) in the table.  

Films containing 2% chitosan for all three PVAc concentrations (1%, 3% and 5%) 

produced a solid film. The 3% and 4% chitosan films prepared using 2% and 3% Ascorbic acid 

were unable to form a solid film. However, the 3% Chitosan film containing 3% PVAc prepared 

using 3% Ascorbic, did form a solid film.  

Swelling percentage values above 0 indicate that the film absorbed the solution, and 

as a result, the optical density and refractive index of the swollen polymer becomes larger than 

that of the dry film. Swelling percentage values below 0 indicate structural change in the film 

as a result of swelling, or that the film is in the process of dissolving.  

 

Film composition Solid film (Yes/No) 
Swelling % above (+) or below 

(-) 0 

2% Chitosan, 1% Ascorbic, 1% PVA Y + 

2% Chitosan, 2% Ascorbic, 1% PVA Y - 

2% Chitosan, 4% Ascorbic, 1% PVA Y + 

2% Chitosan, 3% Ascorbic, 1% PVA Y + 

2% Chitosan, 1% Ascorbic, 3% PVA Y N/A 

2% Chitosan, 2% Ascorbic, 3% PVA Y N/A 

2% Chitosan, 3% Ascorbic, 3% PVA Y N/A 

2% Chitosan, 4% Ascorbic, 3% PVA Y N/A 

2% Chitosan, 1% Ascorbic, 5% PVA Y + 

2% Chitosan, 2% Ascorbic, 5% PVA Y + 

2% Chitosan, 3% Ascorbic, 5% PVA Y + 

2% Chitosan, 4% Ascorbic, 5% PVA Y + 

3% Chitosan, 1% Ascorbic, 1% PVA Y + 

3% Chitosan, 2% Ascorbic, 1% PVA N N/A 

3% Chitosan, 3% Ascorbic, 1% PVA N N/A 

3% Chitosan, 4% Ascorbic, 1% PVA Y - 

3% Chitosan, 1% Ascorbic, 3% PVA Y + 

Table 4.2: Summary of swelling results obtained for prepared films. 
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3% Chitosan, 2% Ascorbic, 3% PVA N N/A 

3% Chitosan, 3% Ascorbic, 3% PVA Y N/A 

3% Chitosan, 4% Ascorbic, 3% PVA Y N/A 

3% Chitosan, 1% Ascorbic, 5% PVA Y - 

3% Chitosan, 2% Ascorbic, 5% PVA N N/A 

3% Chitosan, 3% Ascorbic, 5% PVA N N/A 

3% Chitosan, 4% Ascorbic, 5% PVA Y - 

4% Chitosan, 1% Ascorbic, 1% PVA Y + 

4% Chitosan, 2% Ascorbic, 1% PVA N N/A 

4% Chitosan, 3% Ascorbic, 1% PVA N N/A 

4% Chitosan, 4% Ascorbic, 1% PVA Y - 

4% Chitosan, 1% Ascorbic, 3% PVA Y N/A 

4% Chitosan, 2% Ascorbic, 3% PVA N N/A 

4% Chitosan, 3% Ascorbic, 3% PVA N N/A 

4% Chitosan, 4% Ascorbic, 3% PVA Y N/A 

4% Chitosan, 1% Ascorbic, 5% PVA Y + 

4% Chitosan, 2% Ascorbic, 5% PVA N N/A 

4% Chitosan, 3% Ascorbic, 5% PVA N N/A 

4% Chitosan, 4% Ascorbic, 5% PVA Y + 

Not applicable (N/A) 

 

Quantitative and visual results of films containing 1% PVAc that formed solid films are 

shown in Table 4.3 and films containing 3% PVAc (Table A1) and 4% PVAc (Table A2) can be 

found in Appendix A. 
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Film composition Swelling percentage (%) Representative photo  

2% Chitosan, 1% Ascorbic, 1% PVA 75,2 

 

2% Chitosan, 2% Ascorbic, 1% PVA - 29,2 

 

2% Chitosan, 3% Ascorbic, 1% PVA 22,4  

 

2% Chitosan, 4% Ascorbic, 1% PVA 63,1  

 

3% Chitosan, 1% Ascorbic, 1% PVA 8,7 

 

3% Chitosan, 3% Ascorbic, 1% PVA - 59,0 

 

3% Chitosan, 4% Ascorbic, 1% PVA - 60,4 

 

4% Chitosan, 1% Ascorbic, 1% PVA 5,2 

 

4% Chitosan, 4% Ascorbic, 1% PVA - 45,6 

 

Negative (-) values indicate structural change or dissolving of films 

 

Table 4.3: Swelling results of 1% PVAc composite films. 
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The films containing the 1% PVAc, and the 2%, 3% and 4% chitosan dissolved in 1% 

ascorbic acid were stable, with swelling percentage values ranging from 5,2% to 75,2%. 

However, films prepared using 4% ascorbic acid had values below 0 (-60,4% and -45,6%), that 

conform with visual results indicating excessive swelling or, in cases where solid films were 

not clearly visible, suggest that films are dissolving (Table 4.3). 

All 2% Chitosan films containing 5% PVAc had values greater than 0, indicating that the 

films were stable, while all 3% Chitosan films (1% and 4% ascorbic acid) had values lower 

than 0. Visual results in Table A2 show excessive swelling for 3% Chitosan, 1% Ascorbic. The 

4% Chitosan films prepared using 1% and 4% ascorbic acid also displayed values greater than 

0, implying that the films were stable.  

Only one film containing 3% PVAc had a value above 0, which was 3% chitosan 

dissolved in 1% ascorbic acid (Table A1). 

Even though some films containing 3% and 5% PVAc showed solid and stable films in 

PBS, stable 1% PVAc films were selected for further investigation as a result of the lower ratio 

of PVAc to chitosan.  

 

4.3.2 Physiochemical characterisation of selected films 

Films selected based on the results of formulation optimisation are shown in Table 4.4. These 

films, together with the control films provided in Table 3.2, were used in further investigation.  

 

Film composition % Chitosan % ascorbic acid % PVAc 

PVAc composite 2% CS 2 1 1 

PVAc composite 3% CS 3 1 1 

PVAc composite 4% CS 4 1 1 

 

4.3.2.1 Morphology evaluations 

The surface morphology of fabricated films was analysed using scanning electron microscopy 

(SEM). Micrographs of Acetic CS and Ascorbic CS control films are shown in Figure 4.3 and 

Figure 4.4 respectively, and PVAc composite films can be seen in Figure 4.5.  

Surface morphology of all Acetic CS films was non-porous with a smooth and even 

surface (Figure 4.3), and was morphologically similar to Ascorbic 2% CS (Figure 4.4 A-B) and 

Table 4.4: Chemical composition of PVAc composite films. 
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PVAc composite 2% CS (Figure 4.5 A-B) films. The non-porous structure is due to the chitosan 

completely dissolving in the acid followed by passive drying. As a result of the ratio of chitosan 

to ascorbic acid, the Ascorbic 2% CS and PVAc composite 2% CS films allow higher 

percentage of chitosan to dissolve, resulting in a solid film.  

Both Ascorbic CS and PVAc composite films containing 3% and 4% chitosan had an 

uneven and irregular distribution of pores (Figure 4.4 C-F and 4.5 C-F). The porous structure 

of the 3% chitosan and 4% chitosan in Ascorbic CS and PVAc composite films was due to the 

undissolved chitosan that collected at the bottom of the petri dish during passive drying. 

Evidently, undissolved chitosan produced pores in films with higher percentages of chitosan.  
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Figure 4.3: SEM micrograph showing the surface morphology of Acetic CS film.  

Smooth and non-porous structure of Acetic CS 2% films (A-B); solid and non-porous 

structure of Acetic CS 3% films (C-D); non-porous structure of Acetic CS 4% films (E-

F). 
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Figure 4.4: SEM micrograph showing the surface morphology of Ascorbic CS films.  

Non-porous smooth and even surface Ascorbic CS 2% films (A-B); Porous uneven 

and irregular structure of Ascorbic CS 3% films (C-D); highly porous and uneven 

surface morphology of Ascorbic CS 4% films (E-F). 
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Figure 4.5: SEM micrograph showing the surface morphology of PVAc composite 

films.  

Non-porous and solid of PVAc composite 2% CS films (A-B); Porous and irregular structure 

of PVAc composite 3% CS films (C-D); Highly porous and irregular structure of PVAc 

composite 4% CS films (E-F). 
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4.3.2.2 Fourier-transform infrared spectroscopy (FTIR) 

Spectra obtained for Acetic 3% CS, Ascorbic 3% CS, PVAc composite 3% CS and pure PVAc 

are presented in Figure 4.6. To simplify comparisons, only data obtained for 3% chitosan 

concentration for each film type is shown. Spectral features identified from the FTIR spectra 

were compared to literature and the assignments of the identfied peaks are listed in Table 4.5. 

 

Figure 4.6: FTIR spectra of Acetic CS 3%, Ascorbic 3% CS, PVAc 

composite CS 3% and PVAc. 
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Spectral position (cm-1) Description 

Chitosan peaks  

3358 -OH -group 

3281 -NH group stretching 

2916 CH symmetric stretching 

2862 CH asymmetric stretching 

1649 C=O stretching Amide I 

1584 N-H bending of the primary amine 

1420 CH2 bending 

1376 CH3 symmetrical deformations 

1327 C-N stretching of Amide III 

1152 Asymmetric stretching of the C-O-C bridge 

1065 C-O stretching 

1025 C-O stretching 

893 CH bending out of the plane of the ring of monosaccharides 

  

PVAc peaks  

1732 C=O stretching vibration band of acetate groups 

1432 CH3 asymmetric bending vibration 

1370 CH3 symmetric bending vibration 

1232 C-O stretching mode of ester groups 

1014 C-O stretching mode of ester groups 

 

Pure PVAc exhibited characteristic band 1732 cm-1 (C=O stretching vibration bands of 

acetate bonds) and absorption bands 1432 cm-1 and 1370 cm-1 ascribed to the asymmetric and 

symmetric bending vibration of CH3 respectively. Additionally, strong vibration bands at 1232 

cm-1 and 1014 cm-1 were observed due to C-O stretching mode of ester groups (Jeong et al., 

2013). For CS, typical spectral bands of 3358 cm-1 and 3281 cm-1 correspond to the O-H and 

N-H stretching. Spectral bands at 2916 cm-1 and 2862 cm-1 were observed as a result of 

symmetric and asymmetric stretching of C-H. The bands at 1649 cm-1 and 1327 cm-1 confirmed 

presence of residual N-acetyl groups that belonged to C=O stretching of amide I and C-N 

stretching of amide III respectively. Additionally, a band at 1584 cm-1 can be attributed to the 

N-H bending of the primary amine of CS. Moreover, bands at 1420 cm -1 and 1376 cm-1 

correspond to the CH2 bending and CH3 symmetrical deformations respectively. The band at 

1152 cm-1 could be due to the asymmetric stretching of the C-O-C bridge. Bands at 1065 cm-

Table 4.5: Fourier-transform infrared spectral band assignments. 
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1 and 1025 cm-1 could be due to C-O stretching (Fernandes Queiroz et al., 2015; Takara et al., 

2015).  

Chitosan prepared with ascorbic acid in Ascorbic CS and PVAc composite resulted in 

peak intensity and peak shifts to higher or lower frequencies compared to Acetic CS. The C-H 

asymmetric stretching peak at 2871cm-1 for Ascorbic CS and PVAc composite were higher 

than Acetic CS films (2862 cm-1). The amide I peak around 1649 cm-1, characteristic of the 

bending vibration of NH3, was shifted for Acetic CS films to a lower wavelength for Ascorbic 

CS and PVAc composite fims (1636 cm-1). The peak corresponding to N-H band of the primary 

amine of Acetic CS (1584cm-1) shifted to a higher wavelength for Ascorbic CS and PVAc 

composite r (1592cm-1 and 1594cm-1 espectively). Smaller intensity and shift of the peak can 

be related to the deformation of NH3 (Kosowska et al., 2019). 

The incorporation of PVAc into Ascorbic CS resulted in two peaks at 1737 cm -1 and 1243 

cm-1, confirming the presence of PVAc in PVAc composite films. Additionally, 1373 cm -1 peak 

intensity for CH3 symmetrical deformation increased for PVAc composites (Figure 4.6).  

 

4.3.2.3 Thermogravimetric analysis. 

Thermogravimetric analysis, providing information on the thermal properties of the material, 

was performed to provide some insight of the temperature range at which the material could 

be heated during the printing process. The TGA curves of Ascorbic CS and PVAc composite 

films are shown in Figure 4.7. There was a two-step weight loss in the range of 60 – 140°C 

and 240 – 440°C, corresponding with the loss of water from the material and the decomposition 

of CS. The only significant difference that could be observed was a higher persentage weight 

loss around 220°C in 2% chitosan films compared to 3% and 4% chitosan films.  

 

 

Figure 4.7: TGA curves of Ascorbic CS and PVAc composite films.  

No change observed between Ascorbic CS and PVAc composite films with 3% and 4% 

chitosan concentration. However, for 2% chitosan in Ascorbic CS and PVAc composite 

3% CS higher percentage weight loss around 220°C were observed. 
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4.3.2.4 Swelling studies 

Results of the swelling studies are shown in Figure 4.8. The swelling of Acetic CS films was 

below 100%, while the degree of swelling for Ascorbic CS and PVAc composite films was 

above 100%. Based on comparisons of the three films there were no statistically significant 

differences between PVAc composite and Ascorbic CS films. However, the degree of swelling 

of Acetic CS was significantly lower compared to both PVAc composite and Ascorbic CS films. 

The addition of PVAc to chitosan had no effect on 4% chitosan films.However, the results 

indicate a decrease in the degree of swelling of 2% chitosan and an increase in 3% chitosan 

films. The reduced swelling properties of Acetic CS films may be as a result of the non-porous 

structure of the films (Figure 4.3). However, Ascorbic CS and PVAc composite films are more 

porous (Figures 4.4. and 4.5) allowing better swelling capabilities (Figure 4.8).  

 

 

Figure 4.8: Swelling behaviour of films after 24 hours incubation. 

Error bars display the standard deviation of the mean value. Stars (*) indicated 

significant difference between films (p < 0.05). 
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4.3.2.5 Biodegradability 

Figure 4.9 shows the degradation profile of the prepared films. Degradation of Acetic 2% CS, 

Acetic 3% CS and Acetic 4% CS were approximately 5%, 3%, and 4% respectively (Figure 4.9 

A). After 21 days of incubation, the weight remaining for Ascorbic 2% CS, Ascorbic 3% CS and 

Ascorbic 4% CS films was approximately 19%, 11%, and 16% respectively (Figure 4.9 B). 

Degradation of PVAc composite films revealed a similar pattern to Ascorbic films with ~18% 

for PVAc composite 2% CS, ~14% for PVAc composite 3% CS and ~16% for PVAc composite 

4% CS (Figure 4.9 C). Decreased degradation rates were observed for higher chitosan 

concentrations. However, the Ascorbic 3% CS and PVAc composite 3% CS had lower 

degradation rates as compared to their 4% counterparts. 

 

 

Figure 4.9: Biodegradability of films following incubation for 7, 14 and 21 days. 

Biodegradation profile of varying concentrations of chitosan in A) Acetic CS films, 

B) Ascorbic CS films and C) PVAc composite films are shown. 
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4.4 Discussion  

Biomedical application of PVAc include titanium implant coatings (Abdal-Hay et al., 2014; 

Abdal-hay et al., 2015), tissue engineering (Ha et al., 2013; Radhakumary et al., 2012) and 

wound healing (Jannesari et al., 2011; Wang et al., 2017a). Scaffolds that combine chitosan 

and PVAc are not commonly used in tissue engineering. However, Jeong et al. (2013) 

fabricated nanofibrous membranes using electrospinning and Radhakumary et al. (2012) 

produced membranes by using solvent casting and evaporation. This combination has not 

previously been used for BTE applications nor AM fabricated scaffolds.  

A major challenge in AM of hydrogels such as chitosan is the fabrication of biocompatible 

stable structures with high precision and good mechanical properties (Wang et al., 2018). The 

stability of chitosan in aqueous solution results in low mechanical strength and a lack of 

structural precision of AM printed chitosan. Limitations of mechanical properties are overcome 

by combining chitosan with other materials, followed by crosslinking (ionic or covalent). 

However, chemical crosslinkers such as glutaraldehyde may compromise biocompatibility 

(Topuz et al., 2018). The limitations of AM printing chitosan and other natural polymers have 

led to the development of novel printable materials and fabrication methods for AM.  

In light of the above, the biomaterials developed in the present study were formulated to 

be stable in aqueous solutions when rehydrated. Therefore, selection of the optimal ratio of 

components was determined by the stability of films upon rehydration. The stability of films 

was determined as a function of swelling, by measuring the change in optical density of dry 

and hydrated films. A similar approach has previously been used by Ogieglo et al. (2017).  

All chitosan films (2-4% chitosan) prepared by using 1% ascorbic acid and 1% PVAc, 

showed good stability when hydrated using PBS, with percentage swelling above 0. Upon 

hydration and swelling of the films there is an increase in the refractive index (optical density) 

of films, suggesting that films were stable in PBS after 24 hours incubation. The process of 

swelling can be either limited (when a certain amount of liquid has been absorbed the swelling 

would stop) or unlimited (swelling continues until the film completely dissolves) (Dušek et al., 

2017). In unlimited swelling, the swelling percentage would be less than 0, with optical density 

lower in hydrated films compared to dry films. Suggesting that the films underwent excessive 

swelling or films are dissolving. This was the case for chitosan films containing 1% PVAc that 

was prepared using 4% ascorbic acid.  

Chitosan films containing 5% PVAc showed good swelling, with swelling percentage 

values greater than 0 (Table A2). However, 3% chitosan films prepared with 1% and 4% 

ascorbic acid respectively had values less than zero. In the 1% ascorbic acid this result was 

confirmed by the structural changes visible following a visual inspection of the film.  
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The swelling results of the films were used to select the most stable chitosan films. Even 

though some films containing 3% and 5% PVAc showed solid and stable films in PBS, the 1% 

films were preferred due to the lower ratio of PVAc to chitosan. A higher ratio of PVAc to 

chitosan may result in the hydrophobic nature of PVAc compromising the cell attachment 

properties of chitosan. Therefore 2%, 3% and 4% chitosan films containing 1% PVAc and 

prepared using 1% ascorbic acid were selected for further investigation. In these films the ratio 

of ascorbic acid to chitosan was insufficient to allow complete dissolution of chitosan. These 

films, however, were the most stable, suggesting that the undissolved chitosan particles 

improve the stability of films.  

The physicochemical properties of PVAc composite and control films were determined 

using a variety of characterisation techniques. In PVAc composite and Ascorbic CS films, the 

ratio of chitosan to ascorbic acid varied, resulting in films with different surface morphologies. 

Micrographs obtained using SEM showed PVAc composite 2% CS and Ascorbic 2% CS films 

had a solid structure with no pores (Figure 4.4 A-B and Figure 4.5 A-B). Even though the ratio 

of chitosan to acid was not enough to completely dissolve chitosan, a solid structure, similar 

to Acetic CS where chitosan was completely dissolved, was obtained (Figure 4.3). These solid 

structures are not fit for tissue engineering applications, as porous structures are essential. 

Chitosan solutions used to fabricate tissue engineering scaffolds uses freeze drying, particle 

leaching and electrospinning to produce porous scaffolds.  

PVAc composite and Ascorbic CS scaffolds prepared using 3% and 4% chitosan showed 

a porous film (Figure 4.4 C-F and Figure 4.5 C-F). During passive drying undissolved chitosan 

particles collected at the bottom of the film, inducing pores into the films. Scaffolds for BTE 

should be highly porous, including both macro and micro porosity, to allow cell migration and 

nutrient, oxygen and waste exchange throughout the scaffold (Turnbull et al., 2017). The 

resulting SEM micrographs of PVAc composites developed in this study, suggest that the pores 

introduced into the films as a result of undissolved chitosan may introduce micro porosity in 

scaffolds during fabrication of scaffolds. 

Fourier-transform infrared spectroscopy is an analytical technique used to study material 

composition and the interaction between components. Spectral data obtained indicated 

characteristic peaks for pure chitosan (Acetic CS and Ascorbic CS) and PVAc components 

(Table 4.5). Chitosan prepared with ascorbic acid in Ascorbic CS and PVAc composite resulted 

in peak intensity and peak shifts to higher or lower frequencies compared to Acetic CS. This 

was also previously reported for chitosan prepared with different organic acids (Cervera et al., 

2011; Kim et al., 2006). For example, the smaller intensity and shift of the peak corresponding 

to N-H band of the primary amine of Acetic CS from 1584 cm-1  to 1592 cm-1  and 1594 for 

Ascorbic CS and PVAc composite respectively can be related to the deformation of NH3 

(Kosowska et al., 2019). The incorporation of PVAc into Ascorbic CS resulted in two peaks at 

https://www.sciencedirect.com/topics/engineering/physicochemical-property
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1737 cm-1 and 1243 cm-1, confirming the presence of PVAc in PVAc composite films. 

Additionally, 1373 cm-1 peak intensity for CH3 symmetrical deformation increase for PVAc 

composites (Figure 4.6).  

Thermogravimetric analysis provided information on the thermal properties of the 

material to give some insight of the temperature range at which the material could be heated 

during the AM process. Chitosan cannot be melted and processed as a thermoplastic as a 

result of its semicrystalline nature. Additionally, determining chitosan melting point before 

decomposition is difficult due to intermolecular and intramolecular hydrogen bonds (Qiao et 

al., 2019). Consequently, conventional AM systems, where materials are processes at high 

temperature, are not suitable. Chitosan decomposes at temperatures above 220°C. Therefore, 

temperatures used in the printing process should be below this temperature (Chavanne et al., 

2013). Results of thermogravimetric analysis (Figure 4.6) indicate that there is a two-step 

weight loss in the range of 60°C – 140°C and 240°C – 440°C, corresponding to the loss of 

water from the material and the decomposition of chitosan (Shakir et al., 2015). Thermal 

behaviour of PVAc composite and Ascorbic CS films evaluated during thermogravimetric 

analysis indicated no significant differences between 3% and 4% PVAc composite and 

Ascorbic CS films. However, for the 2% chitosan counterparts the onset of thermal 

decomposition occurred at a lower temperature compared to 3% and 4%, suggesting that the 

onset of thermal decomposition temperature increase with increasing chitosan concentration. 

Similar findings were reported by (Cai & Zhao, 2015). These results provide valuable data in 

terms of the temperature range that can be used in the AM process. As indicated by the results, 

the material can sustain heat up to about 200°C. Water evaporation occurs at around 100°C 

and the solutions are water-based. Therefore 140°C (as indicated by the results) would be 

sufficient for AM. However, the material is stable to around 200°C, which can potentially be 

useful as a rise in temperature will result in increased rate of evaporation, accelerating the AM 

process. 

A key characteristic of tissue engineering scaffolds is its adequate swelling properties. 

Swelling capacity is critical because it allows the absorption of physiological fluid and the 

exchange of nutrients, oxygen, and waste through scaffolds. Controlled swelling is another 

factor that should be considered. Excessive swelling may lead to dimensional changes 

resulting in reduced mechanical properties (Bee & Hamid, 2019). The degree of swelling of 

Acetic CS is lower compared to Ascorbic CS and PVAc composite films (Figure 4.8). This is 

as a result of the non-porous structure of films. Scaffolds with a porous structure allows 

material to absorb large quantities of water (Lončarević et al., 2017). Films containing 3% 

chitosan for both Ascorbic CS and PVAc composite showed lower degree of swelling 

compared to the 2% and 4% chitosan counterparts. This was not expected, as 3% chitosan 

films contained more pores than 2% chitosan films. This result highlights that swelling of 
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chitosan films is as a result of the protonation of the amine group. Therefore, the amine groups 

of chitosan chains together with porosity determine the swelling ability of chitosan scaffolds 

(Levengood & Zhang, 2014). This could possibly explain the lower swelling ability of 3% 

chitosan compared to 2% chitosan. The ratio of the chitosan to ascorbic acid for 2% chitosan 

scaffolds allow more protonation of amine groups. Therefore 3% chitosan has less protonated 

amine groups, reducing swelling abilities.  

Biodegradability of biomaterials for tissue engineering is crucial to allow space for the 

formation of new tissue. Extensive research on chitosan biodegradation has shown several 

pathways of in vivo biodegradation in mammals. Chitosan is degraded in vivo through 

enzymatic hydrolysis catalysed by various enzymes, with lysozyme primarily responsible for 

degradation (Li et al., 2018a; Rodríguez-Vázquez et al., 2015). During hydrolysis the 

interaction of water molecules breaks the polymer network into smaller chains. Human 

lysozyme is present in the various human bodily fluids and tissues and during inflammation 

macrophage and neutrophils cells release enzymes such as lysozyme and reactive oxygen 

species (Costa-Pinto et al., 2014; Gallyamov et al., 2018; Thein-Han & Misra, 2009). The rate 

of biodegradation of scaffolds for BTE should ideally be consistent with the regeneration rate 

of new bone tissue. Qasim et al. (2015) reported that the addition of hydroxyapatite into 

chitosan membranes resulted in reduced porosity and swelling properties, resulting in a 

decrease rate of hydrolysis. Therefore, degradation of scaffolds depend on the material 

properties and porosity (Velasco et al., 2015). The current study showed similar findings and 

it was observed that non-porous Acetic CS films showed a weight loss of 5%, while the weight 

loss percentages of porous Ascorbic CS and PVAc composite films ranged between 10% and 

19% (Figure 4.9). It has also been reported that an increase in the amount of chitosan in 

scaffolds decreases degradation (Raz et al., 2018). Similar results were seen with the Ascorbic 

CS and PVAc composite films. However, the ascorbic 3% CS and PVAc composite 3% CS 

had lower degradation rates compared to their 4% counterparts. This may be as a result of 

their reduced swelling properties (shown in Figure 4.8), which lowers the rate of hydrolysis and 

subsequently reduces the rate of degradation.  

These investigations aimed at developing a PVAc composite consisting of the optimal 

component ratio to produce stable films. As mentioned in Chapter 2, scaffolds intended for 

BTE have to meet certain requirements. Preliminary results revealed that PVAc composite 

films meet selected requirements of BTE scaffolds. Additionally, the thermal behaviour of these 

blends suggests potential printability using a low temperature AM technique.  

In light of the above, PVAc composite 2% CS, PVAc composite 3% CS and PVAc 

composite 4% CS films were selected to establish their biological properties and determine the 

printability of the material. This will be further investigated and discussed in chapters 5 and 6. 
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4.5 Conclusion 

In this chapter the biopolymer blend was formulated and optimised to determine the 

component ratios in PVAc composite films that yielded the most stable films. Films with 

chitosan concentration 2%, 3% and 4% dissolved in 1% ascorbic acid and 1% PVAc were the 

most stable in PBS solutions following 24 hours incubation. Fourier-transform infrared 

spectroscopy spectra confirmed the presence of PVAc in PVAc composite films. Overall results 

suggest that the addition of PVAc had no significant effect on the properties of Ascorbic CS 

films (control). Results of PVAc composite films indicate that films exhibited controllable 

swelling and were biodegradable within a three-week period. Surface morphology evaluations 

showed that the undissolved chitosan introduced pores into the films, which affected the 

swelling and biodegradability properties of PVAc composite films. The results suggest that the 

PVAc composites possess key characteristics that are essential in biomaterials in BTE 

applications. 
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5.1 Introduction 

Williams (1999) defines biomaterial as a “material intended to interface with biological systems 

to evaluate, treat, augment or replace any tissue, organ or function of the body”. One of the 

main requirements of tissue engineering scaffolds is biocompatibility. Key factors in the design 

and application of successful biomaterials are cell and tissue response. Bone tissue 

engineering (BTE) scaffolds should be biocompatible, which means it should be non-toxic and 

support normal cell activity (Bose et al., 2012). One method to evaluate cell and tissue 

response, is measuring in vitro cytocompatibility to determine if the material has any effect on 

cell viability. 

Chitosan and poly(vinyl acetate) (PVAc) are both biocompatible polymers (Acik et al., 

2019; Shanmugapriya et al., 2018). However, PVAc is a hydrophobic polymer with poor cellular 

affinity, which hinder its application in tissue engineering (Jeong et al., 2013). Unlike PVAc, 

chitosan is hydrophilic and promotes the adhesion of cells on chitosan structure. Therefore, by 

blending these two polymers, chitosan could eliminate the hydrophobicity of PVAc to promote 

the adhesion of cells on the PVAc composite films. 

Another favourable property of chitosan is its antimicrobial activity. Implant-related 

infections are a major problem in the orthopaedic surgery field and antimicrobial properties of 

chitosan make this polymer even more appealing for BTE scaffolds (Mauffrey et al., 2016). 

However, blending chitosan with other materials can impair its inherent antibacterial properties 

(Hamedi et al., 2019; Pighinelli et al., 2012). It was therefore necessary to determine if the 

alternative solvent system and incorporation of PVAc influenced the antibacterial activity of 

chitosan.  

The prepared PVAc composite and chitosan blends were evaluated for cytocompatibility 

and antibacterial activity.  

 

5.2 Methods 

Refer to Chapter 3 for comprehensive description of film preparation methodologies for Acetic 

CS, Ascorbic CS (Section 3.3.2) and PVAc composite films (Section 3.3.1) and the steps 

followed during neutralisation of films (Section 3.3.3). 

 

5.2.1 Mammalian cell culture 

Primary gingival fibroblast (HGF) (ATCC® PCS-201-018™), normal, human, adult, and human 

foetal osteoblast (hFOB 1.19) (ATCC® CRL11372™) were purchased from ATCC (Manassas, 
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Virginia, USA) and Cellonex (Johannesburg, South Africa) respectively. HGF cell line was 

cultured in DMEM (Gibco®) and supplemented with 10% (v/v) FBS, 100 units/mL penicillin and 

100 μg/mL streptomycin. The hFOB 1.19 cell line was cultured in DMEM-F12 1:1 and 

supplemented with 10% (v/v) FBS, 100 units/mL penicillin, 100 μg/mL streptomycin and 15mM 

HEPES buffer (pH 7.4). 

 

5.2.1.1 Cell culturing 

Each cell line was cultured according to the specifications given by ATCC. The HGF cells were 

grown in complete cell culture media (DMEM, FBS, P/S) in an incubator with 5% CO2 

atmosphere at 37°C until the desired confluency was reached. Throughout the study cells were 

passaged upon reaching ±70 - 80% confluency. The hFOB 1.19 cells were grown in complete 

cell culture media (DMEM-F12, FBS, P/S, HEPES) in an incubator with 5% CO2 atmosphere 

at 34°C. Media was changed every two to three days. 

 

5.2.1.2 Sub-culturing and cryopreservation 

To maintain culture in the exponential growth phase, it is necessary to sub-culture or passage 

cells upon reaching confluency. This was accomplished by trypsinisation according to an 

established standard operating procedure (SOP). The cells were retrieved from the incubator 

and were rinsed twice with sterile PBS, then trypsinised with 1× trypsin for 5 minutes at 37°C. 

The cells detached and trypsin was inactivated by adding cell culture medium. Resulting cell 

suspension were then split into different cell culture flasks and cultured further (see above) or 

prepared for either cryopreservation or cell counting. 

Cell cultures stocks were prepared by cryopreservation at a specific passage number to 

ensure continuity. The cell suspension was centrifuged for five minutes at 400 × g (for HGF) 

or 125 × g (hFOB 1.19), depending on the cell line, followed by removing the supernatant. 

Resulting pellets were resuspended in 1mL cell culture media containing 5% (v/v) DMSO and 

transferred into a cryovial and stored at -80°C.  

 

5.2.1.3 Cell counting 

Following trypsinisation of cells and the addition of fresh cell culture media, cell suspension 

was centrifuged for five minutes at 400 × g (for HGF) or 125 × g (hFOB 1.19) depending on 

the cell line, followed by removing the supernatant. Resulting pellets were resuspended in 1mL 

cell culture media, and a hemocytometer was used to count cells. In an Eppendorf tube, 40 µL 

PBS, 50 µL trypan blue solution and 10 µL cell suspension were mixed together, after which 
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10 µL was added to the central counting area of hemocytometer that was covered by a 

coverslip. The hemocytometer was then screened using a microscope, counting cells in the 

four outer corner squares (containing 16 smaller squares) as shown in Figure 5.1. 

 

 

Figure 5.1: Hemocytometer image at 100 x microscopic magnification indicating 

counted squares. 

 

The number of cells in 1mL of cell suspension was calculated using the following equation: 

 

Cells/1mL =
number of cells in all four squares x 10000

4 x 0,1
 Equation 5.1 

 

5.2.2 Indirect cytocompatibility assay 

The indirect in vitro cytocompatibility prepared films were determined by exposing HGF and 

hFOB 1.19 cells to extracts of the materials followed by measuring cell viability. Cell viability 

was determined using resazurin sodium salt. The reduction of resazurin to resorufin 

corresponds to the number of living cells. By studying the absorbance at 570 nm and 600 nm, 

relative metabolic activity for cells can be determined. Figure 5.2 provides a breakdown of the 

steps followed in the resazurin reduction assay.  
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Figure 5.2: Illustration of steps followed during indirect cytocompatability 

assay. 

 

Extracts were prepared by incubating 15 cm2 washed and air-dried films in 5mL cell 

culturing medium for 24 hours at 37°C with agitation. On the same day, cells were seeded into 

48 well plates at a density of 20 000 cells/well and incubated for 24 hours under standard cell 

culture conditions to allow cell attachment. The next day cell culture media of seeded cells 

were discarded and replaced by extract media. Cell viability was determined following 24 and 

48 hour incubation periods with extract media. After the specific incubation period, extract 

media was replaced with fresh media containing resazurin solution (200 mg/L in PBS, 10 v/v) 

and incubated for a four-hour period. Following incubation, a 100 μL sample of each well was 

collected and transferred to a 96 well plate. The absorbance was measured using a Synergy 
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HT microplate reader (BioTek Instruments) at a wavelength of 570 nm and a reference 

wavelength of 600 nm. Absorbance values were obtained using version 1.11.5 of the Gen5 

Data Analysis software (BioTek Instruments). The percentage reduction and viability were 

calculated using the following equations: 

 

AOLW = Absorbance of resazurin in media (570 nm) – media only Equation 5.2 

AOHW = Absorbance of resazurin in media (600 nm) – media only Equation 5.3 

Ro = AOLW / AOHW Equation 5.4 

% Reduction = [ALW – (AHW x Ro)] x 100 Equation 5.5 

Ro: correction factor 

AOLW: absorbance of oxidized form at the lower wavelength 

AOHW: absorbance of oxidized form at the higher wavelength 

ALW = absorbance value (570 nm) - media blank  

AHW = absorbance value (600 nm) - media blank 

 

  

% Viability = (%Reduction of media control)/(% reduction of sample) x 100 Equation 5.6 

 

5.2.2.1 Cell morphology assessments 

An inverted light microscope (Olympus lx70 light microscope equipped with a Nikon digital 

Camera DXM 1200) were used to determine if cells retained their characteristic cell 

morphology after incubation with extracts. Micrographs were obtained using the imaging 

software NIS Elements Version 4.  

 

5.2.3 Attachment and morphology of cells seeded on thin films 

5.2.3.1 Thin film preparation 

For cell attachment and SEM morphology studies, ascorbic and PVAc composite chitosan 

solutions were evenly coated onto the surface of coverslips fitted in 24 well plates. The 

solutions were allowed to dry over a period of 48 hours to form a thin film. The coverslips 

coated with polymer solutions were washed once with 1.5 M NH3, three times with water and 

once with ethanol. The washed coverslips were placed in a clean 24 well plate and allowed to 

dry for 30 minutes. 
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5.2.3.2 Cell culture 

Air-dried coated coverslips were prepared for cell seeding by washing samples with PBS, 

followed by incubation in cell culture medium for three hours. Following the incubation period, 

cell culture medium was removed and HGF and hFOB 1.19 cells were seeded into 24 well 

plates at a density of 30 000 cells/well. Subsequently cell seeded coverslips were kept at 34°C/ 

37°C in a humidified incubator with 5% CO2 for four hours to allow cell attachment. Next, 

additional culture medium was added to cover the seeded coverslips and incubation was 

resumed.  

 

5.2.3.3 Preparation of scaffolds for scanning electron microscopy 

Cell attachment was observed using SEM after 24 hours seeding. The medium was removed 

and coverslips were washed with PBS three times. Cells were fixed with 2.5% glutaraldehyde 

for two hours, followed by removing the thin film from the coverslip. The thin polymer films were 

washed with PBS and dehydrated using graded ethanol-water solutions (30%, 50%, 70%, 

90%, and twice with 100%) and kept in a fume hood to dry at the room temperature. Sample 

preparation and examinations using SEM were performed as described in Chapter 3, Section 

3.4. 

 

5.2.4 Bacterial assays 

5.2.4.1 Bacterial strains 

Most implant-related infections caused by staphylococci, specifically Staphylococcus aureus 

and Staphylococcus epidermidis, are responsible for two out of three infection isolates (Ribeiro 

et al., 2012) (Ribeiro et al., 2012). Therefore the selected model strains for biological testing 

were S. aureus (ATCC 12600TM) (Gram-positive), S. epidermidis (Gram-positive) (ATCC 

12228TM) and Escherichia coli (ATCC 10536TM) (Gram-negative), provided by the Department 

of Microbiology of the North-West University.  

 

5.2.4.2 Preparation of plates and bacterial suspensions  

Nutrient agar plates were prepared by dissolving 3 g yeast extract, 5 g NaCl and 5g peptone 

powder in 1 L distilled water followed autoclaving the mixture. Sterilised media were allowed 

to cool down for about 30 minutes and poured into Petri dishes. Plates were allowed to solidify 

in a laminar flow for approximately two hours, followed by storage at 4°C until the experiment 
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was conducted. Nutrient broth was prepared by dissolving 3g yeast extract, 5g NaCl and 5g 

peptone powder in 1L distilled water, autoclaving the mixture and storing it at 4°C. 

Suspensions of each strain in culture medium were prepared as follows. First, a 

bacterial colony was retrieved from a cultured agar plate and suspended in nutrient broth. The 

colony was left to grow for 24 hours in an orbital shaker at 37°C. Following incubation, the 

bacterial suspensions were stored at 4°C until the experiment was started.  

 

5.2.4.3 Agar diffusion test 

For the agar diffusion test 70μL of the bacterial suspensions were spread onto nutrient agar 

plates, followed by placing three separate 30μL aliquots of the polymer solution dropwise onto 

plates. This was performed in triplicate for each chitosan concentration. The plates were 

incubated for 24 hours at 37°C, followed by measuring the zone of inhibition. The steps 

followed to evaluate antibacterial activity are illustrated in Figure 5.3. 

 

Figure 5.3: Steps followed in the agar diffusion test. 

 

5.3 Results 

5.3.1 In vitro cell culture results 

5.3.1.1 Cell viability 

An indirect cytocompatibility resazurin assay (Section 5.2.2) was performed for HGF and hFOB 

1.19 cells under standard cell culturing conditions (Section 5.2.1.1) to prevent interaction 

between chitosan blends and the biochemical assay components. Prepared extracts 

consisting of cell culture media and rehydrated film solution were incubated with cells to 
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determine toxicity of any leachable by-products from the chitosan films. The results are 

provided in Table 5.1. 

 

 

Cultures of HGF exposed to extracts contained cell viability values ranging between 

102.5% and 112.6% for 24 hour incubation, and 98.0% and 118.5% for 48 hour incubation. 

Following incubation with extracts for 24 hours, values for cell viability obtained for hFOB 1.19 

varied from 96.2% to 113.6%, and 94.4% and 116.4% after 48 hours’incubation (Table 5.1). 

Acetic CS films (literature reference) was compared to chitosan blends prepared (Section 

3.3.1 and Section 3.3.2) in this study. From the cell viability results, it could be seen that Acetic 

CS films had the highest cell viability values for both HGF and hFOB 1.19 cells after 24 and 

48 hours’ incubation. When Ascorbic CS and PVAc composite films were compared, no 

significant effect on cell viability was observed. With regards to individual concentrations, no 

trend in cell viability between different concentrations could be seen (Figure 5.4). 

 

Table 5.1: Mean values of cell viability after exposure to extracts (mean±SD, n = 3). 

 Cell viability (% of medium control) 

 HGF hFOB 1.19 

Film composition 24 h 48 h 24 h 48 h 

Acetic 2% CS 110.6 ± 8.6 118.5 ± 1.6 112.0 ± 2.4 107.1 ± 7.2 

Acetic 3% CS 110.2 ± 5.5 118.0 ± 0.8 113.6 ± 1.5 116.4 ± 2.8 

Acetic 4% CS 106.6 ± 6.2 111.2 ± 12.1 109.2 ± 2.4 96.2 ± 0.8 

Ascorbic 2% CS 102.5 ± 8.5 101.1 ± 2.7 100.0 ± 1.0 100.9 ± 3.7 

Ascorbic 3% CS 103.0 ± 14.9 109.8 ± 11.9 101.0 ± 1.7 100.1 ± 8.2 

Ascorbic 4% CS 112.6 ± 4.5 104.0 ± 2.2 102.0 ± 0.4 100.1 ± 4.2 

PVAc composite 2% CS 105.7 ± 4.7 100.9 ± 4.3 97.4 ± 4.7 94.4 ± 4.3 

PVAc composite 3% CS 103.7 ± 4.5 98.0 ± 6.2 96.2 ± 4.5 108.3 ± 6.2 

PVAc composite 4% CS 105.3 ± 4.0 101.5 ± 7.1 105.8 ± 4.0 100.8 ± 7.1 
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Figure 5.4: Cell viability of HGF and hFOB 1.19 cells incubated with extracts. 

Extracts were prepared for PVAc composite, Ascorbic CS and Acetic CS films and exposed 

to A-B) HGF and C-D) hFOB 1.19 cells for 24 hours and 48 hours. Cells incubated with 

standard cell culture media were used as control. A resazurin reduction assay was used to 

measure cell viability. Error bars represent standard deviation (n=3).  

 

Cell viability data of the 2% – 4% chitosan concentrations were combined and PVAc 

composite, Acetic CS and Ascorbic CS films were compared for the HGF and hFOB 1.19 cell 

lines (Figure 5.2). Acetic CS films had higher cell viability for both HGF and hFOB 1.19 cells 

compared to Ascorbic CS and PVAc composite films. Additionally similar results were 

observed for both incubation periods of 24 and 48 hours. The results for Ascorbic CS and 

PVAc composite films were similar (Figure 5.5), and a student t-test was performed to compare 

cell viability of the two cell lines exposed to extracts of films for 24 hours and 48 hours 

incubation.  
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Figure 5.5: Comparison of cell viability of cells incubated with extracts of films.  

Cell viability of A) HGF cells with extracts and B) hFOB 1.19 cells that were exposed to 

extracts for 24 hours and 48 hours. Concentration of chitosan was excluded to compare the 

different films. Error bars represent standard deviation (n=9). 

 

Boxplots were constructed for cell lines incubated for 24 hours and 48 hours for the three 

different films (Figure 5.6). A student t-test was also performed to compare each of the films. 

For the HGF cell line, incubated for 24 hours, cell viability was found to be statistically similar 

for all films. However, for 48 hours incubation statistically significant differences were found for 

PVAc composite films compared to both Ascorbic CS films and Acetic CS films. For the 24 

hours and 48 hours incubation of hFOB 1.19 cells, cell viability of PVAc composite films and 

Ascorbic CS films were compared, showing no statistically significant differences. However, 

Acetic CS films showed statistically significant higher cell viability compared to PVAc 

composite and Ascorbic CS films results (Figure 5.6 C-D). 
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Figure 5.6: Boxplots depicting the percentage cell viability of the two cell 

lines exposed to extracts of films for 24 h and 48 h incubation.  

A) 24 h incubation of HGF cell line with extracts, B) 48 h incubation of HGF cell line 

with extracts, C) hFOB 1.19 cell line exposed to extracts for 24h, D) hFOB 1.19 cell 

line exposed to extracts for 48h incubation. Outliers were depicted as circles. Stars (*) 

indicate significant difference between films (*p < 0.05). 

 

5.3.1.2 Morphology of the cells exposed to extracts 

Following 24 hour incubation, the morphology of the cell types was evaluated after exposure 

to the prepared extracts. Figure 5.7 and Figure 5.8 (micrographs of Acetic CS and Ascorbic 

CS are displayed in Appendix B, Figure B1 - Figure B4) show the unchanged cell morphology 

of HGF and hFOB 1.19 cells after 24 hours exposure to PVAc composite chitosan extracts.  
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Figure 5.7: hFOB 1.19 cells cultured with PVAc composite CS extracts. 

A) Cells cultured in standard culture media (control) and B) PVAc composite 2% 

chitosan, C) PVAc composite 3% chitosan and D) PVAc composite 4% chitosan. Cells 

exposed to PVAc composite extracts presented normal cell morphology compared to 

control.  
 

 

Figure 5.8: HGF cells cultured with PVAc composite CS extracts. 

A) Cells cultured in standard culture media (control) and B) PVAc composite 2% 

chitosan, C) PVAc composite 3% chitosan and D) PVAc composite 4% chitosan. 

Normal cell morphology was observed for cells exposed to PVAc composite 

extracts. 
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Cell morphology of cells that were exposed to different extracts were compared to the 

control (cells cultured in standard cell culture media) (Figure 5.7A and Figure 5.8A). 

Micrographs of morphology evaluations indicate that the tested materials did not cause any 

cell morphology changes. HGF cells exposed to PVAc composites (Figure 5.8), Acetic CS 

(Figure B3) and Ascorbic CS (Figure B4) retained their fibroblastic morphology (spindle 

shape). Cell morphology of hFOB 1.10 also remained unchanged, with flat, spindle-shaped 

and elongated morphology observed for PVAc composite extracts (Figure 5.7), Acetic CS 

(Figure B1) and Ascorbic CS (Figure B2). 

 

5.3.1.3 Cell attachment on chitosan films 

Cell attachment and spreading on ascorbic chitosan and PVAc composite films after 24 hours 

incubation was observed using SEM. Micrographs for the HGF and hFOB 1.19 cells on 

Ascorbic CS films are shown in Figure 5.9 and Figure 5.10, and PVAc composite films with the 

HGF and hFOB 1.19 cells in Figures 5.11 and 5.12 respectively. The HGF and hFOB cells 

attached to the Ascorbic CS and PVAc composite films after 24 hours incubation, suggesting 

that cells attach and spread well on the Ascorbic CS and PVAc composite films. 
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Figure 5.9: SEM micrographs of HGF cell attachment on Ascorbic CS films. 

Arrows indicate the seeded HGF cells. A-B) Ascorbic 2% CS, C-D) Ascorbic 3% CS 

and E-F) Ascorbic 4% CS. HGF cells appeared to be well attached on the surface of 

Ascorbic CS films. 
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Figure 5.10: SEM micrographs of HGF cell attachment on the PVAc composite 

films. 

Arrows indicate the seeded HGF cells. A-B) Refer to films PVAc composite 2% CS, C-

D) PVAc composite 3% CS and E-F) PVAc composite 4% CS. Following 24 hours 

incubation in standard cell culture media, HGF cells appeared to be well attached on 

the surface of PVAc composite films. 
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Figure 5.11:  SEM micrographs of hFOB 1.19 cell attachment on Ascorbic CS 

films. 

Arrows indicate the seeded hFOB 1.19 cells. A-B) Refer to films Ascorbic 2% CS, C-D) 

Ascorbic 3% CS and E-F) Ascorbic 4% CS. Following 24 hours incubation in standard 

cell culture media, hFOB 1.19 cells appeared to be well attached on the surface of PVAc 

composite films. 
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Figure 5.12: SEM micrographs of hFOB 1.19 cell attachment on PVAc composite 

films. 

Arrows indicate the seeded hFOB 1.19 cells. A-B) Refer to films PVAc composite 2% CS, 

C-D) PVAc composite 3% CS and E-F) PVAc composite 4% CS. Following 24 hours 

incubation in standard cell culture media, hFOB 1.19 cells appeared to be well attached on 

the surface of PVAc composite films. 
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5.3.2 Antibacterial activity of chitosan hydrogels 

Hydrogels of Acetic CS, Ascorbic CS and PVAc composite were evaluated for antibacterial 

activity towards S. epidermidis, E. coli and S. aureus bacterial strains. Results are presented 

in Table 5.2. This study was performed in triplicate. A representative image of zone of inhibition 

on one agar plate for each PVAc composite hydrogel and specific bacterial strain is shown in 

Figure 5.13. Control Acetic CS and Ascorbic CS hydrogels can be found in Appendix B, Figure 

B5 and Figure B6 respectively.  

 

 Diameter of zone of inhibition (mm) 

Hydrogel S. epidermidis S. aureus E. coli 

Acetic 2% CS 6,44 ± 2.07 15,56 ± 3.8 14,44 ± 6.5 

Acetic 3% CS 12,33 ± 3.9 16,33 ± 2.5 14,89 ± 5.5 

Acetic 4% CS 9,89 ± 1.27 14,22 ± 5.8 11,67 ± 2.6 

Ascorbic 2% CS 16,22 ± 2.64 14,22 ± 1.4 9,56 ± 5.3 

Ascorbic 3% CS 17,11 ± 1.36 12,11 ± 0.8 14,44 ± 1.2 

Ascorbic 4% CS 17,33 ± 2.55 11,78 ± 1.6 12,78 ± 1.5 

PVAc composite 2% CS 11,56 ± 2.2 13,00 ± 3.2 9,44 ± 5.9 

PVAc composite 3% CS 12,78 ± 1.6 12,56 ± 1.4 10,78 ± 2.3 

PVAc composite 4% CS 9,89 ± 1.27 10,11 ± 1.8 11,22 ± 2.2 

 

The antibacterial property of chitosan is well known and therefore the conventional 

preparation method for chitosan hydrogels using acetic acid were used as a control. The 

antibacterial activity evaluations of Ascorbic CS and PVAc composites were evaluated to 

establish if chitosan retained its antibacterial properties. The evaluations using the agar 

diffusion method indicated that all chitosan hydrogels present antibacterial activity against S. 

epidermidis, S.aureus and E.coli. Results of the zone of inhibition against S. epidermidis for 

Ascorbic 2-4% CS were higher compared to the Acetic CS and PVAc composite counterparts, 

that showed similar inhibition zones, with the exception of Acetic 2% CS hydrogels. For S. 

aureus the zone of inhibition was similar, with the highest inhibition of Acetic 3% chitosan found 

to be 16,33 ± 2,5, and PVAc composite the lowest with an inhibition of 10,11 ± 1,83. In the 

case of E. coli the zone of inhibition values were greater for Acetic CS hydrogels, followed by 

Ascorbic CS and lastly the PVAc composite hydrogels. A datasheet of the raw data obtained 

for zone of inhibition is provided in Appendix B, Table B1. 

Table 5.2: Antibacterial activity of chitosan hydrogels. (mean±SD, n = 9) 
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Figure 5.13: Inhibition of chitosan hydrogels against. S. epidermidis, S. aureus and 

E. coli.  

Using an agar diffusion method, the hydrogels were added to bacterial lawns of three 

bacterial strains to determine antibacterial activity of PVAc composite, Acetic CS and 

Ascorbic CS hydrogels. Zone of inhibition was measured following 24 hours incubation. 

Error bars represent standard deviation (n=9). 

 

Figure 5.14 shows the zone of inhibition of PVAc composite hydrogels on nutrient agar 

plates incubated with the various bacterial strains. Undissolved chitosan is visible in the centre 

of the local inhibition zone. Ascorbic CS hydrogels showed similar results (Figure B6), while 

Acetic CS hydrogels presented clear inhibition zones (Figure B5).  
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Figure 5.14: Representative image of inhibitory zones as result of PVAc composite 

hydrogels. 

Following 24 hours incubation with three different organisms the zone of inhibition results 

were obtained for PVAc composite 2% CS, PVAc composite 3% CS and PVAc composite 

4% CS. Undissolved chitosan particles are visible in the centre of the local inhibition zone.  

 

5.4 Discussion 

The clinical success of tissue engineering scaffolds is primarily determined by the interaction 

between the tissue at the implantation site and the scaffold. Therefore, biocompatibility is 

crucial for tissue engineering scaffolds BTE (De Witte et al., 2018). The cells used in this study 

were chosen to represent some of the tissues that scaffolds will interact with in vivo. Overall, 

this study demonstrated that PVAc composite film extracts had minimal effect on cell viability 
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as compared to pure chitosan films prepared with the conventional acetic acid and ascorbic 

acid solvent system when cultured with fibroblast and osteoblasts.  

Cellular response to a biomaterial can be impacted by various factors, for example 

crosslinkers and substances that may leach out of the material. To evaluate the 

cytocompatibility of prepared films, an indirect cytocompatibility assay using HGF and hFOB 

1.19 cells was used to compare PVAc composite, Ascorbic CS and Acetic CS films, as 

described in Section 3.3. Extracts of the films were prepared and incubated with cells for 24 

hours and 48 hours. Results obtained showed no visible trend when the different 

concentrations of chitosan for each film were compared (Figure 5.4). When the concentration 

of chitosan was not taken into account, Acetic CS films had higher cell viability values for both 

cell lines and incubation periods compared to Ascorbic CS and PVAc composite films (Figure 

5.5 and Figure 5.6).  

These results are supported by Jayakumar et al. (2011b), where pure chitin-chitosan 

extracts had higher cell viability compared to control and composite scaffolds. Additionally, 

Qasim et al. (2015) used embryonic stem cells-derived mesenchymal progenitors (hES-MPs) 

in an AlamarBlue assay to assess cell viability. Results indicated that chitosan scaffolds 

prepared using acetic acid had a higher stimulation effect on cell proliferation than ascorbic 

acid prepared chitosan scaffolds, supporting the results of the current study. However, in the 

same study human osteosarcoma cells showed higher cell viability for chitosan films dissolved 

using ascorbic acid than the acetic acid counterpart (Qasim et al., 2015). In previous studies 

chitosan added to standard cell culture media with concentrations between 50 ppm and 200 

ppm promote the proliferation of L929 fibroblast (Liu & Huang, 2010). This supports the findings 

from the current study, where cell viability extracts from prepared films in some cases 

exceeded 100% viability (constant reference value of the control).  

Cell viability exceeding 100% indicate a stimulatory effect of extracts on cell proliferation 

(Nor et al., 2013). It has been proposed that the high cationic charge densities of pure chitosan 

membrane extracts resulted in the enhanced cell proliferation (Baghaie et al., 2017). This may 

be the reason for the stimulation effect of Acetic CS films, compared to films prepared using 

ascorbic acid. Chitosan in solvents at pH levels below the pKa results in polyelectrolyte 

formation and high charge density, which is the case for Acetic CS films (Sami El-banna et al., 

2019). Ascorbic acid preparation results in a lower charge density compared to acetic acid, 

resulting in reduced stimulatory effect on cell proliferation.  

Even though PVAc composite films had lower cell viability compared to the conventional 

chitosan preparation method, cell viability for all PVAc composite films exceeded 90%. 

According to ISO 10993 standard, a biomedical device is considered safe if cell viability of the 

extract is above 70% (Algul et al., 2015; Comín et al., 2017). Therefore, with cell survival rates 
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of greater than 90%, the minimal margin for safety (70%) was exceeded, confirming the 

biocompatibility of these PVAc composite films.  

No changes in cell morphology were seen after 24 hours exposure to extracts of 

prepared films (Figure 5.7-5.8 and Figure B1-4). Both HGF and hFOB 1.19 cells were found 

attached to PVAc composite and Ascorbic CS films after 24 hours incubation, these findings 

were similar to those of Jeong et al. (2013). The results of cell morphology and cell attachment 

also confirm the biocompatibility of PVAc composite films. 

Implant related infections can be devastating, resulting in non-unions and/or 

osteomyelitis (Mauffrey et al., 2016). Millions of medical devices are implanted each year with 

most implant-related infections caused by Staphylococci (estimated at four out of five). 

S.aureus and S.epidermidis are the most commonly encountered bacteria, responsible for two 

out of three infection isolates (Ribeiro et al., 2012). According to Foster and Butt (2011), 

chitosan films had no antibacterial activity against S. epidermidis, S. aureus and E. coli, while 

chitosan in solution inhibited the growth of bacteria. For that reason, the agar diffusion test was 

performed, using hydrogels instead of placing films on agar plates. Therefore, to establish 

antibacterial activity of PVAc composite, Ascorbic CS and Acetic CS hydrogels were used to 

evaluated antibacterial activity against gram-positive bacterial strains S. epidermidis, S. aureus 

and gram-negative E. coli . 

The aim was to determine if chitosan retained its inherent antibacterial properties in the 

PVAc composite. Together with the control hydrogels the PVAc composite markedly inhibited 

the growth of all three organisms tested. From the obtained results no trend in activity could 

be seen for increasing the concentration of chitosan. Overall Acetic CS hydrogels showed 

larger local inhibition in illustrative examples compared to PVAc composite hydrogels (Figure 

5.14 and Figure B5). This higher inhibitory activity by all Acetic CS hydrogels can be attributed 

to the complete solubility of chitosan, resulting in hydrogels being more reactive against 

bacterial cells (Swain et al., 2014). There was also a significant difference in viscosity of Acetic 

CS compared to the Ascorbic CS and PVAc composite. Acetic CS blends were more viscous 

with hydrogel spreading evenly in a circular shape onto agar plates, showing local inhibition of 

bacteria where gel was added. Ascorbic CS and PVAc composite hydrogels had low viscosity 

with chitosan only partially dissolved. This is demonstrated on the plates were undissolved 

chitosan can be seen in the centre of the local inhibition zone. The smaller inhibition zones 

may be due to the low viscosity in these hydrogels, resulting in chitosan concentration 

spreading unevenly on the nutrient agar plate causing reduced local inhibition. This can 

account for the lower local inhibition of PVAc composite and Ascorbic CS hydrogels (Figure 

5.13). From the obtained results it can be concluded that PVAc composites presented 

antibacterial activity against two bacterial strains most commonly associated with implant-

related infections. Therefore, scaffolds fabricated using these hydrogels could potentially 
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inhibit bacterial growth at implantation site and consequently prevent complications associated 

with bacterial infections.  

 

5.5 Conclusion 

Cytocompatibility was evaluated by means of an indirect cytocompatibility assay, using two 

different cell lines to determine if films had any toxic response to cells exposed to the PVAc 

composite. Even though PVAc composite films had lower cell viability compared to the 

conventional chitosan preparation method, cell viability for all PVAc composite films exceeded 

90%, which is much higher than the ISO 10993 standard of 70% for a biomedical device to be 

considered safe. Cell morphology and attachment studies confirmed compatibility, with both 

HGF and hFOB 1.19 cells attaching to PVAc composites. The material showed antibacterial 

activity against S. aureus, S. epidermidis, the two bacterial strains most commonly associated 

with implant-related infections, and gram-negative E. coli. Results indicate PVAc composite 

films are suitable biomaterials for BTE applications, as it is biocompatible and has antibacterial 

activity.  
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6.1 Introduction 

Scaffolds developed for BTE are fabricated by a variety of approaches, such as freeze-drying, 

electrospinning, solvent casting and particle leaching. These fabrication methods are able to 

produce porous scaffolds, however control of the pore structure and precise geometry of the 

scaffolds that can fit into a specific defect site hinders their application. For this reason, additive 

manufacturing (AM) in BTE has become the focus in the development of bone grafting 

substitutes. AM is regarded as the ‘ideal fabrication’ method for tissue engineering scaffolds 

(Qin et al., 2019). Unfortunately, not all biomaterials are suitable for a given fabrication method. 

Therefore. the development of biomaterials that are suitable for a specific fabrication method 

is an ongoing process (Jammalamadaka & Tappa, 2018). Consequently, researchers are 

faced with the task of finding an ideal biomaterial that is processable and suitable for tissue 

engineering, using the ideal ‘fabrication method’, AM.  

Chitosan has many applications in the biomedical field, for example wound dressings, 

drug delivery and BTE. It is well known that chitosan is a biocompatible and biodegradable 

natural polymer, therefore it is the focus of many studies in tissue engineering. AM has been 

used to fabricate chitosan scaffolds for a variety of applications, including BTE. However, 

crosslinking methods required to improve mechanical stability remains a problem (Wu et al., 

2018). The chemical crosslinker used for chitosan scaffolds are potentially toxic, thereby 

compromising biocompatibility of scaffolds. Therefore, the aim of the present study was to 

develop a biopolymer that can be fabricated using AM under moderate temperature conditions 

and that requires no crosslinking for mechanical stability.  

Additionally, chitosan has been used as a coating material for titanium implants to 

improve integration into surrounding tissue and for preventing implant-related infections by 

utilizing chitosan’s antibacterial properties (Norowski et al., 2011; Sorkhi et al., 2019; Zhang et 

al., 2011). The film-forming ability of PVAc and the antibacterial properties of PVAc composite 

hydrogels led to the idea of using this biopolymer blend as an antibacterial coating agent for 

titanium implants.  

In this chapter the potential applications of the PVAc composite biopolymers are 

presented. A AM simulation was performed, and results of printability are shown. Furthermore, 

the potential of PVAc composite biopolymers to be used as antibacterial coatings for titanium 

implants are also investigated and results of coating efficiency are presented.  
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6.2 Materials 

PVAc composite hydrogels were prepared as described in detail in Section 3.3.1. Following 

the neutralisation step (3.3.3), the surface morphology of samples was evaluated using 

scanning electron microscopy (SEM) (Section 3.4).  

Fabricated PVAc composite scaffolds and 3D-images were captured using a Nikon 

AZ100 microscope with NIS Elements-D software. Please use anaglyph glasses to interpret 

3D-images with the red lens left and blue right. 

 

6.2.1 Printability 

6.2.1.1 AM simulation 

Printability of materials were evaluated using a heat gun at a low temperature to simulate 

thermal AM. The experimental setup is shown in Figure 6.1. The printing process involved 

depositing the PVAc composite hydrogel into cupcake liners and drying layer-by-layer using a 

heat gun. The temperature on the material was measured at ~ 95°C during the printing 

process. Once the layer dried, the next layer was deposited and dried. This was repeated 

several times to form a layered scaffold. 

 

 

Figure 6.1: AM simulation setup.  

A) For the printing process the heat gun was held in a fixed position with clamps using a 

retort stand. The material was continuously stirred to ensure homogenous deposition of 

the material in each layer. Using a syringe, the material was deposited into a cupcake 

liner and dried using a heat gun. B) An infrared thermometer (Fluke) was used to 

measure temperature of material during printing process. 
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6.2.1.2 Morphology of AM fabricated scaffolds 

To visualise the formation of layers, scaffolds were cut through the middle and mounted on a 

glass slide to examine the cross-sectional plane, using stereo microscope (Section 6.2). 

Following neutralisation of scaffolds, samples were dried in an oven for 24 hours at 40°C and 

prepared for SEM analysis (Section 3.4) to evaluate surface morphology of fabricated 

scaffolds.  

 

6.2.2 PVAc composite coating of titanium discs: Proof of concept 

6.2.2.1 AM fabricated titanium discs 

Titanium discs 12mm in diameter and 4mm thick were obtained from the Centre for Rapid 

Prototyping and Manufacturing (CRPM) (Bloemfontein, South Africa) (Figure 6.2). Titanium 

(Ti6Al4V) lattice discs were fabricated with Direct Metal Laser Sintering (DMLS) on an EOS 

M228 (200W) machine. Each disc was cleaned ultrasonically for 10 minutes using the following 

sequence: distilled water, ethanol, acetone, ethanol and distilled water. After air-drying, discs 

were passivated in 30% nitric acid for 30 minutes, followed by rinsing in distilled water and air-

drying.  

 

 

Figure 6.2: Titanium discs used in coating experiments. 

Titanium discs fabricated using SLM, obtained from the CRPM. 
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6.2.2.2 Coating of titanium discs with PVAc composite hydrogels 

PVAc composite hydrogels were prepared as described in Section 3.3.1 and transferred into 

Falcon tubes. A simple dipping method was performed by adding discs into tubes containing 

PVAc composite hydrogels. The tubes were agitated gently on a waving platform shaker for 

five minutes, followed by placing the discs into a 24 well plate and adding additional 250 µL of 

biopolymer solution onto discs. Discs were then dried in an oven at 40°C for 24 hours, followed 

by neutralisation (Section 3.3.3).  

 

6.2.2.3 Surface morphology of coated films 

After neutralisation the discs were allowed to dry overnight, followed by mounting samples on 

12mm aluminium stubs, using superglue. Surface morphology of coated titanium discs were 

examined using SEM (Section 3.4).  

Additionally, samples prepared for SEM were examined using a stereo microscope as 

described in Section 6.2.  

 

6.3 Results 

6.3.1 Printability of PVAc composite hydrogels 

AM was simulated using hydrogels of PVAc composite 3% CS and PVAc composite 4% CS. 

PVAc composite 2% CS hydrogel proved difficult to 3D print and was excluded from printability 

evaluation. Figure 6.3 provides a step-by-step illustration of the AM process. The layers are 

shown as they went through the printing process – firstly before heat was applied and then 

when the layers appeared to be dry. 
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Figure 6.3: Photographs of hydrogel during printing process. 

Each layer was photographed in three stages during the AM process: 1) Directly following 

deposition of the hydrogel; 2) during the printing process; 3) after layer appeared to be dry. 

Depending on amount of hydrogel dispensed, the average drying time of each layer was ± 

3.5 min.  
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The hydrogel was stirred continuously throughout the process to ensure homogenous 

deposition of hydrogels with each layer. Both PVAc composite 3% CS and PVAc composite 

4% CS had low viscosity and consequently made it difficult to dispense a consistent amount 

of the hydrogel onto the next layer. Figure 6.3 and Video (see link in Accompanying Materials, 

page xiii) show the AM process of PVAc composite 3% CS hydrogel. During fabrication heat 

is applied on the hydrogel, resulting in water being extruded from the gel, causing formation of 

a film on the surface of the layer, as shown in Figure 6.4. From the photographs in Figure 6.3 

it is evident that hydrogel deposition was inconsistent between layers, with one section within 

in the layer appearing thicker than the next, as seen in layer five and layer six, which were 

completely dry. 

 

Figure 6.4: Photograph of film formation in hydrogel during AM. 

Image taken from Video S1 which shows the formation of a film on the surface of 

hydrogel when heat is applied.  

 

After the printing process explained above, a layered scaffold was produced. These 

scaffolds were cut through the middle to visualize layers. Figure 6.5 and Figure 6.6 show the 

resulting layered scaffold that was produced by PVAc composite 3% CS and PVAc composite 

4% CS hydrogels respectively. Asymmetrical layers formed as a result of varying volumes of 

the hydrogel deposited onto the previous uneven layers. This is illustrated in Figure 6.3. 

However, individual layers are still visible.  
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Figure 6.5: Micrographs of printed PVAc composite 3% CS scaffold.  

A) Focussed micrograph of fabricated layered scaffold. Layers 1 – 8 are clearly visible. B) 

3D micrograph of the layered scaffold. Note that micrograph B is a 3D image. Please use 

anaglyph glasses to interpret this image. 
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Figure 6.6: Micrographs of printed PVAc composite 4% CS scaffold.  

A) Focussed micrograph of fabricated scaffold. Layers 1 – 8 are clearly visible. B) 3D 

micrograph of the layered scaffold. Note that micrograph B is a 3D image. Please use the 

anaglyph glasses. 
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6.3.2 Morphology of fabricated scaffolds 

The external morphology of printed PVAc composite scaffolds were investigated using SEM. 

The SEM micrographs, displayed in Figure 6.7, show that the scaffolds retained the irregular 

porous structure, similar to films that were dried using the passive drying method (Section 

4.3.2.1). The surface morphology and bonding between consecutive layers for the A layered 

structure can also be seen in both fabricated scaffolds.  

 

 

Figure 6.7: SEM micrographs of fabricated scaffolds.  

The surface morphology of fabricated scaffolds is shown in A-B) PVAc composite 3% CS 

and C-D) PVAc composite 4% CS. The resulting scaffolds showed a smooth top surface (A 

and C) and porous structure on the bottom of the scaffold (B and D).  
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6.3.3 Coating of titanium discs 

6.3.3.1 Evaluation of discs coated with PVAc composite hydrogels 

To establish if PVAc composite hydrogels can be used as coating agents, the coating efficiency 

of these hydrogels was evaluated. The surface morphology of uncoated titanium discs (Figure 

6.5), as well as titanium discs coated with PVAc composite 2% CS (Figure 6.10), PVAc 

composite 3% CS (Figure 6.11) and PVAc composite 4% CS (Figure 6.12) were examined 

using SEM. Figure 6.8 and Figure 6.9 show representative hydrogel coated and uncoated 

samples prepared for SEM. 

 

 

Figure 6.8: Representative micrograph of uncoated titanium discs prepared for 

SEM.  

A) Focused micrograph of uncoated titanium discs mounted on aluminium stubs in 

preparation for SEM analysis. B) 3D micrograph of uncoated disc. Note that micrograph B 

is a 3D image. Please use the anaglyph glasses. Scale bar: 5000µm 
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Figure 6.9: Representative micrograph of coated titanium discs prepared for SEM. 

A) Focused micrograph of uncoated titanium discs mounted on aluminium stubs in 

preparation for SEM analysis. B) 3D micrograph of uncoated disc. Note that micrograph B 

is a 3D image. Please use the anaglyph glasses. Scale bar: 5000µm 

 

Scanning electron micrographs of porous uncoated titanium discs are shown in Figure 

6.10. The surface morphology of uncoated titanium discs had a smooth surface with metal 

powder particles present that was not sintered during the manufacturing process.  

 

 

Figure 6.10: SEM micrograph of uncoated titanium discs. 

A) Titanium discs with open pores manufactured using SEM. B) Pore containing metal 

particles that were not sintered during manufacturing process. Arrows indicate metal 

powder particles.  
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Using a simple dipping method, discs coated with PVAc composite 2% CS had a thin 

coating (Figure 6.11). Some pores were open while others were covered with biopolymer 

blend, and in some cases the metal powder particles were still visible. Surface coverage of this 

hydrogel on titanium discs varied between samples, with most of the surface covered. 

 

 

 
 
Figure 6.11: SEM micrographs of titanium discs coated with PVAc composite 2% CS 

hydrogel. 

The coating procedure was performed in triplicate. During SEM analysis three random cites 

(A-C) on coated titanium discs were examined. PVAc composite 2% CS hydrogels resulted 

in a thin coating, which covered most of the porous structure. 

 

300 µm 
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Figure 6.12: SEM micrographs of titanium discs coated with PVAc composite 3% CS 

hydrogel. 

The coating procedure was performed in triplicate. During SEM analysis three random cites 

(A-C) on coated titanium discs were examined. Hydrogel of PVAc composite 3% CS resulted 

in a thick layer coating with open pores. Coating inside porous titanium discs are also visible.  

 

PVAc composite 3% CS coated titanium discs had a thick coating with some pores 

completely covered by the biopolymer. Additionally, prominent metal powder particles were 

also completely covered. Overall surface coverage was unsatisfactory, with large areas 

uncoated indicated by open pores (Figure 6.12). However, after close inspection PVAc 

composite 3% CS were visible inside the uncovered pores. 

300 µm 
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Figure 6.13: Representative SEM micrographs of three titanium discs coated with 

PVAc composite 4% CS hydrogel. 

The coating procedure was performed in triplicate. Three random cites (A-C) on coated 

titanium discs were examined. Hydrogel of PVAc composite 4% CS resulted in a thick layer 

coating with open pores.  

 

PVAc composite 4% CS hydrogels showed a thick coating with prominent pores of 

titanium discs, in some cases not visible (Figure 6.13). Comparison of SEM images of 

uncoated discs and discs coated with PVAc composte 4% CS showed no sign of the titanium 

300 µm 
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powder particles, with pores completely covered. Pores that were not complete covered 

showed coating among the pore walls, with little to no metal powder particles visible. 

Additionally, samples prepared for SEM were examined using a stereo microscope. An 

uncoated titanium disc and discs coated using PVAc composite hydrogels are shown in Figure 

6.14. 

 

 

Figure 6.14: Micrographs uncoated and coated titanium discs. 

Samples prepared for SEM were examined using a stereo microscope. Micrographs show 

A) uncoated titanium discs, B) coated with PVAc composite 2% CS, C) PVAc composite 3% 

CS coated and D) titanium discs coated with PVAc composite 4% CS. Increase in chitosan 

concentration resulted in thicker coatings. Scale bar: 1000µm. 

 

In Figure 6.14 it can be seen clearly that an increase in chitosan concentration resulted in a 

thicker coating, supporting SEM surface morphology results. The titanium structure is nearly 

unaffected by the coating material. In contrast PVAc composite 3% CS (Figure 6.14C) and 

PVAc composite 4% CS (Figure 6.14D) resulted in thick coatings that influence the overall 

structure of the titanium discs.  
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6.4 Discussion 

AM is one of the most promising fabrication methods for tissue engineering scaffolds. 

Conventional methods used to fabricate BTE scaffolds are unable to produce scaffolds with 

complex geometries. Additionally, they offer little control over porosity factors that include pore 

size, geometry and spatial distribution (Kundu et al., 2014). Chitosan scaffolds were previously 

fabricated with AM, but natural polymers such as chitosan require crosslinking as these 

structures are too soft for self-support (Wu et al., 2018). Additionally, structure resolution and 

weak mechanical properties for low-temperature manufacturing have been reported for AM 

scaffolds (Ang et al., 2002; Lee & Kim, 2011). 

In light of the above the researchers aimed to develop a chitosan-based scaffold by 

preparing a hydrogel and processing this hydrogel into a scaffold using a simple AM process. 

PVAc in the form of an adhesive was added to a chitosan hydrogel that contained undissolved 

chitosan particles. Both the film forming abilities and the adhesive component of PVAc played 

a part in forming stable layers and aided the printing process. Printing was simulated using a 

heat gun to dry the hydrogel layer-by-layer, forming a scaffold. The material was dispensed 

into a container, after which it was heated at a low temperature of ~95 °C (Figure 6.1). 

Following AM simulation, using a stereo microscope, the resulting scaffolds were cut through 

the middle to visualise layers using the cross-sectional plane. Micrographs displayed the layers 

obtained during printing of PVAc composite 3% CS (Figure 6.5) and PVAc composite 4% CS 

(Figure 6.6). From these images it was evident that dispensing of hydrogel was inconsistent: 

asymmetrical layers formed as a result of varying volumes of the hydrogel deposited onto the 

previous uneven layers. Using SEM, the surface morphology of PVAc composite 3% CS and 

PVAc composite 4% CS scaffolds was evaluated. It showed a porous structure, similar to films 

that were dried using the passive drying method as a result of undissolved chitosan particles 

(Figure 4.4 and Figure 4.5). A layered structure and bonding between consecutive layers could 

also be seen in both fabricated scaffolds (Figure 6.7). 

One of the main advantages of AM is the ability to fabricate scaffolds with external shape 

features that match the dimensions of the defect site. As mentioned in Chapter 2, one of the 

requirements of BTE is porosity. AM scaffolds allow precise control of overall architecture and 

macro porosity (Yang et al., 2019). The micro porosity of AM scaffolds is determined by the 

spaces between the material. This resulted in development of novel AM systems, such as Low-

temperature-deposition modelling that are able to introduce micro porosity into scaffolds. For 

example, Liu et al. (2009) used a multi-nozzle low-temperature deposition and manufacturing 

system where material was deposited layer-by-layer to form a scaffold, followed by a freeze 
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drying step. Micro porosity in AM scaffolds are introduced in the same way that conventional 

freeze-drying methods produce pores.  

AM simulation demonstrated the printability of PVAc composite scaffolds, showcasing 

the ability of this material to produce scaffolds with bonding between consecutive layers. 

Micrographs of layered scaffolds (Figure 6.5 and Figure 6.6) and SEM surface morphology 

evaluations of PVAc composites (Figure 6.7) suggest that pores are introduced into the 

scaffolds during AM as a result of undissolved chitosan particles within the novel biopolymer 

hydrogel. This is similar to the way that the freeze-drying step introduced pores in chitosan 

materials using Low temperature-deposition modelling.  

The need for devices and implants in orthopaedics have increased over the past few 

decades as a result of the rising number of trauma and disease cases causing bone 

dysfunction. The increasing need together with the fact that implant-related infections remains 

a problem. For example, in the United States 5% of orthopaedic fractures and reconstructive 

devices are affected by infections (Goodman et al., 2013). Implant infections cause significant 

complications, as well as a financial burden on patients and society (Vilardell et al., 2015). 

Antibacterial activity of chitosan has resulted in several studies focusing on chitosan coating 

materials for biomedical devices. The film forming abilities of PVAc together with the 

antibacterial activity of PVAc composite hydrogels (described in Chapter 5) motivated the 

investigation of these biopolymers as potential antibacterial coatings for biomedical implants. 

The basic requirements of an ideal coating include biocompatibility, easy to use, availability, 

low cost, in vitro antibacterial activity and proven efficiency in vivo (Romanò et al., 2015). As a 

proof of concept, the researchers used porous titanium discs to demonstrate that PVAc 

composite hydrogels can possibly be used as an antibacterial coating. Increasing chitosan 

content resulted in thicker coatings on titanium disc surfaces (Figure 6.14). PVAc composite 

2% CS had the highest coating efficiency, with the surface of the discs completely covered by 

the hydrogel; followed by PVAc composite 4% CS and then PVAc composite 3% CS (Figures 

6.11 – 6.13). Surface evaluations showed cracks on the coating surface as a result of the 

drying process and dip-coating method. Similar results were obtained by Kalyoncuoglu et al. 

(2015). 

Porous titanium scaffolds are often used as fixation devices. Porosity is essential for 

bone ingrowth into implants. These PVAc composite coatings filled the pores of the titanium 

discs, compromising the porous structure. Grau et al. (2017) reported similar results for poly(3-

hydroxybutyrate) coatings on titanium scaffolds coated using dip-coating. Ideally an implant 

coating should not have any effect on the structural properties of the scaffold, suggesting that 

the dip-coating method is not suitable for coating porous titanium surfaces using PVAc 

composite hydrogels. Alternative coating methods and optimisation of procedures may 

improve the coating efficiency of these hydrogels to be used as antibacterial coatings. 



 Chapter 6 

121 

 

6.5 Conclusion 

AM simulation demonstrated that PVAc composite 3% CS and PVAc composite 4% CS 

hydrogels are printable using a thermal printing method at a low temperature. Printed scaffolds 

showed a porous structure that is introduced into the structure by undissolved scaffolds. The 

fact that the material retained porosity after printing suggests that the material would allow the 

introduction of micro pores into scaffolds fabricated by a AM system. This would enable 

fabrication of hierarchical porous structures, ideal for BTE. The unique properties of the PVAc 

composite hydrogels require the development of a novel and compatible AM system that would 

be able to fabricate scaffolds using these materials. As a proof of concept PVAc composite 

hydrogels were used to coat porous titanium discs using a dip-coating method. Results 

indicated that the hydrogels successfully coated the titanium discs with varying surface 

coverage and thickness. Even though coating was not optimal for these titanium discs, the 

obtained results showed the potential of these hydrogels as antibacterial coatings for medical 

implants. Further optimisation of the hydrogels and the coating method is required to improve 

coating coverage of the entire surface to prevent the attachment and growth of bacteria on 

titanium implant surfaces. 
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7.1 Introduction 

The current gold standard for the treatment of critical size bone defects is an autograft (Zeng 

et al., 2018). Despite the various disadvantages mentioned in the literature, one that is not 

stressed enough is the second surgery required to harvest bone (Basha & Doble, 2015). For 

most public health care systems, additional surgeries are a ‘luxury’ they cannot afford due to 

limited theatre time, resources and staff. For example, according to Seleka (2019) in the 

province of Gauteng (South Africa) there are an average of 6000 patients waiting to undergo 

various surgical procedures at two of the public hospitals. Alternatives to autografts have been 

used for reconstruction of bone defects with varying degrees of success, with allografts and 

xenografts each having their own limitations (Costa-Pinto et al., 2009). Bone disorders are 

increasing each year and consequently also the financial burden on private and public 

healthcare systems. Therefore, extensive research has been done on developing bone grafts 

substitutes. A field that has been recognized as potential alternatives are tissue engineering 

and regenerative medicine. The principle of BTE is fabricating a scaffold using a biocompatible 

and biodegradable biomaterial and adding cells and/or bioactive molecules. These scaffolds 

are then inserted into the defect site and act as a temporary template where cells can attach, 

differentiate and proliferate. These scaffolds play a crucial role in providing structural support 

and guidance to cells during the regeneration process (Black et al., 2015).  

The field of bone tissue engineering has embarked on extensive research on the use of 

biomaterials to fabricate BTE scaffolds. However, over the past few decades efforts to develop 

the ideal biomaterial meeting all the requirements for BTE have not been successful. This is 

highlighted by numerous studies focused on developing composite materials, since a single 

material is incapable of meeting all these requirements (Kumar et al., 2016). Another factor 

complicating matters is that not all materials are processable by any given fabrication method. 

However, a fabrication method with great potential in BTE is Additive manufacturing (AM). The 

idea of designing and fabricating custom implants for a specific patient is highly attractive in 

the field of BTE. Nonetheless, as mentioned above, not all materials are suitable for a specific 

fabrication method, and AM is no different (Jammalamadaka & Tappa, 2018). As AM is 

regarded as the ‘ideal’ fabrication method, the development of materials suitable for the variety 

of AM techniques is and will continue to be a prominent area of research (Qin et al., 2019).  

 

7.2 General discussion of objectives and results 

To date research in biomaterials and AM for the development of an ideal scaffold for BTE 

continues to be problematic (Turnbull et al., 2017). It should be noted that the aim of the current 
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project was not to develop the ideal scaffold for BTE, but rather to develop a biomaterial that 

can be used to fabricate scaffolds suitable for BTE using AM for biomedical implant usage. 

Additionally, the potential of this biopolymer as a compliment to current implants was explored. 

 

The aim of this study (described in Chapter 1) was to develop a biopolymer blend suitable for 

BTE and AM.  

The objectives were as follows:  

1) Formulation of commercially available biopolymer blend(s) for biomaterial scaffold design. 

2) Physiochemical characterization of the novel biopolymer to determine the chemical and 

structural properties. 

3) Assess cellular response to scaffold material using standard cell biology and cytotoxicity 

assays. 

4) Determine the printability of the manufactured blends and potential of the blends as a 

complement to current implants. 

 

The literature review (Chapter 2) provided a detailed overview of the vast amount of 

research that includes chitosan-based scaffolds, highlighting the potential application of this 

natural polymer as a biomaterial for BTE. Furthermore, the favourable properties of chitosan 

and the potential of AM to fabricate patient-specific implants have also been explored 

throughout the literature survey. 

The limitations associated with fabrication methods used to produce chitosan scaffolds are one 

of the contributing factors hindering chitosan application in BTE. Furthermore, AM of chitosan-

based biomaterials commonly include the use of harsh chemicals and crosslinkers that could 

compromise biocompatibility of scaffolds. In order to overcome these limitations the 

development of a suitable biomaterial should be performed in several phases. In the present 

study the development of a suitable biopolymer blend was conducted using three phases (see 

Figure 7.1). 
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To successfully achieve this aim, it was however crucial that the results of all the phases 

complement each other, as well as contribute to the final fabricated scaffold. The first phase 

was to develop a stable chitosan poly(vinyl acetate) (PVAc) based material. In Chapter 4 the 

formulation optimisation of PVAc and chitosan composites is described (Objective 1). A series 

of PVAc composite films were prepared with different components (PVAc, chitosan and 

ascorbic acid) and ratios. PVAc composite 2% CS, PVAc composite 3% CS and PVAc 

composite 4% CS, prepared using 1% ascorbic acid and 1% PVAc, were selected. The ratio 

of chitosan to ascorbic acid for these preparations was insufficient resulting in undissolved 

chitosan particles. In conventional preparation methods, undissolved chitosan is removed by 

centrifugation or filtration, as undissolved chitosan particles may influence cell attachment. 

However, in these films, chitosan particles were responsible for film stability during hydration. 

In dried PVAc composite 2% CS the undissolved chitosan particles were dispersed within the 

hydrogel, while in PVAc composite 3% CS and PVAc composite 4% CS these particles 

collected at the bottom of the films during the drying process, resulting in porous film structures, 

as shown by ultrastructural surface morphology. Prepared PVAc composite films displayed 

good swelling properties and were shown to be enzymatically degradable by lysozyme in vitro. 

The porosity of films had an effect on swelling (more porous films increased swelling), and as 

a result this affected the biodegradability of films at the different chitosan concentrations. 

 

Figure 7.1: Diagram summarising the phases used in the present study to develop 

AM fabricated PVAc composite scaffolds suitable for BTE. 
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Thermogravimetric analysis of PVAc composite films showed a two-step weight loss 

corresponding to the loss of water and decomposition of chitosan (Objective 2). However, it 

is important to mention that these formulations were viewed as a base to establish ratios for 

future formulations. The concentrations of components can be increased using these ratios to 

yield hydrogels with different characteristics. For example, a hydrogel of 4% Chitosan, 2% 

ascorbic acid and 2% PVAc would potentially have a higher viscosity and higher charge 

density, resulting in better cell attachment.  

The second phase was to establish if the formulated biopolymer blend was 

biocompatible, as this is crucial for tissue engineering scaffolds. The interaction between tissue 

at the implantation site and the scaffold determines its successful application. In Chapter 5 

biocompatibility was evaluated by means of an indirect cytocompatibility assay, using two 

different cell lines (human gingival fibroblast and human fetal osteoblast cells) to represent 

some of the tissues that scaffolds would interact with in vivo. Cell viability was assessed to 

determine if films had any toxic response to cells exposed to the PVAc composite films. 

Extracts of the films were prepared and incubated with cells for 24 hours and 48 hours. Results 

obtained showed no visible trend when the different concentrations of chitosan for each film 

were compared. Cell viability for all PVAc composite films exceeded 90%, which by far exceeds 

the ISO 10993 standard of 70% cell viability for a biomedical device to be considered safe. 

The biocompatibility of PVAc composite films was also confirmed through cell morphology and 

cell attachment studies. 

The third and final phase was to determine whether or not the stable and biocompatible 

biopolymer blends from phases one and two were 3D printable. Furthermore, in contrast to 

general practice or low temperature fabrication, the current study set out to use thermal printing 

to fabricate chitosan scaffolds. The addition of PVAc in the form of an adhesive was used to 

aid printing. Chapter 6 describes how PVAc composite 3% CS and PVAc composite 4% CS 

hydrogels were directly printed using a moderate temperature (± 95°C), well below the 

decomposition temperature of chitosan. Layered scaffolds were fabricated, and ultrastructural 

surface morphology showed porous scaffolds as a result of undissolved chitosan particles, 

which were similar to films that were dried using the passive drying method. Although the aim 

of this phase was to establish a feasible proof of concept using a crude printing method, the 

printability of PVAc composite 3% CS and PVAc composite 4% CS using moderate heating 

was successful (Objective 4). To our knowledge this proof of concept is the first successful 

fabrication of chitosan scaffolds using thermal printing, which is a major step in chitosan based 

biopolymer research. 

Implant related infections are devastating, resulting in non-unions and/or osteomyelitis 

and, as a direct consequence, increase in financial burden on patients, healthcare providers 
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and healthcare systems. Therefore, implants that prevent bacterial growth would be highly 

beneficial for all stakeholders. PVAc composite hydrogels showed antibacterial activity against 

Staphylococcus aureus, Staphylococcus epidermidis, the two bacterial strains most commonly 

associated with implant-related infections, and gram-negative Escherichia coli (Chapter 5). 

The antibacterial activity of PVAc composite hydrogels (Chapter 5) makes it a potential 

candidate for use as antibacterial coatings for titanium implants. By inhibiting the growth of 

bacteria these coatings would be able to prevent implant-related infections. In Chapter 6, as 

a proof of concept, PVAc composite hydrogels were used to coat porous titanium discs using 

a dip-coating method. Results indicated that the hydrogels successfully coated the titanium 

discs with varying surface coverage and thickness. Even though coating was not optimal for 

these titanium discs, results demonstrated the potential of hydrogels as antibacterial coatings. 

Further optimisation of the hydrogels and the coating method is required to improve coating 

coverage of the entire surface to prevent the attachment and growth of bacteria on titanium 

implant surfaces (Objective 4). 

 

7.3 Critical assessment and limitations of the present study 

According to the available literature, chitosan solutions is primarily prepared using acetic acid 

with heated stirring until chitosan is completely dissolved, followed by removing undissolved 

chitosan particles by centrifugation or filtration. These particles are removed because cells do 

not typically attach to these particles. A facile preparation method involving adding ascorbic 

acid to prepared chitosan solutions was used in this study. Ascorbic acid is more beneficial 

since its pH is not as low as acetic acid’s and therefore extensive neutralisation steps are not 

required. Additionally, ascorbic acid not only provides H protons for dissolution, but also has a 

crosslinking effect. Another advantageous element is that any residual ascorbic acid would be 

beneficial rather than detrimental at the implantation site. Results indicated that the 

undissolved chitosan particles in PVAc composite films play a role in stability, porosity, 

swelling, and biodegradability. One of the concerns in the present study was whether these 

undissolved chitosan particles would compromise cell attachment. However, results showed 

that this was not the case. Torres-Hernández et al. (2018) used chitosan particles extracted 

from shrimp and combined it with polylactic acid. The addition of chitosan at various 

concentrations improved cell adhesion and proliferation. Their study also highlighted the 

importance of the effect of the homogeneous distribution of chitosan particles on the 

mechanical properties of scaffolds. However, this was not the focus of the present study, as 

the method used to fabricate the PVAc composite scaffolds was only to establish proof of 

concept prior to the development of a dedicated AM platform. Therefore, it is important for 
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future studies to optimise the homogeneous distribution of chitosan particles for scaffold 

fabrication.  

As described in Chapter 2, BTE scaffolds have to meet a certain set of requirements. 

The biomaterials developed in this study were biocompatible, biodegradable and showed 

controlled swelling. For biocompatibility studies in tissue engineering, the standard practice is 

seeding cells directly on scaffolds to evaluate cell proliferation over time. However, in the 

current study, residual ascorbic acid was present in scaffolds and therefore standard cell 

proliferation assays, such as AlamarBlue and WST-1 assays, were unable to accurately 

determine cell viability. Ascorbic acid rapidly reduces resazurin, thereby interfering in assays 

by increasing absorbance values resulting in inaccurate results (Natto et al., 2012). This 

reduction of tetrazolium in MTT and WST-1 assays by ascorbic acid in cell-free environments 

has also been shown in previous studies (Holder et al., 2012; Huang et al., 2004; Riss et al., 

2016). Therefore, in the current study, an indirect cytocompatibility assay using extracts of 

films was used to prevent contact of the material with biochemical assay reagents. However, 

cell viability results together with morphology and cell attachment studies concluded that these 

PVAc composite materials were biocompatible.  

As shown in this study’s results, porosity largely influences swelling, which in turn 

influences biodegradability. Together, all these properties are therefore influenced by the 

scaffold structure, which is in turn determined by the fabrication method. Although these films 

do contain favourable properties, such as porosity, biodegradability and controllable swelling, 

these films do not represent the AM fabricated scaffolds intended for application. Thus, the 

true reflection of these properties can only be determined in the final AM fabricated scaffolds. 

Another factor to consider for biodegradability studies is the fact that in vivo biodegradation is 

faster than in vitro biodegradation, which is ascribed to the various other enzymes apart from 

lysozyme present in vivo (Lim et al., 2008). It is important to note that the goal of in vitro 

biodegradation studies, such as the one used in this study, is to demonstrate biodegradability, 

and not to determine the rate of biodegradation. Thus, in order to test the rate of 

biodegradation, in vivo based studies will be the next required step.  

Properties of BTE scaffolds that are considered part of the set requirements, but that 

were not evaluated in this study, include the mechanical properties and bioactivity. The 

fabrication method and materials used are the main determinants of the mechanical properties 

of scaffolds. Thus future evaluation of the mechanical properties of AM fabricated scaffolds will 

provide significant insight into the application of developed scaffolds, because the defect site 

determines the required mechanical properties.  

Scaffold architecture has been shown to influence cellular activity. In two different 

studies Davidenko et al. (2016) and Liu et al. (2017) compared 2D and 3D scaffolds by 
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evaluating cellular activity. Both studies showed that cellular activity such as adhesion and 

proliferation was enhanced in 3D scaffolds. Furthermore, physical properties such as stiffness, 

porosity, and pore size also have an effect on cell morphology, attachment, and cell function 

(Lawrence & Madihally, 2008). Once a AM fabricated scaffold has been constructed the next 

step will be to preform cell-based evaluations, such as cell attachment, proliferation, 

differentiation, and biomineralization studies. 

Scaffolds for BTE should be highly porous with macro and micro porosity to allow cell 

migration and nutrient, oxygen and waste exchange throughout the scaffold (Turnbull et al., 

2017). AM is able to fabricate porous scaffolds with precise control over macro porosity. For 

micro porosity and interconnected pores, this technique relies on the gaps in the material. This 

resulted in the development of novel AM systems that are able to introduce micro porosity into 

scaffold materials. Song et al. (2019) fabricated hierarchical and porous hydroxyapatite 

scaffolds with interconnected pores by combining freeze casting and extrusion-based 3D 

printing. The crude AM simulation of PVAc composite 3% CS and PVAc composite 4% 

established the printability of hydrogels. The fabricated scaffolds showed porous layered 

scaffolds were fabricated. With the refinement of the printing method, the material can 

introduce micro porosity into scaffolds. The current formulation suggests that a closed porous 

structure would be produced similar to the biomimetic design of ceramic scaffolds that mimic 

the denser outer shell in cortical bone and porous trabecular bone (Gariboldi & Best, 2015). 

However, this scaffold is biodegradable and with the onset of bone integration and 

vascularisation occurring several weeks after implantation. The possibility exists that pores 

would be exposed by that time, consequently allowing vascularisation and bone integration 

into scaffolds. This however, needs to be confirmed with in vivo studies.  

Although, PVAc composite 2% CS proved difficult to print, it is important to note that 

these preparations were viewed as a base for future formulations. Therefore, adjusting 

concentrations in the ratios presented in this study could potentially yield materials with 

improved viscosity and printability.  

As mentioned previously, not all AM systems are compatible with any material. AM of 

these PVAc composite hydrogels creates the opportunity for the development of a novel AM 

system specifically designed for these hydrogels.  

Porous titanium scaffolds are often used as fixation devices, as porosity is essential for 

bone ingrowth into implants. Results showed that PVAc composite hydrogels can be used as 

an antibacterial coating. However, these hydrogels filled the pores of the titanium discs, 

thereby compromising its porous structure. Ideally, coating should not have any effect on the 

structural properties of the implant. Thus, although the coating with PVAc composite hydrogels 
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shows great potential, an alternative coating method with improved surface coverage should 

be considered. 

7.4 Final conclusion 

The biopolymer blend consisting of chitosan and PVAc that was formulated and optimised 

during the present study showed promising results in terms of the requirements of BTE 

scaffolds, namely swelling, biodegradability, biocompatibility and a porous film. Additionally, 

the biopolymer blends have antibacterial activity against bacterial strains most commonly 

associated with implant related infections. These antibacterial properties present in the 

hydrogels may also be beneficial to use as a coating agent for titanium implants or as a scaffold 

to prevent bacterial growth, making this material even more appealing for biomedical 

applications. To our knowledge, this is the first study to provide a proof of concept for the 

thermal AM of chitosan below its decomposition temperature and without using crosslinkers. 

The results obtained in the present study set the foundation for future work in developing a 

patient-specific scaffold that can be used as a biomedical implant to overcome the limitations 

and disadvantages accompanying bone grafting treatments. 

 

7.5 Future work 

The multidisciplinary nature of the current project allows for future work in various fields of 

study. Based on the work presented in this thesis, the following recommendations should be 

considered in future research: 

▪ Development of a novel AM system that would be able to fabricate the current PVAc 

composite materials. With optimisation of current PVAc composite hydrogels to obtain 

required viscosity, a custom machine based on direct writing AM system should be 

developed. Alternatively, an extrusion/FDM based system would be compatible with 

these materials.  

▪ The application of scaffolds in bone tissue engineering is dictated by the required 

mechanical properties required at the defect site. Therefore, following the successful 

printing of PVAc composite materials, mechanical properties of scaffolds should be 

investigated. This would provide insight into where materials would be best applied.  

▪ The antibacterial properties of PVAc composite hydrogels were evaluated as a 

screening method only. Extensive antimicrobial studies are recommended to establish 

antimicrobial activity and the effectiveness of this material to prevent implant-related 

infections.  
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▪ Further cell biology assessments on AM fabricated scaffolds are necessary to establish 

cellular activities such as proliferation, differentiation, and biomineralization.  

▪ In vivo studies of AM fabricated scaffolds should be considered to establish the 

response of scaffolds on surrounding tissue. These studies would also provide insight 

into angiogenesis and new bone formation. 

▪ Optimisation of coating method of PVAc composite hydrogels on titanium implants. 

 

7.6 Take home message 

Since the beginning of human civilisation, the one defining characteristic of the human species 

is the urge to improve their daily quality of life; from using basic everyday tools to more 

advanced technologies. The development of the ideal biomaterial is a process consisting of 

multiple phases, and like any natural process these phases are perfected over time. One 

approach often used in BTE and AM is biomimicry. This process involves the study of nature 

and its most successful developments and imitating these designs to solve human problems. 

It can be thought of as “innovation inspired by nature”. However, biomimicry does not mean 

the direct translation from nature to the development of products, but rather ‘stealing’ ideas 

and creatively implementing a biological concept into products (Volstad & Boks, 2012). Robert 

J once said: “Evolution isn’t a perfecting principle. It works on the principle of just good 

enough’’. If one really wants to design something for a task, one has to look at the diversity of 

organisms out there and then get inspired by principles (Volstad & Boks, 2008). This study 

followed the natural process of selection versus elimination, exploring the advantages of 

combining various materials to utilise them as one. The ideal biomaterial for BTE scaffolds 

may elude us for many years to come and perhaps in future we should consider ‘stealing’ the 

concept of nature that sometimes good enough is enough. The current study successfully laid 

the foundation for future work and, with time and effort, perhaps someday might result in the 

ideal or just good enough scaffold for BTE applications. 
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A.1 Appendix A: Chapter 4 

Film composition 
Swelling Percentage 

(%) 

Representative 

photo of films 

2% Chitosan, 1% Ascorbic, 3% PVA - 

 

2% Chitosan, 2% Ascorbic, 3% PVA - 

 

2% Chitosan, 3% Ascorbic, 3% PVA - 

 

2% Chitosan, 4% Ascorbic, 3% PVA - 

 

3% Chitosan, 1% Ascorbic, 3% PVA 20,3 

 

3% Chitosan, 3% Ascorbic, 3% PVA - 

 

3% Chitosan, 4% Ascorbic, 3% PVA - 

 

4% Chitosan, 1% Ascorbic, 3% PVA - 

 

4% Chitosan, 4% Ascorbic, 3% PVA - 

 

 

Table A.1: Swelling results of 3% PVAc composite films. 
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Table A.2: Swelling results of 5% PVAc composite films. 

 
Film composition 

 
Swelling Percentage 

(%) 

 
Representative 
photo of films 

2% Chitosan, 1% Ascorbic, 5% PVA 21,0% 

 

2% Chitosan, 2% Ascorbic, 5% PVA 9,7% 

 

2% Chitosan, 3% Ascorbic, 5% PVA 19,2% 

 

2% Chitosan, 4% Ascorbic, 5% PVA 38,6% 

 

3% Chitosan, 1% Ascorbic, 5% PVA -4,8% 

 

3% Chitosan, 4% Ascorbic, 5% PVA -4,3% 

 

4% Chitosan, 1% Ascorbic, 5% PVA 25% 

 

4% Chitosan, 4% Ascorbic, 5% PVA 9,8% 
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B.1 Appendix B: Chapter 5 

 

Figure B.1: hFOB 1.19 cells cultured with Acetic CS extracts. 

A) Cells cultured in standard culture media (control) and B) Acetic 2% CS, C) Acetic 3% CS 

and D) Acetic 4% CS. Normal cell morphology was observed for cells exposed to Acetic CS 

extracts. 

 

 

Figure B.2: hFOB 1.19 cells cultured with Ascorbic CS extracts. 

A) Cells cultured in standard culture media (control) and B) Ascorbic 2% CS, C) Ascorbic 

3% CS and D) Ascorbic 4% CS. Cells exposed to Ascorbic CS extracts presented normal 

cell morphology compared to control. 
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Figure B.3: HGF cells cultured with Acetic CS extracts. 

A) Cells cultured in standard culture media (control) and B) Acetic 2% CS, C) Acetic 3% CS 

and D) Acetic 4% CS. Cells exposed to Acetic CS extracts presented normal cell morphology 

compared to control. 

 

 

Figure B.4: HGF cells cultured with Ascorbic CS extracts. 

A) Cells cultured in standard culture media (control) and B) Ascorbic 2% CS, C) Ascorbic 

3% CS and D) Ascorbic 4% CS. Normal cell morphology was observed for cells exposed to 

Ascorbic CS extracts. 
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Figure B.5: Representative image of inhibitory zones formed as a result of Acetic 

CS hydrogels. 

Following 24 hours incubation with three different organisms the zone of inhibition results 

were obtained for Acetic 2% CS, Acetic 3% CS and Acetic 4% CS. 
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Figure B.6: Representative image of inhibitory zones formed as a result of Ascorbic 

CS hydrogels. 

Following 24 hours incubation with three different organisms the zone of inhibition results 

were obtained for Ascorbic 2% CS, Ascorbic 3% CS and Ascorbic 4% CS. Undissolved 

chitosan particles are visible in the centre of the local inhibition zone. 
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 Zone of inhibition (mm) 

 S. epidermidis S. aureus E. coli 

Hydrogel Plate 1 Plate 2 Plate 3 Plate 1 Plate 2 Plate 3 Plate 1 Plate 2 Plate 3 

Acetic 2% CS 6 9 6 5 9 4 4 6 9 17 18 15 18 19 7 18 16 12 19 19 17 16 18 0 18 7 16 

Acetic 3% CS 5 11 8 11 15 16 13 16 16 18 15 16 20 19 17 12 14 16 11 8 10 12 11 20 22 20 20 

Acetic 4% CS 11 9 12 10 11 8 10 9 9 25 22 15 10 11 13 9 8 15 10 8 12 16 14 12 10 14 9 

Ascorbic 2% CS 19 12 16 16 17 13 15 20 18 13 15 15 13 17 14 13 13 15 8 5 6 16 8 12 16 15 1 

Ascorbic 3% CS 18 19 17 18 15 15 18 17 17 12 12 11 13 13 11 12 13 12 15 16 13 15 15 14 15 12 15 

Ascorbic 4% CS 18 17 15 16 19 18 13 22 18 11 13 15 12 10 11 13 11 10 12 13 14 12 12 13 10 15 14 

PVAc composite 

2% CS 
10 9 9 14 14 13 14 11 10 10 14 16 17 16 8 10 12 14 12 11 7 13 13 0 13 16 0 

PVAc composite 

3% CS 
14 14 14 10 14 14 13 11 11 13 16 12 12 11 12 12 13 12 12 11 12 13 12 11 11 10 5 

PVAc composite 

4% CS 
8 8 7 10 12 13 10 10 11 10 14 11 11 10 9 8 8 10 14 12 12 11 13 13 10 8 8 

 

Table B.1: Complete data set for zone of inhibition results. 


